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Abstract: Solutions of monodisperse monolayer-protected clusters (MPCs) of gold can be used as
multivalent redox mediators in electrochemical experiments due to their quantized double-layer charging
properties. We demonstrate their use in scanning electrochemical microscopy (SECM) experiments wherein
the species of interest (up to 2-electron reduction or 4-electron oxidation from the native charge-state of
the MPCs) is generated at the tip electrode, providing a simple means to adjust the driving force of the
electron transfer (ET). Approach curves to perfectly insulating (Teflon) and conducting (Pt) substrates are
obtained. Subsequently, heterogeneous ET between MPCs in 1,2-dichloroethane and an aqueous redox
couple (Ce(IV), Fe(CN)6

3-/4-, Ru(NH3)6
3+, and Ru(CN)6

4-) is probed with both feedback and potentiometric
mode of SECM operation. Depending on the charge-state of the MPCs, they can accept/donate charge
heterogeneously at the liquid-liquid interface. However, this reaction is very slow in contrast to ET involving
MPCs at the metal-electrolyte interface.

Introduction

There is considerable current interest in the electronic
properties of alkanethiol stabilized metallic nanoparticles, so-
called “monolayer-protected clusters” (MPCs),1-3 and it has
been proposed that assemblies of such MPCs have the potential
to form the structural elements for electronic nanodevices. MPCs
can store charge, due to a combination of their size and the
sub-attofarad capacitance associated with the protecting layer,
and can be considered as multivalent redox species.3-7 The
single electron transfer (ET) characteristics demonstrated by
suitably monodisperse MPC fractions of small core size has
been termed quantized double layer charging (QDL) and has
been observed both for freely diffusing solution species and
for MPC films attached to electrodes.1,3,8,9 QDL charging has
been reported for both metal (Au, Ag, Cu, and Pd) and
semiconductor MPCs, although the majority of studies have

concentrated on Au MPCs.4,8,10-12 Pioneering work by Murray
and co-workers has greatly increased our understanding of the
electrochemical properties of MPCs, and it is clear that they
can be treated as redox reagents: the charge stored in MPCs
can be used to carry out redox reactions with both conventional
donor or acceptor molecules and MPCs of different charge.
Solutions of MPCs can be electrolytically charged to controllable
potentials, and the charged MPCs are stable and can be isolated
in solid form.5

Rates of electron transfer in different assemblies of MPCs
have been studied extensively. For freely diffusing MPCs,
electron transfer to the metal core has been shown to be
kinetically fast, and the equilibrium or rest potential of the MPC
solution can be described in terms of the Nernst equation.1,5 In
dry, solid-state MPC assemblies, the ET between the nano-
particles has been shown to be very fast and to vary exponen-
tially with the distance between the metal cores.7 Studies of
nanoparticle films in contact with an electrolyte solution have
also yielded high values of the hopping rate constant between
the particles.6 On the other hand, ET between nanoparticles and
the electrode in a carboxylate-divalent metal ion-carboxylate
bridged film occurs at a much lower rate (rate constant of∼102

s-1).13 The same study concluded that the ET takes place through
the bonded pathway, and the rate is strongly dependent on the
linker chain length. In a report concerning MPCs incorporated
in polyelectrolyte multilayers on electrodes, it was demonstrated
that the rate of charge transfer was dependent on the nature of
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monolayer protecting the metal core. Despite not presenting
actual values of the rate constant, it was clear that the ionic
conductivity of layers consisting of poly(sodium 4-styrene
sulfonate) and mercaptophenylamine stabilized Au particles was
much higher than in poly(allylamine hydrochloride) and mer-
captoundecanoic acid stabilized particles.14

Another interesting aspect of MPC film electrochemistry is
the rectified quantized charging phenomenon.15-18 This refers
to quantized charging of the nanoparticle layers, which is
dependent on the nature of the ions in the bathing solution; in
particular, positive charging of the nanoparticle film was
facilitated by the presence of hydrophobic anions, which can
enter the film to maintain charge neutrality. Similar behavior
has been noted earlier with films of buckminster fullerene in
aqueous solutions.19-21

As MPCs are tunable redox species, advanced electrochemical
techniques such as scanning electrochemical microscopy (SECM)
can provide fundamental information concerning the reactivity
of differing charge states with substrates of interest.22 SECM
is proving to be a powerful means of obtaining reliable kinetic
data at an ever increasing variety of interfaces.23-27 Recent
applications of the technique include the study of lateral proton
diffusion in Langmuir monolayers,28 metal-insulator transitions
of 2-D nanocrystal films29 and catalytic reactions at underiva-
tized gold nanoparticle films.30 In the majority of SECM studies,
the tip microelectrode is operated under amperometric condi-
tions, wherein the redox mediator is electrolyzed at the SECM
tip and the resulting tip current is monitored as a function of
distance from the substrate under investigation. SECM can also
be used in potentiometric mode where the tip is a passive probe,
typically an ion-selective electrode that detects the local activity
of a given species, e.g., concentration gradients at the
substrate.31-33 Liu et al. recently demonstrated both ampero-
metric and potentiometric imaging with an Sb tip.32

Here, we attempt to quantify charge transfer (CT) to the metal
core of MPCs and report the novel use of SECM to investigate

the kinetics of CT at the metal-electrolyte and liquid-liquid
interfaces using the MPCs as the redox species. It is demon-
strated that a Pt SECM tip can be used both as an active probe
in amperometric mode and as a passive probe in potentiometric
mode of SECM operation. In the former mode, different charge
states of the MPC are generated at the electrode surface, whereas
in the latter, the Pt tip is used as redox reference electrode to
follow the equilibrium potential of the MPC solution.

Experimental Section

Chemicals. The aqueous redox species used were K3Fe(CN)6
(Merck), K4Fe(CN)6 (Aldrich), K4Ru(CN)6 (Alfa Aesar), Ru(NH3)6Cl3
(Alfa Aesar), and Ce(SO4)2 (Aldrich). 1,2-Dichloroethane (1,2-DCE)
was obtained from Rathburn (UK) and was used as received. Tetra-
phenylarsonium pentafluorophenyl borate (TPAsTPBF20), tetrabutyl-
ammonium pentafluorophenyl borate (TBATPBF20), and tetramethyl-
ammonium pentafluorophenyl borate (TMATPBF20) salts were prepared
by metathesis of the corresponding chloride TPAsCl (Fluka), TBACl
(Aldrich) or TMACl (Fluka) with LiTPBF20 (Boulder Scientific) in a
2:1 mixture of methanol and water. The resulting precipitates were
filtered, washed and recrystallized from acetone. All other chemicals
were of the highest commercially available purity. Aqueous solutions
were prepared using MQ-treated water (Millipore, US).

Nanoparticle Synthesis.Hexanethiolate MPCs (C6 MPCs) were
synthesized according to a literature procedure proven to yield MPCs
with small core diameters.5,34 The crude MPC product was then size
selected by fractional precipitation to isolate particles with smaller core
diameters.35 Briefly, as prepared MPCs were dispersed in chloroform
and an equal volume of a nonsolvent added (acetonitrile). After being
stirred overnight, the solution was filtered to remove precipitated larger
particles, and the supernatant was rotary evaporated to dryness. The
resulting fractions were then cleaned using a dispersion, precipitation,
filtration and washing cycle. The various fractions were electrochemi-
cally characterized using differential pulse voltammetry (DPV) and
cyclic voltammetry (CV) at a 25µm Pt ultramicroelectrode (UME),
where the particles were dissolved in 10 mM tetrabutylammonium
perchlorate (TBAClO4) DCE solution. The entire procedure was
repeated varying the volume ratio of solvent to nonsolvent until an
even peak spacing characteristic of reasonable core monodispersity was
obtained in DPVs (Figure 1).4

Electrochemical Measurements.CV, DPV, and SECM measure-
ments were performed using a commercially available SECM instru-
ment (CHI-900, CH-Instruments, TX). A two-electrode arrangement
was used, in which a silver wire was used both as quasi-reference
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Figure 1. Differential pulse (s) and cyclic voltammetry (- -) of Au C6
MPCs (ca. 0.03 mM) illustrating quantized double layer charging.

A R T I C L E S Quinn et al.

12916 J. AM. CHEM. SOC. 9 VOL. 124, NO. 43, 2002



electrode and counter electrode. The working electrode used throughout
was a 25µm diameter Pt ultramicroelectrode (UME). Disk-shaped Pt
SECM tips were prepared as previously described.24 Briefly, Pt wire
(diameter 25 µm, Goodfellows, UK) was heat-sealed in pulled
borosilicate glass capillaries (Harvard GC200-10, US) under vacuum,
followed by tip sharpening and polishing until the desired ratio of the
overall tip radius to that of the platinum disk,RG, was achieved. The
tips used hadRG ) 5, as determined from both optical micrographs
and SECM approach curve experiments to insulating (PTFE) and
conducting (Pt) substrates followed by fitting the results to the
approximations provided by Amphlett and Denuault.36 The tip was
rinsed with water, acetone, and chloroform and dried prior to each
measurement.

Cell potentials were corrected to the SCE scale by the addition of
ferrocene to the solution after the measurements and correlating its
half-wave potential with the formal redox potential given in the literature
(E0′ ) 0.399 V vs SCE37). The concentration of MPC in solution could
be estimated from chronoamperometric measurements at a Pt UME
using the method described by Shoup and Szabo.25,38 The analysis of
the resulting current time transients also yielded the apparent diffusion
coefficient of the MPCs. This was typically 2× 10-6 cm2s-1, which is
in good agreement with previously determined values.35,39

To compare the interfacial reactivity of MPC solutions with different
charge, the as-prepared MPC cores were oxidized prior to measurement
using the two-phase oxidation method described by Wuelfing et al.7

The equilibrium potential (Eeq ) 0.2 V vs SCE) of the oxidized MPC
solution was more positive by ca. 0.25 V than that of the as-prepared
particles (Eeq ) -0.06 V vs SCE). However, the yields were typically
very low as the oxidation method seems to be rough on the particles.

In Figure 2a, a schematic illustration of the amperometric mode of
SECM operation using freely diffusing MPCs as the redox mediator is
given. The MPC redox species is oxidized or reduced at the UME
surface by biasing the potential to the diffusion-limiting region,
generating MPCz(n wherez is the charge of the MPCs in the bulk
solution, andn corresponds to the number of electrons transferred to/
from the metal core. The potentials were chosen from the troughs of
the corresponding DPVs recorded in the same solutions. Approach
curves, where the tip response is monitored as a function of distance
d from the substrate under investigation, were obtained for tip approach
to perfectly insulating (PTFE) and conducting (Pt) substrates.

For measurements at the liquid-liquid interface, a modified cell was
used to enable the more dense 1,2-DCE phase to be used as the upper
phase as described previously.40 Electrodes were placed in the upper
1,2-DCE phase. The experimental arrangement was essentially that
given in reference40 but where the organic redox couple was replaced
by the MPC solution. As the tip approaches the lower aqueous phase,

the mediator may be regenerated via interfacial bi-molecular ET
depending on choice of MPC redox state and aqueous redox couple as
shown schematically in Figure 2b. Kinetic information is obtained from
the resulting approach curves. The SECM experiments described here
were performed in feedback mode, that is, the reaction under investiga-
tion is only occurring in the vicinity of the tip and not macroscopically
at the substrate. The heterogeneous ET reaction at the liquid-liquid
interface is second-order but can be approximated as pseudo first-order
if the concentration of one of the reactants is in excess, i.e.,
concentration polarization of that reactant can be neglected. For the
reaction considered, this condition is only satisfied forKr > 20, where
Kr ) cRed/Ox

w /c°MPC.41 In all cases, the concentration of aqueous reactant
was in excess compared to that of the MPC solution by at least a factor
of 100.

In the potentiometric mode of operation (schematic in Figure 2c),
the SECM tip is used as a redox-reference electrode. In this way, the
equilibrium potentialEeq of the MPC solution can be monitored as the
tip approaches the substrate.

The interfacial potential difference∆o
w
φ ) φw - φ° is determined

by the common ion added to both phases and is given by the Nernst
equation,∆o

w
φ ) ∆o

w
φi

0′ + RT/ziFln(c°i/ci
w) where∆o

w
φi

0′ andz represent
the formal transfer potential of ioni with chargez respectively. Thus,
∆o

w
φ is determined by the choice of ion and the concentrations used.

The common ion is also assumed to maintain electroneutrality.
Typically, ClO4

- (∆o
w
φClO4

-
0′ ) -0.160 V42) was used as the partition-

ing ion where TBAClO4 was added to the organic phase and NaClO4

was added to the aqueous typically at a concentration of 100 mM. Other
common ions considered include the TPAs+ (∆o

w
φTPAS+

0′ ) -0.364 V),
TBA+ (∆o

w
φTBA+

0′ ) -0.225 V) and TMA+ (∆o
w
φTMA+

0′ ) 0.16 V)
cations.42 The corresponding chloride and TPBF20 salts were added to
the aqueous and organic phases, respectively.

Results and Discussion

A typical example of DPV yielding a series of very regularly
spaced (∆V) peaks characteristic of QDL is given in Figure 1,
where the corresponding CV is also shown. DPV peak potentials
are coincident with CV half-wave potentials and can be taken
as the formal redox potentialE0′ of the MPC “redox couple”.7

A plot of E0′ versus MPC chargez + n was linear (R2 > 0.999),
as expected, wherez is the native charge of the MPC solution
andn the number of electrons transferred (Supporting Informa-
tion).35 The potential of zero charge isEpzc, wherez ) 0 cannot
be assigned without additional information. The capacitance of
the MPC can be estimated fromC ) e/∆V ) 0.62 aF, and this
value can in turn be used to estimate the radius of the metal
core r ) 0.87 nm using a simple concentric sphere capacitor
model.4 The absence of surface plasmon resonance peak in the
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Figure 2. Schematic illustration of MPCs as SECM redox mediators: at an insulating or conducting solid substrate (a), and in an amperometric (b) or
potentiometric (c) measurement at a liquid-liquid interface.
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MPC solution UV-vis absorbance spectrum was consistent with
particles of this size.43

In Figure 3, typical examples of approach curves to insulating
and conducting substrates obtained using the MPCs as redox
mediators are given, where the SECM tip was biased at the
diffusion-limited redox potentials for each charge-state of the
MPC considered, in this case, up to 4-electron oxidation and
2-electron reduction of the particles. Approach curves to Teflon,
an insulating substrate, gave negative feedback due to hindered
MPC diffusion in the tip-substrate gap. These fit the theory
for an approach curve to an insulator for a tip with anRG )
5.36 Positive feedback was noted in all cases for approaches to
a Pt substrate due to mediator regeneration, in good agreement
with the theory for anRG ) 5.36 There was no difference
between the responses for the different charge-states considered,
illustrating that ET to the core is fast (upper detection limit for
the rate constant,k > 0.1 cm s-1 with the tip used25). These
experiments demonstrate that MPCs can be used in place of
traditional redox mediators in electrochemical experiments.

Subsequently, heterogeneous ET between tip generated
MPCz(n in DCE and aqueous redox species was investigated.
The reaction under investigation is as follows

or vice versa for interfacial oxidation where tip generated
MPCz-1 is oxidized heterogeneously by an aqueous oxidant O.40

The aqueous redox species considered were Ce(IV), Fe(CN)6
4-,

Fe(CN)63-, Ru(NH3)6
3+, and Ru(CN)64-. The resulting approach

curves either gave negative feedback which fit well with the
theory for an insulator36 or a more complicated response where
the negative feedback was superimposed on a more gradual
response, resulting from the formation of a diffusion boundary
layer over few hundred micrometers from the interface. For
example, approach curves to the aqueous phase reductant
Fe(CN)64- for tip generatedz + n wheren ) -1, +1 to +4
MPC charge states fit well to the theoretical response for an

approach to an insulating substrate as shown in Figure 4a. The
tip generated reduced species MPCz-1 is unlikely to accept
electrons from the aqueous phase and the tip current should
decrease due to hindered MPCz diffusion. Thus, the negative
feedback response obtained for thez - 1 charge-state fit was
as expected. The tip generated oxidized species MPCz+1 was
predicted to be reduced interfacially, resulting in regeneration
of MPCz in the tip substrate-gap, giving an increase in tip
current. However, the response forn ) +1 to+4 (all responses
practically coincide) also gave negative feedback indicative of
either the absence of heterogeneous ET or very slow kinetics.

(43) Hostetler, M. J.; Wingate, J. E.; Zhong, C.-J.; Harris, J. E.; Vachet, R. W.;
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14, 17-30.

Figure 3. MPC SECM approach curves forn ) 4 to insulating and
conducting substrates giving negative (lower solid line) and positive (upper
solid line) feedback respectively, where the circles are the corresponding
fits to theory.

Figure 4. (a) MPC (as prepared) approach curves to an aqueous phase
containing Fe(CN)64- for tip generatedz + n for n ) -1, +1 to +4 MPC
charge states and theory for a perfectly insulating substrate (circles). (b)
Approach curves to an aqueous phase containing Fe(CN)6

3-, where the tip
generated charge state of the MPC is indicated in the figure. (c) Approach
curves obtained to aqueous phase Fe(CN)6

4- or Fe(CN)63- with oxidized
nanoparticles where the tip generated charge state and the aqueous phase
redox species is indicated in the figure. ClO4

- was used as the potential
determining ion.

MPCz(org) - e- f MPCz+1(org) (SECM tip)

MPCz+1(org) + R(aq)f MPCz(org) +
O(aq) (liquid-liquid interface)
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Approach curves to the other aqueous reductant considered,
Ru(CN)64-, were identical to those for Fe(CN)6

4- (Supporting
Information).

Approach curves to aqueous oxidants typically gave more
complex responses. Taking Fe(CN)6

3- as an example, for
approach curves where MPCz+n is the tip-generated species, we
expect a negative feedback response typical for an approach to
an insulating substrate as the oxidized metal core will not donate
electrons to an aqueous oxidant. However, as can be seen in
Figure 4b, although the tip current did decrease as expected,
the change was gradual and not localized in the tip-substrate
gap. Only close to the substrate, a typical sharp decrease
indicative of negative feedback was observed. For MPCz-n

approach curves, we expect an increase in current due to
interfacial oxidation by aqueous phase Fe(CN)6

3- regenerating
MPCz. The experimental curves did show an increase in current
for n ) -1 and-2, but again the response was smeared out
and in the vicinity of the interface, the current decreased. In a
collection type experiment, where the tip was biased atEeq,
approach curves for thez charge-state also show a gradual
increase in tip current with decreasing distance to the aqueous
phase. This is a clear indication that the MPC cores are being
oxidized at equilibrium by Fe(CN)6

3- generating MPCz+1, which
is then rereduced at the tip resulting in the increase in current.
Approach curves to the other aqueous phase oxidants considered,
Ru(NH3)6

3+ and Ce(IV), showed similar trends to those obtained
for Fe(CN)63- (Supporting Information).

To compare the interfacial reactivity of MPC solutions with
different charge, the above measurements were repeated with
oxidized particles. The as prepared particles (Eeq ) -0.06 V
vs SCE) were oxidized in the manner described by Wuelfing
et al.7 The resultingEeq was ca. 0.25 V more positive than the
as-prepared particles (Eeq ) 0.2 V). From Figure 1, it can be
seen that this corresponds to a change of charge state fromz to
z + 1.

Approach curves obtained to aqueous phase Fe(CN)6
4- and

Fe(CN)63- are shown in Figure 4c as illustrative examples. For
approaches to the aqueous oxidant Fe(CN)6

3-, the observed
response was essentially as that shown in Figure 4b for more
reduced particles; a gradual decrease (increase) in tip current
with decreasingd for tip-generatedz - 1 (z + 1). However,
for approaches to the aqueous reductant Fe(CN)6

4-, it was clear
that the more oxidized core could now be reduced at the
interface and there were gradual changes in the tip current
response consistent with an increasing concentration of reduced
MPC as distance decreased. This trend is absent in Figure 4a
where the equilibrium potential of the MPC solution was more
negative. Similar approach curves were obtained when Ru(CN)6

4-

was used as the aqueous redox species.
In no instance, for all MPC charge-states generated at the tip

(up to 2e- reduction and 4e- oxidation), was positive feedback
obtained for approaches to any of the aqueous redox species
used in this study. The driving force for heterogeneous ET at
the liquid-liquid interface can be written as follows:∆o

w
φ +

∆E0,44 where∆E° ) EO/R
0,w - EMPCz/MPCz+n

0,° is the difference in
the formal potentials of the aqueous redox couple and the MPC
charge state considered. Thus, for the MPC and aqueous redox
couples considered here, the driving force of ET was varied by

over 1.3 V. This is sufficient to change the rate constant by
several orders of magnitude from predictions based on Butler-
Volmer kinetics.25,40This result is unprecedented in ET studies
at liquid-liquid interfacesno other ET reaction to date has
shown such sluggish kinetics over such a range of driving force
in the absence of interfacial spacers such as adsorbed lipids.
This suggests either the absence of interfacial ET or very slow
kinetics (k < 10-4 cm s-1). Considering previous reports from
the Murray group where two-phase oxidation of MPC solutions
was reported7 and collection type approach curves obtained here,
it can be assumed that charge can be transferred to/from the
metal core interfacially. This mechanism, as opposed to reactant
partitioning followed by a homogeneous ET, is further supported
by the extremely hydrophobic and hydrophilic natures of the
MPCs and the aqueous redox couples, respectively.

The potentiometric mode of SECM operation25 offers a simple
means of probing the interfacial reactivity of the MPC solution
at equilibrium, i.e., without external perturbation. The equilib-
rium potentialEeq of charged MPC solutions can be written in
terms of the Nernst equation,Eeq ) E0′ + RT/F ln[MPCz+1]/
[MPCz], where [MPCz+1] and [MPCz] are the concentrations of
the respective charge-states, andE0′ is the formal potential of
the z/z+1 charge state. The SECM Pt UME acts as a redox
reference electrode and monitorsEeqof the MPC “redox couple”
as a function of distance to the substrate. In the absence of an
interfacial reaction, the concentration ratio does not change and
Eeq will not vary as the interface is approached.

Potentiometic approach curves are given in Figure 5 for MPCz

(a) and MPCz+1 (b) for tip approach to the aqueous phase in
the presence and absence of redox species. Fe(CN)6

4- and
Fe(CN)63- are shown for ease of comparison with amperometric
approach curves given in Figure 4. For both MPC solutions,
there was no change inEeq in the absence of an aqueous redox
species (dashed line). In the presence of Fe(CN)6

3-, Eeq shifts
to more positive potentials as the interface is approached
indicating that the particles are being oxidized. This was true
for both z and z + 1 particles though the change inEeq was
greater for thez particles. MPCz+1 particles were reduced
interfacially in the presence of aqueous Fe(CN)6

4- and Eeq

shifted negative in the vicinity of the interface. By contrast, for
the MPCz, there was no change inEeq indicating that the aqueous
Fe(CN)64- cannot reduce the MPC in this valence state (under
experimental conditions chosen).

The potentiometric response indicates that heterogeneous ET
is dependent on core-charge and proceeds, but the reaction is
not sufficiently fast to observe ET in feedback SECM mode.
This is in contrast to the mass transfer limited CT response
observed for the metal electrode-electrolyte interface. It is
possible that although the protecting thiol layer has a negligible
effect on ET kinetics at the metal-electrolyte interface, it is
sufficient to depress the rate at the liquid-liquid interface. In
comparison to other redox species used in ET studies at liquid-
liquid interfaces, the MPC is several times larger (diameter of
MPC including thiol layer is ca. 3 nm) and extremely hydro-
phobic. Considering investigated ET systems at liquid-liquid
interfaces, fullerene is the only comparable molecule in terms
of size (though still 3 times smaller), redox properties and
hydrophobicity. However, in the case of C60, the ET centers
are not separated by the additional alkanethiol monolayer and,
consequently, for the fullerene monoanion, ET at the liquid-

(44) Tsionsky, M.; Bard, A. J.; Mirkin, M. V.J. Phys. Chem.1996, 100, 17 881-
17 888.
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liquid interface has been noted to occur at a measurable rate
and the driving force dependence of the rate constant to be in-
line with predictions based on Marcus kinetics.45 The size and
hydrophobicity may influence the distance of closest approach
between the reactants at the liquid-liquid interface: considering
the thickness of the interfacial layer (of the order of 10 Å46),
the ratio of the rate constants at liquid-liquid and metal-
electrolyte can be estimated, based on the exponential relation-
ship between the tunneling probability and distance,25 to be of
the order of exp(-â∆d), whereâ is the tunneling coefficient,
and ∆d is the change in tunneling distance. The tunneling
coefficient has been reported to be 0.8-0.9 Å-1 7,16and taking
∆d to be 10 Å, the ratio of the rate constant is obtained as ca.
3 × 103. This large difference is sufficient to explain the
observed differences between the rate of ET at metal-electrolyte
and liquid-liquid interfaces. The charge stored on the MPC is
expected to be shielded by the thiol layer47 and as sluggish
kinetics were noted for both z+ n and z- n charge states and
positively and negatively charged aqueous reactants, electrostatic
repulsion is unlikely to be responsible for the low rate of electron
transfer. Further study will be aimed at quantifying this effect
through variation of the thickness and nature (electron density
and hydrophilicity-hydrophobicity) of the protecting thiol layer.

To study the effect of∆o
w
φ, other potential determining ions

in addition to ClO4
- were also considered. Ignoring ion

association in the low permittivity DCE phase as a first
approximation, for equal concentrations of the common ion
added to both phases,∆o

w
φ is ca.- 0.16 V, -0.225,-0.365,

and+0.16V for ClO4
-, TBA+, TPAs+, and TMA+ as the chosen

partitioning ion, respectively. Approach curves obtained where
TMA+ was the potential determining ion were comparable to
those obtained for ClO4- for the redox couples considered (not
shown). However, when TPAs+ or TBA+ were used as the
potential determining ions, differing results were obtained.
Addition of the MPC solution to the cell, such that it was in
contact with the aqueous phase containing the corresponding
chloride, had an immediate effect on the CV response even when
the UME was over 1 cm from the interface. Electrochemical
measurements in the absence of the aqueous phase with fresh
solutions gave the same response as that obtained in the presence
of the other two salts TBAClO4 and TMATPBF20. CVs for the
TPAsTPBF20 case are given in Figure 6 in the presence (solid
line) and absence (dashed line) of the aqueous phase. This effect
was independent of the presence or absence of the aqueous redox
couple. To understand this phenomenon, CVs were also obtained
in the absence of the MPC, i.e., the CV of the base window
was compared in the presence and absence of the aqueous phase
for the four potential determining ions considered. For both
ClO4

- and TMA+, the CV response was unchanged, whereas
for both TPAs+ and TBA+, the potential window is smaller by
ca. 800 mV. CVs for the TPAsTPBF20 case are given in Figure
6 in the absence (dotted line) and presence of the aqueous phase
(thin solid line). This effect can be rationalized in terms of
electrocapillarity: the interfacial tension at the very negative
potentials obtained using TPAs+ or TBA+ as the potential
determining ion is very small and the phases mix. Due to the
inverse arrangement used here with the DCE phase resting on
the less dense aqueous phase, the aqueous phase “runs” through
the organic phase and the potential window available at the Pt
UME is limited by water oxidation and reduction. However, as
can also be seen from Figure 6, this effect alone is not sufficient
to explain the difference in the MPC CV response. Although a
flow of water past the electrode could increase the current
response due to convection, this should result in higher currents
at all potentials: the currents in the negative part of the

(45) Zhang, J.; Unwin, P. R.J. Chem. Soc, Perkin Trans. 22001, 1608-1612.
(46) Benjamin, I.Chem. ReV. 1996, 96, 1449-1475.
(47) As evidenced by the success of the simple concentric capacitor model. A

more detailed picture taking into account the surrounding electrolyte solution
based on the Poisson-Boltzmann equation predicts that>90% of the
potential drop occurs within the thiol layer.

Figure 5. Potentiometric SECM approach curves (Eeq vs d), where the
equilibrium potential of the MPC couple at the SECM electrode is monitored
as a function of distance to DCE/water interface in the presence (s) and
absence (- - -) of aqueous redox couples for (a) as prepared MPCs and (b)
oxidized MPCs. The aqueous redox couple was Fe(CN)6

3- (upper traces)
and Fe(CN)64- (lower traces). ClO4- was used as the potential determining
ion.

Figure 6. Cyclic voltammograms of the MPC solutions in the presence
(solid line) and absence of the aqueous phase (dashed line) when TPAs+

was used as the potential determining ion. Base electrolyte CVs in the
presence (thin solid line) and absence (dotted line) of the aqueous phase
are also shown.
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voltammogram remain unchanged, whereas at positive poten-
tials, the current response is amplified by ca. a factor of 10.
This type of response has been observed with MPC films in
aqueous solutions and was termed rectified quantized double
layer charging.15-18 In this case, however, it is not that the
negative potential response is absent but that the positive
potential response is greatly enhanced. We propose that due to
the variable dielectric environment, the MPCs partly precipitate
on the electrode surface, and the film undergoes rectified QDL
due to the presence of hydrophobic anions. This response is
superimposed on the QDL response from the solution species.
This type of electrochemically induced microemulsification/
mixing presents a novel environment combining properties of
both solvents.

Conclusions

The use of monolayer-protected clusters as redox mediators
in scanning electrochemical microscopy experiments has been
demonstrated. They can be used as tunable electrochemical
reactants whereby the charge of the species and the energy
available for the reaction can be altered via the oxidation state
of the MPC.

Electron transfer reactions involving MPCs have been
investigated both at conventional metal-electrolyte as well as
at electrified liquid-liquid interfaces. At metal electrodes, the
rate of electron transfer is fast (rate constant> 0.1 cm s-1),
whereas it was found to be surprisingly low at the water-
dichloroethane interface. However, ET was observed to depend
on the charge of MPCs and the aqueous redox species. The
low rate of ET was rationalized in terms of the large size and

hydrophobicity of the MPCs resulting in a large separation
between the reactant of heteregeneous ET across a liquid-liquid
interface.

The interfacial potential difference was altered by the use of
potential determining ions. This resulted in spontaneous mixing
of the phases in the cases of TPAs+ and TBA+ cations and the
electrochemical response observed was a superposition of ET
from the solution species and rectified QDL originating from a
nanoparticle film formed due to modified dielectric properties
of the solvent environment.

The use of SECM in both amperometric and potentiometric
modes presents a versatile tool for probing the local concentra-
tion and flux of the electroactive species. This technique together
with the modification of the nanoparticle properties via changing
the nature of the protecting layer (the electron density and
hydrophilicity) forms a powerful combination to spatially
resolved electrochemical detection with chemically tunable
redox mediators.
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