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ur lab is interested in the solid-
state electronic conductivity of a
specific type of metallic

nanoparticle (dubbed Monolayer
Protected Gold Clusters—MPCs)1 and
has pursued their early development
as useful electronic components dur-
ing this summer fellowship period.
Initial work on this subject revealed
that the charge transport mechanism
in MPC films was electron-tunneling
from Au core to Au core through alka-
nethiolate chains with an electron
tunneling coefficient, β, of 1.2 Å-1.2

This was determined by collecting cur-
rent-voltage data on a series of variable
alkanethiolate MPCs that were drop-
cast and vacuum dried on interdigitat-
ed array electrodes of known dimen-
sions.

The fellowship work has focused on
controlling the residual charge on the
Au nanoparticle cores and developing
mixed-valent films exhibiting higher
conductivity than neutral counter-
parts. MPCs have the classical struc-
ture of a concentric sphere capacitor; a
conductor (Au core) surrounded by a
dielectric medium (alkanethiolate
chains). This structure, along with
extremely small Au core sizes, typical-
ly around 1.6 nm in diameter, enables
sequential one-electron capacitive
charging of the MPCs in solution.3

Figure 2 (bottom) shows the differen-
tial pulse voltammogram (DPV) of the
MPCs used for this study. Every one-
electron MPC charging step can be
regarded as a “redox” transformation
with a pseudo-formal potential Eo’. At
the current peak potentials, equal con-
centrations of a charge state “couple”
(like MPC0 and MPC1+) exist at the
electrolyte/electrode interface. At
other potentials, relative concentra-
tions of the charge state “couple” can
be calculated using the Nernst equa-
tion. To produce large samples of 

[MPCz+1]

[MPCz]

mixed-valent MPCs a chemical charg-
ing method of emulsifying Au140C653
(average composition) MPCs in
CH2Cl2 with aqueous Ce(SO4)2 oxidiz-
ing solutions was developed. Once
MPCs are re-collected from these mix-
tures, rest potential measurements
yield E values that can be compared
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directly to the DPV Eo’ values allowing
calculation of the ratio of charge states
from Eq. 1 (shapes along the DPV are
rest potentials of individually chemical-
ly charged MPC solutions as shown in
Fig. 2).

The ratio of charge states in the
solid-state is the same as in the MPC
solutions. Several mixed-valent
nanoparticle films were drop-cast from
these characterized solutions and
showed that film conductivity is a
bimolecular process maximized when a
1:1 mix of Z and Z+1 charge states is
approached. Figure 2 (top) shows room
temperature conductivity as a function
of rest potential of the various mixed-
valent films prepared—the trend is
clear. Equation 24 describes the bimole-
cular rate constant, kEX,

6RTσEL

10-3F2δ2[MPCz][MPCz+1]

where σEL is the conductivity, F is the
Faraday constant, δ is the Au core-to-
core distance (determined by pycnome-
try). kEX values for the 0/1+ and
0/1- mixtures of MPCs all fell in the
1-4 x 1010 M-1s-1 range. Once higher Au
core charge states, such as 1+/2+ and
1-/2-, were obtained, lower kEX values
around 108 to 109 M-1s-1 were calculat-
ed, indicating either a change in rate or
mechanism. These rates indicate an
extremely fast electron transfer

between Au cores, in fact larger than
expected when compared to Marcus
theory predictions of non-adiabatic
electron transfer.5 The behavior is anal-
ogous to conductivity in doped semi-
conductor materials.
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Typical MPC used:

Au140(SC6)53

MW = 28 kD

Ave. Core Diameter = 1.6 nm

FIG. 2. (top) 300C electronic conductivity vs. rest
potential (mV vs. Ag/Ag+) of the solution from

which the solid-state mixed valent MPC film was
cast; (bottom) Differential pulse voltammogram

(DPV) of a 96 µM Au140(hexanethiolate)53/ 0.1 M
tetraoctylammonium bromide in CH2Cl2/0.6 mm
Pt working electrode/non-aqueous (Ag/Ag+ 0.01 M
AgNO3 reference/Pt coil counter. The shapes along

the DPV trace are solution rest potentials of various
chemically charged MPC solutions (CH2Cl2). The

assignment of charge states (i.e. Z/Z+1) were
assigned by the Nernst equation.

[2]kEX =

E-E0’ = 0.059 log [1]

FIG. 1. Schematic of a Monolayer
Protected Gold Cluster (MPC).
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FIG. 1. (a) STM image obtained on Pt(111) after 40
Ru deposition, coverage was 0.14 ML; (b) STM
image obtained on Pt(100) after 20 Ru deposition,
the coverage calculated is .14 ML; (c) STM image
obtained on Pt(110) after 40 Ru deposition, the cov-
erage value obtained is .06 ML. The images were
obtained at 100 mV bias, and on a DI Multimode
AFM/STM, equipped with a 10 micron scanner.

ecently, there has been an
increased interest in the surface
morphology of platinum-based

catalysts, especially in reference to fuel-
cell based research. In this area, a wide
array of research is currently being con-
ducted, as revealed by recent review
articles.1,2 Of urgent interest is the
development and characterization of
“poison-tolerant” catalysts. In the
Direct Methanol Fuel Cell (DMFC), for
example, there are a number of aspects
keeping the technology from being
highly efficient, one of which is catalyt-
ic inefficiency. Current theory suggests
that platinum, ruthenium, and osmium
constitute the most promising catalysts
for the DMFC;3-5 therefore, our
research has focused on first the indi-
vidual Pt/Ru and Pt/Os systems,6 in an
attempt to understand the enhance-
ment effects of Ru and Os on the Pt cat-
alyst.

Depositing controlled amounts of
ruthenium onto well-defined surfaces
(e.g., Pt(hkl) electrodes), allows the
study of surface structure effects in
Pt/Ru methanol oxidation electro-catal-
ysis. The deposits are spontaneously
formed by placing the electrode in a
hydrated RuCl3 solution, where RuO2+

species adsorb onto the platinum sur-
face. After a brief voltammetric treat-
ment, the species are reduced to form
strongly adhered ruthenium islands;
these islands are incredibly stable in the
voltammetric region below platinum
oxidation, which makes them ideal sur-
faces to explore by scanning tunneling
microscopy (STM). It was determined
previously that the Pt(111) surface cov-
ered by ruthenium yields the highest
activity toward methanol electro-oxida-
tion.7 Herrero et al. determined that on
Pt(111), spontaneously deposited Ru
islands form three-dimensional struc-
tures, even at low Ru coverage.8 Here,
we explored the deposition process
using ex-situ STM on Pt(111), Pt(100)
and Pt(110). The ruthenium was
deposited onto the surfaces using the
electroless method, and Ru coverage
values were obtained on the electrodes
at various deposition times. These Ru
coverage values give us an insight into
the surface dynamics of the Ru island
formation, especially with regard to sur-
face site preference. 

Figure 1 shows three images
obtained on Pt(111), Pt(100) and

R

Deposition Pt(111) Pt(100) Pt(110)
Time, s θRu, ML θRu, ML θRu, ML

10................   .02 +/- .01................   .07 +/- .02................... .03 +/- .01
20................   .09 +/- .03................   .14 +/- .04................... .04 +/- .01
40................   .14 +/- .03................   .16 +/- .05................... .06 +/- .02
90................   .17 +/- .03................   .21 +/- .03................... .07 +/- .03

150................   .19 +/- .03................   .21 +/- .02....................  .10 +/- .03

Table I.

Pt(110) after various deposition expo-
sure times to a 5 mM RuCl3 in .1 M
HClO4 solution. On all three surfaces,
it is observed that the island deposi-
tion occurs homogenously across the
surface, without regard to surface steps
and planes.

Figure 1a is an image obtained on
the 111 crystal after 40 seconds of
deposition time. The average coverage
value obtained was .14 ML, with an
average island size of 3.4 nm.
Exploring the bi-layer characteristics,
it is observed that the ruthenium
nucleation has an optimum island
size, beyond which further nucleation
does not occur, rather identical islands
propagate along the surface, in addi-
tion to forming a second layer.
Analysis of the imaging after 40 sec-
onds for the bi-layer ruthenium fea-
tures revealed that indeed approxi-
mately 8% of the islands show bi-layer
characteristics.

Figure 1b is an image obtained on
Pt(100) after only 20 seconds of depo-
sition. The surface coverage value of
Ru is also 0.14 ML. It was observed on
Pt(100) that Ru islands tend to nucle-
ate at a faster rate than on Pt(111),
although this crystal face as well
shows homogenous island formation,
with the island size slightly similar to
those on the 111 surface, with an aver-
age size of 3.5 nm. After 20 seconds,
the bi-layer structures include 6% of
the base ruthenium coverage.

Figure 1c is an image obtained on
Pt(110) after 40 seconds of exposure to
RuCl3. This surface displayed the low-
est “growth rate” of Ru adisland for-
mation, as after 40 seconds of deposi-
tion, only .06 ML coverage was
observed. The islands on this surface,
like the previous two, also show
homogeneous coverage and similar

(a)

(b)

(c)
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island size (3.5 nm average) and, like
the other surfaces under study, the bi-
layer growth seemed to only occur on
the larger (2 nm2 or higher) islands.

Table I summarizes the coverage
results obtained by STM for the sur-
face index planes studied, and indi-
cates that the spontaneous deposition
of ruthenium is most effective on
Pt(100), followed by Pt(111) and then
by Pt(110). Further experiments
including in-situ scanning probe
methods, X-ray photoelectron spec-
troscopy, as well as electrochemical
characterization, will additionally elu-
cidate the deposition process and aid
in the fundamental understanding of
the ruthenium enhancement. These
experiments studying the reactivity at
noble metal electrodes may add to
progress in electrochemistry, surface
science, and materials science.            ■
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eduction-oxidation reactions are
among the processes essential for
many cellular functions.

Intracellular redox activity can be
probed noninvasively by measuring the
rate of transmembrane charge transfer
(CT).1 Previous measurements of inter-
facial redox activity typically employed
large cell populations.1 Measurements
with ultramicroelectrodes made at the
level of a single cell are much faster and
provide valuable information that is
hard to extract from the averaged signal
produced by a large number of cells.
The present work suggests the possibili-
ties of measuring the rate and investi-
gating the pathway of transmembrane
charge transfer with the scanning elec-
trochemical microscope (SECM).

In an SECM experiment, a microme-
ter-sized ultramicroelectrode (UME) is
placed in solution containing the oxi-
dized (or reduced) form of a redox
mediator. A mediator species is then
reduced (or oxidized) at the tip elec-
trode. If the tip is positioned near an
electrically conductive substrate, the
product of the tip reaction diffuses to
its surface, where it may be re-oxidized
(or re-reduced). This process produces
an enhancement in the faradaic current
at the tip electrode depending on the
tip/substrate separation distance (d).
The overall rate of mediator regenera-
tion at the substrate can be evaluated
from the tip current-distance (iT - d)
curve.2 We used this approach to mea-
sure the rate of CT across the mem-
brane of an individual cell.

Three cell lines were used in our
experiments: (1) non-transformed,
non-tumorigenic human breast epithe-
lial cells (MCF-10A); (2) MCF-10A cells
that were genetically engineered to
overexpress PKCα (11α cells); and (3)
metastic human breast cancer cells
(MDA-MB-231), which also express
high levels of PKCα. PKCα is an enzyme
that has been mechanistically linked
with cell adhesion and motility, two
critical elements of metastasis.3

The iT vs. d curve obtained with a tip
approaching the plastic surface of the
culture dish (curve 1, Fig. 1), fits the
theory for a diffusion-controlled
process with an insulating substrate
(solid line). When the same tip
approached an MDA-MB-231 cell
(metastatic cell) (curve 2), the iT was
higher, indicating that the mediator

Scanning Electrochemical Microscopy of Individual Living Cells
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was regenerated by the cell at a measur-
able rate. The effective heterogeneous
rate constant, k = 1.4 x 10-3 cm/s, was
obtained by fitting this curve to the
SECM theory (solid line). The tip current
for a MCF-10A cell (curve 4) was signifi-
cantly higher than the iT obtained for a
MDA-MB-231 cell (curve 2), resulting in
k = 7 x 10-3 cm/s. Thus, a non-metastat-
ic cell regenerates menadione at a signif-
icantly higher rate than does a metastat-
ic cell. For an 11α cell, the rate constant
(k = 2.4 x 10-3 cm/s from curve 3) was
slightly higher than the k value for an
MDA-MB-231 cell, but significantly
lower than that for a MCF-10A cell. The
slower mediator regeneration rates
observed for 11α and MDA-MB-231 cells
may be related to a high level of PKCα
expression, a common factor in these
cell lines.4

SECM can also be used for electro-
chemical mapping of redox activity in
an individual cell. An image (Fig. 2) was
obtained using 40 µM 1,2-naphtho-
quinone as mediator for two aggregating
MCF-10A cells and a neighboring cell.
The bright halo at the cell periphery sig-
nifies the region of highest redox activi-
ty. A dark, redox inactive area in the cen-
ter of the cell is a nucleus that is impen-
etrable to the mediator species.

In conclusion, SECM has been shown
a suitable tool for probing CT reactions
in single biological cells. Significant dif-

ferences are detected in the redox
responses given by non-transformed
human breast epithelial cells and highly
metastatic breast cancer cells.                   ■
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FIG. 1. A 5.5-µm-radius carbon tip approaches
(1) plastic surface, (2) MDA-MB-231 cell, (3)

11α cell, and (4) MCF-10A cell. Phosphate
buffer (pH 7.4) contained 30 µM 1,2-naph-

thoquinone. 

FIG. 2. Normal human breast (MCF-10A) cells
imaged by SECM with a 1-µm-radius Pt tip and

40 µM 1,2-naphthoquinone as mediator.



52 The Electrochemical Society Interface • Spring 2001

n the present report, I introduce a
technique for focusing electro-
chemically generated molecules in

solution using an external magnetic
field. The acceleration of charge-carry-
ing ions in an applied field is due to
the generation of a magnetic body
force. This force per volume (N/m3) is
given by Eq. 1, where J (C m-2 s-1) is
the flux of 

Fvol = J x B [1]

ions, and B (T) is the applied field.1

The transfer of momentum from the
accelerated ions to the solvent gives
rise to magnetohydrodynamic (MHD)
flow of electrolytic solution.2,3

For single-electrode systems, the
magnetic force can significantly alter
the rate of mass transport to the elec-
trode surface.4-6 When a dual-electrode
configuration is employed, induced
flow patterns create a unique molecular
transport system. The dual-electrode
configuration, used to transport
focused ions, is shown in Fig. 1. Two Pt
inlaid microdisk electrodes (radius =
250 µm) are at facing angles of 0° and
180°, with respect to the applied field.
Both microelectrodes are poised at a
potential of -2.0 V (vs. Ag/AgxO), in an
acetonitrile solution containing 2 M
nitrobenzene (NB). NB radical anion
generated at the electrodes is dark red
and easily imaged by video microscopy.
When a uniform magnetic field of 1.0 T
is applied, the magnetic force induces a
rotational flow of solution at the cir-
cumference of one microelectrode.
Mass conservation requires an inward
flow to balance the outward flow at the
inlaid disk edge. The inward flow is a
tightly focused beam and can transport
the NB anion over distances up to 1.0
cm at velocities of ~0.25 cm/s. The
direction of the beam can be varied by
changing the positions of the micro-
electrodes. Molecules can also be
focused into other geometrical shapes,
e.g., 1 cm diameter, 50 µm wide circular
sheets.

The ion beam has been investigated
electrochemically by employing a
microelectrode probe, positioned to
move through the MHD flow pattern.
The probe, indicated by the arrow in
Fig. 1, is fabricated by electropolymer-
ization of a polyphenol insulating coat-

Electrochemical Molecular Beams
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FIG. 2. Plot of the microelectrode probe
current vs. distance as the tip is moved

through a molecular beam.

ing onto a 25 µm radius Pt wire.7 The
end of the insulated wire is cut to expose
a disk shape electrode. The probe is
poised at a potential (0.0 V vs. Ag/AgxO)
to oxidize the electrogenerated NB radi-
cal anions. Figure 2 shows a plot of cur-
rent vs. distance as the probe is moved
through a cross section of an ion beam.
A rough estimate of the ion beam diam-
eter (~75 µm) can be obtained from this
profile.  The scatter in the current is due
to flow instabilities.

The present work shows that mole-
cules can be focused into molecular ion
beams and transported over macroscop-
ic distances in an electrochemical sys-
tem, without the aid of mechanical
devices or channels to direct solution
flow. Future investigations into the
applications of this technique may
prove useful in chemical analysis and in
solution-phase microfabrication.          ■
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FIG. 1. Video micrograph of the trans-
port of nitrobenzene anion in a tightly

focused beam, between two Pt
microdisk electrodes. A microelectrode

probe positioned within the ion beam is
indicated by the arrow.
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afer bonding is the process of
contacting two flat, smooth,
and chemically compatible

surfaces to form a bond across the
interface. To a large extent, studies of
the bonding process have focused on
the use of SiO2 and Si that have been
treated to produce hydrophilic sur-
faces.1 In this case, the bond that
forms across the interface involves
hydrogen bonded H2O and OH
groups at room temperature that
evolve during high temperature
annealing to covalent Si-O bonds.2

The use of doped oxides, such as
xB2O3·SiO2 (BSG), and different semi-
conductors, such as GaAs, provides
even greater flexibility in engineering
the properties of the resulting bonded
structure. For example, the B2O3 con-
tent in a borosilicate glass (BSG) con-
trols the viscosity and thermal expan-
sion coefficient (TEC) of the bonding
medium. BSG has been investigated
in the development of a glass-bonded
compliant substrate.3 The fabrication
of these structures for wafer bonding
or compliant substrate applications
would be enhanced by a detailed
knowledge of the chemistry occurring
at the semiconductor-to-BSG wafer
bonded interface.

The interfacial chemistry of the
GaAs-to-BSG coated GaAs bonded
wafer pair was probed by multiple
internal transmission Fourier trans-
form infrared (MIT-FTIR) spec-
troscopy.2 In this technique, polar-
ized light is introduced into a beveled
edge of bonded sample, schematically
shown in Fig. 1, transmitted through
the bonded interface several times,
and detected after exiting the sample.
This technique has been used with
great success in probing the chem-
istry of the Si wafer bonded inter-
face.2

Figure 2 provides a MIT-FTIR spec-
trum for a room temperature bonded
GaAs-to-BSG-coated GaAs bonded sam-
ple. In this case, 30 mole % B2O3-70
mole % SiO2 was deposited by low-
pressure chemical vapor deposition.3

As shown in Fig. 2, the H2O/OH peak
intensities at 1,670 cm-1 and 3,000-
3,600 cm-1 are strong for the as-bond-
ed sample, indicating the presence of
water at the room temperature bond.2

In addition, peaks at 800 and 900 cm-1

are also present in the as-bonded sam-

Chemical Investigations of the GaAs to Borosilicate Glass Wafer Bonded Interface
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FIG. 2. MIT-FTIR spectra for GaAs-to-(SiO2)0.7(B2O3)0.3/GaAs wafer bonded samples after various anneals in
N2 for 1 hour. (—) is for the as-bonded spectra. (---) is for a sample annealed at 300°C. (…) is for a sample
annealed at 600°C. The primary SiO2 peak between 1,100-1,200 cm-1 is cut off and peaks are offset for clar-
ity. These spectra are a composite of the p- and s-polarized spectra for the samples following a modified pro-
cedure as described in reference 2.

ple indicating the presence of Ga-O and
As(III)-O vibrations.4,5 The presence of
Ga-O and As(III)-O vibrations have been
confirmed by comparison to GaAs-to-
GaAs bonded samples with no oxide
present (not shown).

Thermal annealing in N2 strength-
ens the bond, causing the bonding
chemistry to evolve. Figure 2 also pro-
vides spectra for bonded samples
annealed at 300°C and 600°C. The
peak at 900 cm-1, attributed to As(III)-
O vibrations, decreases, while the peak
at 800 cm-1 increases. This observation
is consistent with previous reports that
As(III)-O are thermodynamically
unstable and decompose, resulting in
the formation of Ga-O.6 The water
peaks decreases with increasing
annealing temperature indicating a
removal of the H2O and OH groups in
favor of other covalent bonds at the
interface. The bonding chemistry
investigations also suggest the forma-
tion of As(V)-O, however, this observa-
tion requires further investigation.

The bonding chemistry of GaAs-to-
BSG appears to involve the following
sequence. Initially, the bond is made
by hydrogen bonded H2O and OH
groups similar to what is proposed for

Si hydrophilic bonding.2 As the bond-
ed samples are annealed the oxides of
As(III)-O are reduced and Ga-O bonds
are formed while the H2O and OH
groups are removed from the interface.
Finally, after a high temperature
annealing step, the bonded interface
consists of covalently bonded oxides
consisting of Si-O, B-O, Ga-O and pos-
sibly As(V)-O species.                             ■
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echanistic understanding of
intergranular (IG) environ-
ment-assisted cracking (EAC) of

Al-Zn-Mg-Cu alloys in aqueous chlo-
ride solutions is lacking in part
because the crack-tip electrode kinetics
are not well known. The objective of
this work was to characterize the alloy
electrode kinetics in simulated crack-
tip solutions.  This work is part of a
larger study examining the crack
chemistry and electrochemistry of alu-
minum association (AA) 7050 to help
elucidate the relative contribution
hydrogen embrittlement (HE) and
anodic dissolution (AD) to the crack
advance process.1-3 The crack chem-
istry and electrode potential have been
described.4-7

Experimental

The electrochemical behavior of AA
7050 was examined in simulated crack-
tip solutions using standard potentio-
dynamic techniques.8 Factorial experi-
mental design and analysis9 were used
to statistically determine the effects of
Al3+, Cl-, and Cr6+ concentration and
pH (Table I) on the anodic and cathod-
ic kinetics of bulk alloy material and
analogs representing phases relevant to
the IG cracking phenomenon: alloy
matrix, precipitate free zone (PFZ) and
grain boundary intermetallic MgZn2
and Mg(Zn,Cu,Al)2.10 Statistical tests
were conducted at a significance level
of α = 0.05.

Results and Conclusions

Understanding the crack-tip elec-
trode kinetics is of primary importance
to understanding the EAC-mechanism
of Al-Zn-Mg-Cu alloys. Although both
T651 and T7451 material exhibited
pitting at their free corrosion potential
(Ecorr) and on anodic polarization in a
crack-tip simulate, EAC-susceptible
T651 suffered severe IG corrosion
(Figure 1) where as T7451 material did
not. The excellent EAC-resistance of
the latter may in part be due to its
enhanced grain boundary corrosion
resistance.11,12

Figure 2 summarizes the electro-
chemical behavior of the bulk and
analog materials in a crack-tip simu-
late. Aluminum-based electrodes (i.e.,
bulk T651 and T7451, matrix and PFZ

The Electrochemistry of an Al-Zn-Mg-Cu Alloy in Simulated Crack-Tip Solutions
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FIG. 1.  Intergranular
corrosion of AA 7050-
T651 observed in 0.25
M Al2(Cr2O7)3 + 0.5 M
NaCl + 1.0 M Cr6+ as
Al2(Cr2O7)3 + CrO3 +

Na2CrO4, pH 3.5,
deaerated. 1200 grit fin-

ish, scan rate = 0.167
mV/sec.

analogs) were susceptible to localized
attack at their free corrosion potential
(Ecorr) in the acidic, high [Cl-] environ-
ments; both intermetallics exhibited
general dissolution, were active relative
to the Al-based materials, and exhibited
enhanced dissolution and reduction
kinetics relative to the Al materials.
Note that incorporation of Al and Cu

into the intermetallic reduces the gal-
vanic difference between the grain
boundary particles and surrounding
PFZ and matrix.  

Statistical analysis revealed that
within the factor ranges studied,
increasing [Al3+] or [Cl-] or reducing
[Cr6+] decreased Ecorr of AA 7050-T651;
none of the factors had a statistically

FIG. 2.  Electrochemical
behavior of Al-Zn-Mg-

Cu alloy phases in simu-
lated crack-tip solution.

Level Al3+, M Cl-, M Cr6+, M pH

Low 0.017 0.05 0.5 3.5

High 0.25 0.5 2.5 2.5

Table I. Factor levels for 1/2 fractional factorial analysis.
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significant effect on the corrosion cur-
rent density (icorr). Increasing [Al3+] or
[Cr6+] or pH decreased Ecorr of MgZn2.
With increasing [Al3+] or acidity, icorr
for MgZn2 increased.

Bare metal dissolution, repassivation
and hydrogen reduction kinetics and H-
uptake in crack tip analog solutions will
be examined using the scratched elec-
trode technique13 to simulate crack tip
film rupture events.
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anometer-sized metallic and
semiconducting particles have
been the focus of much research

due to a heightened interest in these
materials for potential applications
such as molecular catalysts, chemical
sensors, and optoelectronic devices.1

To date, research on Monolayer
Protected Clusters (MPCs) has yielded
important insight on several fronts.
One interesting observation is that the
combination of a small metal-like core
with a hydrocarbon dielectric coating
(Fig. 1) makes MPCs minute capaci-
tors, with capacitance values of less
than one attofarad (aF) per particle in
electrolyte solution.  Addition or
removal of individual electrons from
the core of these tiny capacitors pro-
duce potential changes ∆V = e/CCLU >
kBT/e. This has led to the exciting
observation that MPCs exhibit quan-
tized double layer (QDL) capacitive
charging in electrolyte solution.2

Recently we have also shown that
MPCs functionalized with carboxylic
acids exhibit QDL charging in solution
as well as when they are attached to an
electrode surface through a series of
carboxylate metal linkages3 (Fig. 2).

This summer, I have focused on
measuring the heterogeneous electron
transfer rate (kET) between the elec-
trode and an MPC tethered to the elec-
trode surface. Cyclic voltammograms
display QDL charging peaks, making it
possible to use the technique made
familiar by Laviron4 to estimate kET. I
hypothesize that electron transfer
occurs by the electron tunneling from
the electrode surface through the
monolayer to the MPC. Marcus theory
predicts that the reorganizational
energy barrier (λo) to electron transfer
will be small owing to the non-polar
dielectric surrounding the core, and
therefore the rate of electron transfer
will be fast. Attaching the MPC to the
electrode surface via a hydrocarbon
chain slows kET and permits the use of
standard electrochemical techniques
in measuring the electron transfer rate.

The peak current (EP) in the cyclic
voltammogram is proportional to scan
rate (ν) as is expected for a surface con-
fined redox species (Fig. 3). The slope
of a plot of EP versus ln ν is equal to
–2.3RT/αnF, where α is the transfer
coefficient. After determining α we
can use Eq. 1 to estimate kET
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log kET = αlog(1-α) + (1-α)logα –
log(RT/nFn) – α(1-α)nF∆EP/2.3RT     [1]

I estimated a rate of 45 s-1 using cyclic
voltammetry. This is slightly faster than
predicted for a ferrocene molecule
attached to the electrode through an
alkane chain of similar length.5

The work described here applies a
known electrochemical technique to a
new class of materials, and provides fun-
damental information about their elec-
trochemistry. Continued studies will be
aimed at understanding factors influenc-
ing kET, such as the dielectric constant
and the length of the monolayer.       ■
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FIG. 1. (above left) Schematic of a
monolayer protected gold cluster.

FIG. 2. (above right) Schematic of
hexanethiolate MPCs each func-

tionalized with ca. 5 mercap-
toundecanoic acid ligands

attached to a gold electrode sur-
face through Zn2+ metal carboxy-

late bonds.

FIG. 3. (bottom right) Cyclic
Volmammetry (CV) showing the

dependence of peak potential (EP)
of surface confined MPC on scan

rate (v). (-) v = 50 mV/s (---)
v= 22 Vs.
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our-electron reduction of O2 to
H2O in organic solvents is diffi-
cult.  In a recent report,1 we

demonstrated the potential of the
vanadium(III) complex of salen
(H2salen = N,N'-ethylenebis(salicylide-
neamine)), VIII(salen)+, as a catalyst for
the reduction of O2 to H2O in acidified
acetonitrile. The novelty of the chem-
istry involved in the catalysis and the
likelihood that it could also be applied
to the electroreduction of O2 provided
impetus for an expanded study of
analogous vanadium complexes. Thus,
a variety of oxovanadium complexes
with different Schiff base ligands,
VIVO(SB) (SB = Schiff base), were pre-
pared and characterized spectroscopi-
cally and electrochemically.2 In Table I
are listed those complexes with suffi-
cient solubility in acetonitrile to allow
solution studies to be carried out.
These complexes were found to dispro-
portionate rapidly and quantitatively
upon reaction with strong acids (such
as HClO4 and CF3SO3H) according to
reaction 1:

2VIVO(SB) + 2H+ —> VVO(SB)+ +
VIII(SB)+ + H2O [1]

All the VIII(SB)+ complexes produced in
reaction 1 were found to accomplish the
stoichiometric and quantitative reduc-
tion of O2 according to reaction 2:

VIII(SB)+ + O2 —> VVO(SB)+ [2]

Since VVO(SB)+, the product of reac-
tion 2, can be reduced either chemi-
cally or electrochemically to VIVO(SB),
a catalytic reduction of O2 proceeds in
the presence of excess acid. The rate of
the catalytic cycle was found to be lim-
ited by the rate of reaction 2.

A general and efficient approach for
the preparation of VIII(SB)+ complexes
was developed. It involves the reductive
deoxygenation of the readily available
VIVO(SB) with H2 in the presence of a
large area platinum gauze (on which H2
is dissociatively adsorbed). The VIII(SB)+

formed in this way was used to monitor
the kinetics of reaction 2 using a carbon
microelectrode held at a potential
where the oxidation of VIII(SB)+ was dif-
fusion limited. The data obtained
showed that the rate of reaction 2 was
first-order in both VIII(SB)+ and O2. A
possible mechanism for the reaction is
given in reactions 3-5:
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No. R1 R2 R3 R4 X k3(M-1 s-1)

0 H H H H CH2CH2 0.06
1 t-Bu H t-Bu H CH2CH2 0.44
2 H H H H 1,2-C6H4 0.06
3 t-Bu H t-Bu H 1,2-C6H4 0.46
4 H H MeO H CH2CH2 0.13
5 H MeO H MeO CH2CH2 0.11

6 1,2-C6H4 0.09

Table I. Structures of VIVO(SB) complexes and rate constants of the oxidation
of the corresponding VIII(SB)+ complexes by O2.

VIII(SB)+ + O2 S (SB)VO2
+ [3]

(SB)VO2
+ + VIII(SB)+ j (SB)VOOV(SB)2+ [4]

(SB)VOOV(SB)2+ j 2VVO(SB)+ [5]

The corresponding rate law when the
steady-state approximation is applied
and k-3 << k4 is :

d[VIII(SB)+]

dt

Values of k3 were evaluated for several
complexes as listed in Table I. The rate
constants span the range of 0.06 to 0.46
M-1 s-1. A distinctive feature of this
mechanism is that the rate-determining
step is the formation of an intermedi-
ate, (SB)VO2

+, that probably requires
the dissociation of a solvent molecule
from an axial position on the VIII(SB)+

complex to generate a coordination site
for the incoming O2 molecule. Much
higher rates of reaction 4 and 5 are
believed to result in the observed,
quantitative formation of VVO(SB)+.
The larger rate constants exhibited by

complexes 1 and 3 (Table I) might be
attributed to the four bulky tertiary
butyl groups which increase the lability
of solvent molecules coordinated to the
axial sites on the VIII(SB)+ complexes.
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