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1. Introduction and Nanoboundaries

Nano- is a big prefix-word. Much of contemporary
chemistry focuses on small scale structures, and indeed,
molecular science is intrinsically on the nanometer scale.
Selecting material for this review of “nanoelectrochemistry”
involved a necessary arbitrariness of defining what “nano”
means. Here, it refers to a dimensional scale of electrodes
and electrochemical events, as opposed to time or volume
or mass. Still, most of molecular chemistry fits within the
1—1000 nm range of dimensions, as does a substantial body
of charged or conducting substances, e.g., micro- and
nanoparticles, colloids, emulsions, and aerosols. The topology
of conducting substances can have nanoscopic dimensions,
with mesoporous materials such as areogels and xerogels
being contemporary examples. These are important topics,
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as are nanoparticle applications in bioanalysis, catalysis, and
electrocatalysis, and nanomaterials such as fullerenes, carbon
nanotubes and networks, semiconductor nanoparticles, and
arrays of nanoelectrodes and nanopores. With apologies to
those topics, I have chosen to whittle the scenery down to
the electrochemistry of nanoparticles, and single nanoelec-
trodes and nanopores. Within these, attention will be biased
toward metal nanoparticles having dimensions of only a small
number of nanometers, because it is in the 10 nm and lower
size range where many significant recent advances have been
made. Similarly, I will focus mainly on single nanoelectrodes
and nanopores, as opposed to arrays thereof. The literature
cited here is predominantly not over a decade old; a lot has
happened, and quickly. I hope the reader will find it an
interesting decade.

What has promoted the rapid advances in the 1—10 nm
range of dimensions? For nanoparticles, progress has been
stimulated by synthetic innovations; for single nanoelectrodes
and single nanopores, similarly by advances in methods of
fabrication. Further, while making something that is really
small can be special, it does not push science forward unless
one can demonstrate its size and shape and chemical
composition. So some substantial attention will be given to
developments in fabrication and characterization. Knowing
what you have prompts the more interesting and burning
questions of how do its properties (of any kind, spectroscopic,
electron transfer, etc). depend on its size, on the dimensions
of other substances and structures that it interacts with (as
in a nanopore), on the particular geometry of the small size,
and of course on the extent that the chemist and electro-
chemist can tailor the composition and/or surface of the small
particle/electrode/pore object to further expand its range of
properties and usefulness. The authors cited in this report
are leaving the first tracks—to some extent tentative tracks—in
the scientific sand in these areas of nanoscience.

2. Electrochemistry of Metal Nanoparticles

Colloid chemistry is a discipline with great importance to
both science and technology.'™ The electrical behavior of
colloidal dispersions in solutions classically encompasses
colloidal nanoparticles with surface charges caused by
adsorption of small ions, surfactants, or polyelectrolytes and
with consequent electrokinetic properties. The surface charges
act as stabilizers, repelling the nanoparticles from one
another, unless a high ambient electrolyte population screens
the charges, or their stabilizing layers hydrophobically
interact (in an aqueous dispersion), in which case the
dispersion can become unstable and aggregation or floccula-
tion occurs with a usual result of precipitation. Such
phenomena have great practical importance in chemical

[J 2008 American Chemical Society

Published on Web 06/18/2008



Metal Nanoparticles, Nanoelectrodes, and Nanopores

Royce W. Murray is Kenan Professor of Chemistry at the University of
North Carolina at Chapel Hill. He studied with Professor Richard C. Bowers
at Northwestern University and joined the UNC faculty in 1960. He is a
member of the National Academy of Sciences and of the American
Academy of Arts and Sciences and has served since 1991 as Editor-in-
Chief of the ACS journal Analytical Chemistry. His research interests
include molecular design of electrode surfaces and nanoparticles,
electrochemically reactive ionic liquids, mass transport and electron transfer
dynamics, and the analytical chemistry and properties of metal quantum
dots.

manufacturing and other chemical processes, in sanitary
water treatment, and in ocean chemistry, among others.

Colloids, or metal sols, have been known for a very long
time, dating back to ancient techniques for imparting colors
to glass. That such colorations are scattering phenomena was
eventually qualitatively explained by Michael Faraday® in
the middle of the 19th century. Our understanding of the
optical coloration and absorbance spectra of metal nanopar-
ticles was placed onto a quantitative footing by Mie” at the
beginning of the 20th century.

Metal colloids, and semiconductor colloids, exhibit the
same surface ionic charging and electrokinetic properties as
other colloids, but they also are able to act as electron donors
and acceptors. This is an important distinction that was
recognized in early papers by Henglein® and Griitzel” dealing,
respectively, with electron storage on Ag nanoparticles during
pulse radiolysis and with photocatalytic water reduction in
the presence of colloidal Pt. The metal nanoparticles were
aptly referred to as colloidal microelectrodes. In informative
reviews™® of work done in his and others’ laboratories in
the 1970s and 1980s, Henglein noted that metal colloids,
“although not connected to a battery which determines their
potential” had been shown to participate in electron transfer
reactions with radicals in solutions, thereby acting as
catalysts—or in more contemporary language—as electron
transfer mediators.

Henglein’s insight originated in part from pulse radiolysis
experiments leading to the formation of very small silver
(and some other metals) nanoparticles and which evoked
catalytic reductions of other substrates in solution by silver
nanoparticles. One well studied reaction®'® was the pulse
radiolysis of acetone, which under y-ray illumination pro-
duces the highly reducing radical (CH3),C OH. This radical
becomes oxidized, at a close to diffusion-controlled rate,
upon contact with a Ag nanoparticle, driving the nanoparticle
potential to a more negative, reducing value

2(CH,),C'OH+ Ag"” — (CH,),CO+H" + Ag""™"~
(D

The Ag nanoparticles are themselves produced by preced-
ing pulse radiolysis of a AgNOjs solution and were stabilized
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by sodium polyvinylsulfate as surfactant. Reaction 1 is
followed by a much slower reduction (rate constant 5 x
1077 cm ™ s™") of protons by the charged Ag nanoparticle,

Ag"PT+oH —Ag” +H, 2)

The course of reactions 1 and 2 could be followed by
changes in the ionic conductance of the solution that occurred
over millisecond and minute time scales, respectively. From
the charge storage properties of the Ag nanoparticles, it was
estimated that, under the irradiation conditions used, an
approximately 4 nm diameter Ag nanoparticle could carry
as many as 450 stored electrons, with a double layer capacity
of 43 uF/cm? of the nanoparticle surface. Calculations
indicated that as many as 300 electrons could persist on a
nanoparticle for about 1 min after irradiation had ceased.

A number of other metal nanoparticle reactions were
accessed through the pulse radiolysis approach.®*!112 Pulse
radiolysis-driven formation of metal nanoparticles has been
extended to other metals, including core—shell structures'* '
Pd,"” Hg,18 Cu,"” Pb,?° Pt,%! Sn,?? and Cd,>* and several
semiconductors.' 2

Gritzel’ recognized the role of redox charging of Pt
colloids in experiments aimed at understanding how the
colloid facilitates photoreduction of water to hydrogen.
Methyl viologen can be reduced by electron transfer from
the excited state (450 nm) of the metal complex [Ru(bpy)s]*"
(where bpy = 1,10-bipyridine), with fast rereduction of the
[Ru(bpy)s]** photoproduct by EDTA (as a sacrificial electron
donor). The methyl viologen radical rapidly transfers electron
charge to the Pt colloid, which now acts as a reducing surface
for the reduction of protons to hydrogen. The latter step was
demonstrated unequivocally by showing that hydrogen is
directly evolved in mixtures of reduced viologen and Pt
colloid. McClendon?**** further probed the roles of solution
pH and redox potential of the viologen mediator, and more
explicitly dissected the viologen/H, process as one driven
by direct electrolytic reduction of the viologen. The explicit
theory presented®> by Bard for the current flow cast the
potential of the Pt colloidal particles as a mixed potential
whose value depended on the incoming reductive viologen
charge and the rate of hydrogen evolution.

Experiments like the above illustrate the modern begin-
nings of electron transfer-oriented chemistry of metal nano-
particles. They showed that metal nanoparticles can act as
soluble electrodes that can be cathodically charged with large
overall populations of electrons and that the dynamics of
their reaction chemistry with other solution constituents can
be quantitatively assessed.

3. Voltammetry of Solutions of Isolatable
Nanoparticles

Pulse radiolytic formation of metal nanoparticles, and
charging them by reactions with radiolytically or photolyti-
cally generated radicals are powerful approaches to metal
nanoparticle electron transfer chemistry but are ultimately
constrained by the need for specialized radiolysis equipment
and more particularly by an inability to isolate and further
manipulate the nanoparticles employed. A continuing phase
of research on metal and semiconductor nanoparticle elec-
trochemistry has been stimulated by developments in syn-
thesis that produce nanoparticles stable enough to be isolated,
purified, and analytically characterized. Central in this change
were new choices of stabilizing ligands for nanoparticles—whereby
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elements of modern coordination chemistry were brought into
play and started to supplant the weaker and less specific
interactions of traditional surfactants and polymer electrolytes
with nanoparticle surfaces. Prominent among these ligands
were phosphenes,>?*’ phenanthrolines,***’ amines,” or-
ganothiolates,’® and dendrimers.*' Also synthetically central
were bottom-up metal nucleation tactics giving access to
smaller nanoparticle dimensions and to some degree lowered
size dispersities. These synthetic tactics on the one hand
aimed at trapping a limited number of metal ion precursors
in a small, uniform volume—such as that of a
dendrimer®'—and then reducing them to form nanoparticles.
In other procedures, the metal ion precursors are reduced in
the presence of traditional but relatively weak stabilizers
(such as the reduction of Au(Ill) by citrate), followed by
displacement of the weak ligand stabilizers by more strongly
binding ones, such as organothiols.**** The nanoparticle is
alternatively formed in the immediate presence of the
strongly stabilizing ligand, such as the organothiol;*° this
particularly can lead to passivation of the nanoparticle to
further growth at a small size. It is a generality that evolution
of study into chemical properties rides on the shoulders of
designed chemical syntheses.

These developments in stabilizing ligands and synthesis,
occurring over the past decade for metal nanoparticles (~two
decades for semiconductor nanoparticles), caused an inten-
sification and broadening of interest in their chemistry and
especially in the properties of those with very small dimen-
sions. Bulk metallic objects have well-known optical
properties—continua of electronic states—and reactivity
properties when used as electrodes. Well-investigated metal
complexes that in contrast contain only a single metal site,
bonded to various and diverse ligands, also have spectral
and electrochemical properties defined by discrete electronic
levels and states. What lies in between? With decreasing size,
at what dimension, and at what number of metal atoms, do
the properties of the bulk metal start to change toward those
of molecular complexes—the so-called “metal-to-molecule”
transition? The idea of chemical and other properties that
depend on and vary with physical dimension has fascinated
chemists—and theorists—for a very long time, perhaps
longest and most intensely for chemists interested in colloids
and in catalysis of reactions. Henglein® aptly noted Ostwald’s
prescience’® about the transition of colloidal to molecular
matter. The subject has been given new urgency by the
steady, continuing, diminution of feature size in the micro-
electronics industry—which is literally a life’s-blood technol-
ogy of modern science and society. This urgency, plus the
urges of basic scientific exploration, has helped to birth the
field of molecular electronics,>® where one aims to use
molecular or near-molecular materials to mimic essential
electronic functions, such as those of transistors.

An ability to isolate a nanoparticle in a purified form,
perhaps a dry form, and redissolve it without change or
decomposition (avoiding, in particular, aggregation of the
nanoparticle), is a liberating gift to innovation by the
nanoparticle chemist, in several respects. Experimental
openings are generated to (a) defining what the nanoparticle
is, on increasingly definitive terms, including the extent to
which it exhibits bulk metal-like as opposed to molecule-
like properties, (b) incrementally modifying the nanoparticle
composition/structure so as to determine which of and how
much its components—nanoparticle or stabilizing ligand
shell—influence its properties, and thereby learning how to
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manipulate nanoparticle properties, and (c) learning how to
induce interactions between nanoparticles that probe their
ability to communicate with one another in order to evolve
a further dimension of properties within the metal-to-
molecule dimension transition. Attaining these goals remains
in a somewhat primitive state, but quite considerable progress
has issued from the simple fact of isolation of very small,
stable, nonaggregating nanoparticle materials.

An issue in applying analytical and structural tools to
identify a nanoparticle is whether to base the assignment on
a combination of data that infer a formulaic composition
(such as [metal],[stabilizing ligands],,) or to define it
according to its diameter as inferred from, typically, TEM
and as having a stabilizing layer of certain surfactants without
count of their population. This issue is the same whether
the nanoparticle is on the metal or molecule side of the metal-
to-molecule transition. This author joined the formulaic
camp,” which, while posing a severe challenge to the
characterization, forces evolution of the tools of nanoparticle
characterization to a higher level. One must admire work in
which single crystal structural analysis leaves no ambiguity
about composition; but for thiolated Au nanoparticles this
has only recently’® been achieved. When it has not, the real
uncertainties involved in expressing analytical compositions
must be conceded. A major uncertainty stems from the fact
that a synthesized nanoparticle sample is almost never an
entirely pure material, in terms of size monodispersity. The
polydispersity of a characterized nanoparticle material gener-
ally requires—lacking an analysis that distinguishes individual
compositions in a mixture, such as mass spectrometry—that
one express composition as an average. Many investigators
in the nanoparticle field have, on the other side, preferred to
cite nanoparticle dimensions as inferred from, most usually,
transmission electron microscopy (TEM) and to note the
stabilizing chemical (also called a capping reagent or
protecting reagent or ligand). This is predominant in the
semiconductor nanoparticle field. This review is not about
issues of nanoparticle characterization, but it is not possible
to separate that subject’s involvement in gaining a basic
understanding of the electrochemistry of the nanoparticle,
and it will creep into the discussion below.

The development of nanoparticle stabilizing chemistry
enabled direct voltammetric observations on solutions of
nanoparticles. We turn now to examining electrochemical
experiments done directly on nanoparticles, and the kinds
of electrochemical responses. Consider a sample of highly
purified metal nanoparticles, consisting of a core of metal
atoms and surrounded by a monolayer of ligands that prevent
agglomeration of the metal atom cores, and stably dissolved
in a solvent containing an appropriate inert electrolyte.
Consider, in principle, the electron transfer chemistry that
this metal nanoparticle may undergo in voltammetry at a
working electrode and how that voltammetry would change
as a function of size of the nanoparticle. Three voltammetric
regimes—defined by ranges of core size—can be imagined
(all experimentally known). I label these bulk-continuum,
quantized double layer charging, and molecule-like. In a
fourth regime (also known experimentally), the nanoparticle
ligand monolayer may contain some intrinsically electroac-
tive groupings, whose voltammetry would add to that
attributable to the nanoparticle core.
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3.1. Bulk-Continuum Voltammetry

This voltammetric behavior is that of large nanoparticles,
with large meaning >3—4 nm. A simple but fundamentally
important relation that distinguishes such nanoparticles from
even smaller ones is

AV=1zelCqy 3)

where AV is the change in electrochemical potential of a
nanoparticle with double layer capacitance Ccry, that is
incurred upon transfer of z electrons to/from the nanoparticle.
The subscript “CLU” connotes the capacitance of an
individual metal cluster (i.e., not surface area normalized).
The value of AV must be considered in light of the Boltzman
thermal energy distribution factor, which is kgT>s = 25.7
meV at room temperature. If AV < this factor, then
successive electron transfers to/from the nanoparticle will
result in a continuous—as opposed to stepwise—change in
the nanoparticle’s potential. This “bulk-continuum” behavior
is that expected of nanoparticles having a sufficiently large
CcLu, namely > ca. 6 aF.

Thus, room temperature voltammetry of dissolved nano-
particles having Ccy = 6 aF should result in smooth
current—potential traces, whether in unstirred solution with
linear potential scanning, as in cyclic voltammetry (CV), or
with very slow potential scanning and hydrodynamic trans-
port, as in rotated disk electrode (RDE) voltammetry. The
capacitive charging currents due to transport of nanoparticles
to the working electrode are under mass transport control
and can thereby be distinguished from background currents
such as working electrode double layer charging and slow
parasitic, kinetically controlled faradaic reactions. The
capacitance currents for electronically charging the nano-
particle should, for example, increase with the square root
of the potential scan rate and of the electrode rotation rate,
in CV and RDE experiments, respectively. In a potential step
experiment in unstirred solution, the diffusing nanoparticles
would produce a current that decays inversely with the square
root of time. These relations come from the Randles, Levich,
and Cottrell equations, respectively.’

The earliest example of bulk-continuum voltammetry of
an isolatable nanoparticle was reported by Mulvaney et al.*®
for 10 nm diameter Ag nanoparticles protected by a layer of
polyacrylic acid. The diffusion coefficient of the Ag nano-
particle (5 x 1077 cm?/s) in aqueous NaClO, was measured
by dynamic light scattering. Scanning a working electrode
to more positive potentials gave currents for oxidation of
the nanoparticle and ultimate dissolution. Scanning to
negative potentials gave featureless, gradually rising currents
whose values were, by potential step chronoamperometry
and rotated disk voltammetry, shown with the Cottrell and
Levich equations®”’ to be controlled by mass transport of the
Ag nanoparticle. These equations are, respectively,

12
i nFAD ™" Cy, @
a1
i=0.62nFAD” 0" v™"°C,, (5)

Figure 1 shows that rotated disk electrode currents change
linearly with [rotation rate, w]” 2 which is a hydrodynamic
mass transport criterion. Application®® of the above equations
gave the numbers (n) of electrons transferred from working
electrode to nanoparticle; for changes in potential of about
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1 V, these were 1600 and 1650. A differently founded
analysis of the blue shift of the Ag surface plasmon band
maximum seen upon applying negative potentials to nano-
particles in an optically transparent thin layer cell gave a
response of n = 1790 electrons, roughly consistent with the
RDE result.

This report showed that one can measure very large
numbers of reducing equivalents stored on large metal
nanoparticles that have large double layer capacitances. A
nanoparticle surface area-normalized value of 80 xF/cm? was
estimated. According to this value, eq 3 predicts a spacing
between successive electrons transferred to the Ag of about
0.5 mV, which is much smaller than the resolution thermally
imposed by kg7T»s. The observed current—potential responses
accordingly contained no discontinuities relatable to succes-
sive, single, electron transfers.

Most subsequent direct voltammetry of metal nanoparticles
has been on very small Au nanoparticles that are stabilized
by organothiolate ligand monolayers. This kind of nanopar-
ticle, called monolayer protected clusters, or MPCs, is
prepared by a useful synthetic method—the “Brust synthesis”™—
reported by the Schiffrin laboratory.’® Using the transfer
reagent Oct,N*Br~, chloroaurate is phase-transferred from
water to toluene, where an organothiol is added, reducing
the gold to a colorless Au' thiolate complex, which typically
is not isolated,

[Oct,N"+AuCl, 7], o, — [Oct,N "+

water

B RSH n I
AUCl, Tyjuene — [Oct,N" + Au'SR + RSSR]j onc

(6)

This reaction is followed by addition of a reducing agent,
commonly BH, . The concurrent presence of the thiol while
Au nanoparticles are being reductively formed tends to
constrain the nanoparticle sizes into the interesting, very
small size regime. The choices® of reaction temperature,
thiol:Au feed ratio, and other variables roughly influence the
average MPC product core size, which can vary from about
5 down to 1 nm but is, in the raw reaction product, typically
a mixture of Au core sizes. The nature of the organothiolate
ligand dominates the MPC solubility properties; for example,
those based on alkanethiolate or arylthiolate ligands are
soluble in moderately polar to nonpolar media but not water.
Solubility properties are important as regards fractionation
procedures to lessen the MPC product’s size polydispersity.

MPCs can be elaborated beyond their initial protecting
thiolate monolayers by replacing some of those ligands with
different thiolates, in a reaction called “place exchange” or
“ligand exchange”.***'*** The MPC is incubated in a
solution of the new ligand for a period of time, and after
product isolation, the extent of exchange in the isolated mixed
monolayer MPC is evaluated (typically) by 'H NMR. (The
nanoparticle-related broadening of the NMR resonances—which
affects the mixed monolayer analysis—can be combated*?
by decomposition of the MPC sample using cyanide or
iodine, liberating free disulfides with sharp NMR resonances.
The rates of decomposition vary with the specific ligands.**)
The number of ligands exchanged is a distribution, so the
NMR analysis gives only an average. In this way, the MPC
chemistry can be diversified by incorporating thiolate ligands
with interesting terminal groupings, such as redox centers,
as discussed later, or by generating sites for coupling
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Figure 1. Levich plot of the limiting current vs square root of the
RDE angular rotation rate. Solution conditions given in ref 38.
Solution was Nj-saturated. Reprinted with permission from ref 38.
Copyright 1997 American Chemical Society.
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Figure 2. Cartoon of a phenothiazine labeled Au;y MPC.
Reprinted with permission from ref 41. Copyright 2001 American
Chemical Society.
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Figure 3. Chronocoulometry plots of concentration-normalized Qr
and Qg against 2 (upper) and 7 (lower), respectively, for a 48 uM
solution of C6 MPC-A in methylene chloride/0.05 M BusNCIO,
at a Pt electrode. Epnar = 1200 (closed circles), +400 (open
circles), +600 (closed triangles), and +800 mV (open triangles);
Enir = —200 mV. Reprinted with permission from ref 41.
Copyright 2001 American Chemical Society.

reactions where other entities can be subsequently bound.
The nanoparticle cartoon in Figure 2 illustrates*' the latter
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with an MPC initially made with an octanethiolate monolayer
into which was exchanged some w-hydroxyoctanethiolate
ligands, that were in turn esterified with a phenothiazine
carboxylic acid derivative.

The thiolate stabilized Au nanoparticle (MPC) has stability
characteristics that allow fractionation into more monodis-
perse samples than the initial synthesis yields, and thusly,
the electrochemical literature for Au MPCs is much more
highly developed than that for other metals. An additional
fact is you cannot study nanoparticle properties as a function
of size if you cannot fractionate them by size, so substantial
effort has been expended on this mundane issue.

Voltammetry that resembles bulk-continuum voltammetry
has been reported for Au MPCs coated with hexanethiolate
ligand shells. Mass transport control for charging of the MPC
cores by a macroscopic working electrode was, for example,
demonstrated by experiments such as that in Figure 3, where
double potential step chronocoulometry*' was used in
forward- and back-potential steps of equal magnitude (AEg
= AER), reversing the potential step after time 7. Time-
dependent charges for a diffusion-controlled electrode reac-
tion in this method are given by*’

—2[AEL]Ce FAD . /2Ct"?
0, = F CLUV2 CLU —[AE|AQ,, +
eir
CCLUFAFINIT] (7)
e
2[AEL]Cpy FAD, *CO
R= R CLUV2 CLU +[AER] AQDL+
et
C....FAT
CLU - FINAL] (8)

where 6 = [¢Y2 + (+ — ©)"* — ¢"?] and ¢ is time. The
term (AE)CcLu/e = npy is the average number of electrons
passed to charge each MPC’s double layer, and the terms
I'inr and Teivar account for a small amount of physisorption
of the MPCs onto the working electrode. (These relations
have origin in older experiments®’ aimed at measuring
adsorption of metal complexes on electrodes). The slopes
of plots of the electrochemical charge passed to the MPCs,
against the forward and reverse time parameters, yield an
average value of Ccoy = 1.2 aF. The MPC diffusion
coefficient (D = 2.5 x 107° cm?/s) was measured using
MPCs labeled with a few phenothiazine redox moieties in
their monolayers (e.g., the MPC in Figure 2).

The roughly eight electrons transferred in the AE =1V
step experiment®’ in Figure 3 contrasts sharply with the
roughly 1600 electrons transferred in experiments such as
those of Figure 1. This 200-fold difference is jointly rooted
in the roughly 10-fold difference in surface area of the Ag
and Au cores, and in their 20-fold different double layer
capacitances (80 vs 4 uF/cm?). The small capacitance of the
Au MPC interface arises from the low dielectric constant of
the alkanethiolate protecting monolayer, which is a major
factor facilitating electrochemical observation of the charging
features of MPCs with even smaller cores, discussed below.

Bulk-continuum-like voltammetry was also seen for other
MPCs bearing redox moieties in their protecting monolayers,
namely ferrocene***? and viologen,*® at potentials where the
redox groups were silent. Hydrodynamic mass transport
control of MPC core charging was established using rotating
disk electrodes, by observing that the (smooth) Ai/AE slopes
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Figure 4. (inset) Au STM tip addressing a single cluster adsorbed
on an Au-on-mica substrate and (top curve) Coulomb staircase [—V
curve at 83 K; potential is tip—substrate bias; equivalent circuit of
the double tunnel junction gives capacitances Cypper = 0.59 aF and
Ciower = 0.48 aF. Lower curve: voltammetry (CV s, 100 mV/s; DPV,
* are current peaks, 20 mV/s, 25 mV pulse, top and bottom are
negative and positive scans, respectively) of a 0.1 mM 28 kDa
cluster solution in 2:1 toluene:acetonitrile/0.05 M Hx4sNClOy at a
7.9 x 107 cm® Pt electrode, 298 K, Ag wire pseudoreference
electrode. Reprinted with permission from ref 44a. Copyright 1997
American Chemical Society.

were proportional to the square root of the electrode rotation
rate. This dependency is predicted*” for charging of the MPC
core double layers.

3.2. Quantized Double Layer Charging
Voltammetry

In this regime of nanoparticle voltammetry, the MPCs
behave as quantum capacitors. Equation 3 teaches that a
sufficiently small nanoparticle double layer capacitance
(Cnanopanicle = CMPC = CCLU) should cause the potential
interval between successive single-electron changes in the
electronic charge on the nanoparticle core to become
experimentally observable. The discussion of eq 3 also
teaches that not only must the nanoparticle be dimensionally
small but it must also have a small double layer (charge/
area) capacitance. In this regard, use of alkanethiolate coated
nanoparticles is an apt choice to explore quantized double
layer (QDL) charging of nanoparticles.

Figure 4, panel B shows the first reported*** example of
QDL charging voltammetry, done on size-fractionated oc-
tanethiolate-coated Au MPCs. These MPCs were determined
by laser desorption—ionization (LDI) mass spectrometry to
have cores of mass ~28 KDa, which means roughly 146
Au atoms/core. Panel A shows the variation of tip current
with tip potential in scanning tunneling spectroscopy of a
single MPC resting on a cold (83 K) surface. The current
steps, spaced at regular intervals, represent a coulomb
staircase of successive one electron changes in the electronic
charge resident on the MPC core. Panel B shows room
temperature cyclic (CV) and differential pulse (DPV)?’
voltammetry of a solution of the same MPCs. The potential
spacing between the current peaks (especially that nearest O
V) is very similar to that in panel A, supporting the notion
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that the voltammetric features also have basically electrostatic
origins. The current peaks are more prominent in the DPV
experiment than in the CV; the former has a differentiation-
like property of magnifying small current features.

A subsequent theoretical analysis of the QDL charging of
MPCs in electrolyte solutions®”*® was based on modeling™’
the MPC as a concentric sphere capacitor. The inner and
outer spheres have radii r and r + d, corresponding to the
MPC core radius and the core radius plus thiolate monolayer
thickness d. The thiolate monolayer exerts an effective
dielectric constant e. The relation for a concentric sphere
capacitor is

€ r+d
CCLU:ACLUT i d :4”5502(r+d) 9)

where &, is the permittivity of free space and AcLy is the Au
core surface area. Assuming that Ccy is invariant with MPC
core charge leads to a relation for the ratio of nanoparticles
with core charge z to those with core charge z — 1, at a
macroscopic electrode interface to which the potential Expp
is applied.

CCLU

Ny e (z—112)e
(lZ = NZ—] = exp{ kB—T[EApp - EPZC - —]}

(10)

Epzc is the potential of zero charge for the nanoparticle core.
Equation 10 is Nernstian in its form, so that a QDL charging
voltammetric wave shape should ideally be identical to that
of a reversible one-electron redox couple, with a formal
potential characteristic of the z/z — 1 charge state change.
The Nernstian character of stored charges on MPCs was
established by observing®’ Nernstian shifts in equilibrium
potentials of solutions prepared by mixing solutions of
different, separately prepared, core charge states. Equation
10 predicts a series of identical waves, at both positive and
negative potentials, in which the formal potentials of the
successive z/z — 1 charge state changes can be expressed as

o (z—112)e

E;; 1 =Eppct (11)

Cery
This relation predicts a linear plot of peak potentials of a
QDL voltammogram against z (the nanoparticle core charge
state). Such “z-plots” require assignment of the Epzc (see
below) in order to define z = 0. Such assignment is not
necessary to obtain average values of CcLy from their slopes.
The Epzc of alkanethiolate-coated MPCs (a monolayer of
them anchored to a surface) has been estimated*® as ca.
—0.2V vs Ag/AgCl, from a double layer capacitance
minimum. (Strictly speaking, the capacitance minimum is
the potential at which the diffuse layer of ions around the
MPC is globally neutral).*’

Seeing QDL peaks like those in Figure 4 requires
nanoparticle samples in which the MPC producing the peaks
is a significant fraction of the total population of different
nanoparticle sizes (or different capacitances if some other
aspect of the MPC besides size—such as the dielectric of
the ligand monolayer—influences its capacitance). It is
common in QDL voltammetry to see current peaks riding
atop a substantial continuum of background current. Perfect
uniformity in regard to MPC size (or capacitance) is elusive.
This was in fact the case in the bulk-continuum-like
voltammetry*®*! discussed in Figure 3; the hexanethiolate-
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coated Au MPCs samples used were sufficiently small as to
potentially yield QDL current peaks but did not because of
their substantial size dispersity. Voltammetric simulations*>*%°
have shown that mixtures of MPCs with differing Ccry
values, with one of somewhat higher population, can produce
voltammetry with a few clear current peaks near Epyc, that
fade to a continuum of current at higher charge state
potentials. Methodologies that produce high purity MPCs
are essential in electrochemical studies of QDL charging.

A number of further studies of quantized double layer
charging voltammetry have been reported, as have been
reviews.**"* Many have concerned Au MPCs with ~29 kDa
core masses and alkanethiolate monolayers of various chain
lengths. This size MPC seems to be an especially stable
(“magic number”) core size, although there is difficulty in
being certain about its exact core shape**>? and, correspond-
ingly, the exact number of Au atoms for the closed shell
structure. That number could, for example, be 146 for a
truncated decahedron®' and 140 for a truncated octahedron.
Further, there may be only small energy differences between
one shell structure and another, so mixtures of shapes and
sensitivity>® to the thiolate ligand’s packing and steric bulk
(which can alter the ligand count) may result. The available
mass spectrometry results do not resolve the issue, owing to
extensive ligand and Au-loss fragmentation effects that yield
low resolution spectra. Authors in the field choosing a
formulaic expression of the nanoparticles while specifying
a core atom number recognize its approximate nature. I will
call the 29 kDa MPC simply Auys, without implying
exactitude between the possible core atom counts. Thermo-
gravimetric analysis®® of the organic ligand content gives,
for a 140 atom core, 53 ligands (such as hexanethiolate),
and the formula Auj4(SC6)s;. The ligand count has an
experimental uncertainty associated with that of the core atom
count. Major advances in measurements, such as high
resolution mass spectrometry of intact Au,;4 nanoparticles,
are needed to resolve such uncertainties in nanoparticle
formulas.

Equation 9 has been tested™* for its dependence on the
alkanethiolate monolayer thickness, by varying the chain
length from C4 to C16 (a 4-fold variation of d). Experimental
values of CcLy taken from z-plots over z = —2 to +3 charge
states were typically within £10% of those predicted by eq
9 assuming d values for fully extended chains and an
effective dielectric constant ¢ = 3 taken from measurements
of the capacitances of alkanethiolate self-assembled mono-
layers on flat Au(111) surfaces.” A similar level of concur-
rence was found in Ccpy measurements for hexanethiolate
coated Aujsp MPCs in a variety of solvents; dielectric
constants varying by a factor of 3-fold caused only =10%
variation of experimental Ccry. These and other™® results
show that eq 9 is a reasonably good estimator of MPC
capacitance, in spite of the innate oversimplicity of the
concentric sphere capacitor model. Unsurprisingly for such
a simplistic model, it does have limitations, as discussed
below.

Some additional examples of QDL voltammetry of Auj4
MPC are shown in Figures 5 and 6. Figure 5 shows an
experimental CV of a hexanethiolate-coated Au,40 MPC that
is c:ompared57 to a simulation of an ideal, reversible CV
response that included a (measured) solution resistance factor.
The fit to theory is good and helps to cement the conclusion
drawn above regarding the essentially Nernstian character
of the QDL charging phenomenon. Figure 6 shows a
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Figure 5. Cyclic voltammetry (50 mV/s, solid line) for the +4/
+3, +3/+2, and +2/+1 charge state changes of annealed EtOH-
soluble C6 Au;49 MPCs. Computer generated simulation (red line)
using the DigiSim 2000 program; simulation parameters were as
follows: initial potential —0.05 V, switching potential 1.0 V, end
potential —0.06 V, scan rate 0.05 V/s, working electrode double
layer capacitance 1 x 107° F, and solution uncompensated
resistance 2500 € (measured using ac impedance with the same
electrode in the same electrolg/te solution), planar electrode
geometry, electrode area 0.02 cm~, MPC diffusion coefficient D =
3.4 x 10 cm?/s, MPC concnetration 200 M, reversible charge
transfer. The simulated curve is offset by —0.25 u4A to overlay the
simulated and experimental curves. Reprinted with from ref 57.
Copyright 2002 American Chemical Society.
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Figure 6. DPV responses for MPC solutions measured at a Pt
microelectrode; as-prepared 177 uM C6S-Au,47 (upper) showing
15 high-resolution QDL peaks and 170 uM C6S-Ausg (lower)
showing a HOMO—LUMO gap. It can be seen that the as-prepared
solution contains a residual fraction of Ausg that smears out the
charging response at potentials where QDL peaks overlap. The
electrode potential is scanned negative to positive. Reprinted with
permission from ref 58. Copyright 2003 American Chemical
Society.

voltammogram>® reported by Quinn that exhibits 15 distinct
current peaks for hexanethiolate-coated Auj;s MPCs. It
appears that the number of observable QDL current peaks
may be limited only by the available electrochemical
potential window and the width of the peaks. The Figure 6
voltammogram shows an average peak-to-peak spacing of
about 0.25 V, corresponding to a nanoparticle capacitance
Ccry = 0.64, a value close to that found®’ (0.60 aF) from
the peak spacing in Figure 5. QDL voltammetry nearly as
spectacular (in terms of numbers of peaks) was reported by
Maran®® for Auy4 coated with a different ligand, phenyle-
thanethiolate, where the potential spacing was slightly smaller
(AV = 0.22) and the capacitance Ccry (0.70 aF) slightly
larger.
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One assumption of eq 9 is that C¢ry does not change with
MPC charge state or with the solvent. The possible conse-
quences of this assumption were discussed early in its
exploration,” and indeed deviations from the predicted
uniform spacing between current peaks have been reported.
Peak spacing often decreases®®°® and can be somewhat
irregular at higher charge states.*'>” Peak spacing can be
very sensitive to solvent®®® and electrolyte;°*** it was for
example®® increased by 20% by introduction of the hydro-
carbon dodecane into CH,Cl,, relative to CH,Cl, alone.

The sensitivity of QDL peak spacing to solvent and
electrolyte is substantially related to the permeability of the
MPC monolayer. The organothiolate ligands of self-as-
sembled monolayers on flat Au(111) surfaces are tightly
ordered; those on highly curved MPC surfaces necessarily
have increasing spaces between them at distances further
from the Au—S bonding interface. This radial effect on ligand
density means that the MPC monolayer may be permeated
by solvent (and potentially electrolyte ions), which conse-
quently alter its effective dielectric (¢) constant and thickness;
such permeation may further depend on the MPC core
charge.®*® Taylor dispersion measurements®® of MPC
diffusivity suggest, in fact, that the termini of alkanethiolate
chains are free-draining of solvent. There have been several
subsequent theoretical (Poisson—Boltzmann solutions) as-
sessments, by Quinn,58 Girault,®® and Mafe,®’ that usefully
model penetration of the MPC monolayer to solvent and
electrolyte ions, and provide an improved framework of the
concentric sphere model. The latter is a very instructive
report®” that highlights the various complexities of the
permeation problem and assesses previous work regarding
monolayer permeability.

Another of the peak spacing effects reflects a fundamental
feature common to all electrical double layer phenomena.
Spacings between peaks immediately adjacent to zero charge
of the MPC (z = 0) are observed’>°*®* to pass through a
small maximum. This is anticipated, in fact, from the
potential dependency of the diffuse double layer component
of the nanoparticle double layer capacitance. Diffuse layer
effects are explicitly neglected® in eq 9. Quinn®® correctly
recognized the importance of treating the radial dispersion
of the diffuse layer ionic space charge and presented
calculations from the Poisson—Boltzmann equation in radial
coordinates. The calculation reasonably well simulated the
small changes in peak spacing in Figure 6. Guo et al.*
extended examination of the diffuse layer contribution by
observing QDL voltammetry as a function of electrolyte
concentration and comparing current peak spacings to radial
calculations. Peak spacing near z = 0 increased as electrolyte
concentration was decreased, as seen in Figure 7. Example
values extracted for compact and diffuse layer capacitances
are shown in the figure legend; those for Cprrusg are
>Ccompact €ven at 1 mM electrolyte concentration. Re-
membering that the overall double layer capacitance (Cypc ')
is obtained by summing the reciprocals of Cprruse and
Ccowmpact, the diffuse layer capacitance—while detectable—is
a relatively minor contributor to the nanoparticle double
layer. Deviations from eq 9 caused by permeation of solvent
and electrolyte into the MPC monolayer are larger.

An extreme example of solvent-induced change in CcLy
occurs when a monolayer (or multilayer film) of an organic-
soluble, water-insoluble MPC 1is attached to (or cast upon)
an electrode that is then used in an aqueous electrolyte.®'-%8~7!
QDL peaks are seen (Figure 8) in the differential pulse
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Figure 7. Osteryoung square wave voltammetry of 0.08 mM
Auy49(SC6)s3 (SC6 stands for hexanethiolate) in CH,Cl, at 283 K
with the BuyNCIOy4 concentrations (A) 0.74, (B) 1.02, and (C) 100
mM at 283 K. The voltammograms have been adjusted to a common
Epyc potential versus AgQRE; Epyzc is about —0.2 V vs Ag/AgCl.
Estimated sample monodispersity is about 43%. Values of capaci-
tance from analysis of these data are (A) 1 mM, Ccy = 0.50,
CDIFFUSE = 24, and CCOMPACT = 0.63 aF; (C) 100 mM, CCLU =
0.59, Cpirruse = 9.9, and Ccompact = 0.63 aF. Reprinted with
permission from ref 60. Copyright 2005 American Chemical
Society.
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Figure 8. (A) CVs of a C6 Au MPC-modified Au electrode in
aqueous NH4PFg solutions of various concentrations. Also shown
is the CV of the same bare electrode in 0.1 M NH4PFq. Electrode
area 1.1 mm?. Sweep rate 100 mV/s. (B) DPVs of the same MPC-
modified electrode in various electrolyte solutions (0.1 M). Pulse
amplitude 50 mV, dc ramp 4 mV/s. Reprinted with permission from
ref 61. Copyright 2000 American Chemical.
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voltammetry only for positive core charge states and for PFgs ™
but not NO; ™ electrolyte. Currents at potentials where the
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MPC core would become charged negatively are small and
featureless. The phenomenon was termed ion rectification.
The potential at which the positive-charging QDL peaks
appeared depends on the electrolyte anion; this onset potential
effect was attributed’®”'* to the preferred ion-pairing of more
hydrophobic anions such as PFs~ with an electrochemically
positively charged but hydrophobic MPC. In a subsequent
study, Quinn et al.”* argued later that the MPC film/aqueous
boundary should be regarded as a hydrophobic/aqueous
liquid-like/liquid interface across which there is an ion
transfer potential A,,""™¢ reflecting the relative ion solvation
in the two phases and that this potential is the source of the
observed changes in onset potential. In this model, the current
for oxidation of the MPC film would be ion limited rather
than ion rectified.

Albrecht et al.”® have extended the STM spectroscopy
experiment** shown in Figure 4A to electrochemical STM
spectroscopy of Aujss MPC tethered to a Pt(111) surface by
4-mercaptopyridine ligands. Conducted in aqueous electro-
lyte, the STM spectroscopy peaks mirrored those seen in
the above rectification voltammetry phenomenon, but with
a smaller peak spacing. The interpretation suggested the
importance of an interplay between reorganization free
energy for electron transfers and the Coulombic charging
energy responsible for the QDL.

The QDL voltammetry studies discussed above were
conducted on Au,j4 (1.6 nm diameter core) MPCs. Reports
of QDL for other thiolated Au nanoparticle dimensions
include those with 1.4 nm (phosphine functionalized),74 2.0
nm (~Auxs),®” ">’ 22 nm (~Ausu),”’ and 3.7 nm
(~Auyss)3*" diameter cores. (The 3.7 nm MPC reportma’b
and one for 5 nm Rh’®" possibly reflect artifacts’’ of digitally
controlled current sampling). The multiple, roughly evenly
spaced current peaks that are characteristic of QDL volta-
mmetry have also been seen for Cu,” Ag,3% and Pd’%-8%
MPCs, and in the case of Pd, for ~Pdyg, ~Pdg, and Pd;4.”°
Most of these MPC materials were prepared by the Brust
reaction. The phosphine functionalized 1.4 nm Au MPCs
are commercially available and were used’* in a novel
experiment in which they were coupled to the electrode, and
then hydrophobically capped magnetic nanoparticles were
used to generate a low dielectric (toluene) film over them.
QDL responses could be observed that vanished when the
magnetic nanoparticles were released by an external field,
dispersing the toluene film. Other magnetic effects could be
seen in magnetoelectrochemical experiments in which im-
posed fields influenced transport rates both in QDL3'® and
redox-labeled®'® MPC voltammetry. Notable exceptions were
Pd and Au nanoparticles prepared within dendrimers’® and
then extracted with hexanethiol; useful QDL voltammetry
was obtained without further purification of the MPCs. The
dendrimer preparation route is quite promising. In general,
the stability and ease of preparation of appropriate size and
purity Au nanoparticles that are protected by low dielectric
ligand monolayers have produced much better defined QDL
voltammetry than has been achieved when using other metals
for the MPC core.

3.3. Voltammetry of Molecule-like Nanoparticles

The emergence of molecularity in the metal-to-molecule
transition is signaled by the emergence of an energy gap,
which may be detected optically or electrochemically or both.
The optical energy gap for a nanoparticle is the electronic
band edge or absorbance spectrum onset for transitions from
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the HOMO (highest occupied molecular orbital) to the
LUMO (lowest unoccupied molecular orbital). Optical ab-
sorbance band edges are detectable when they occur in the
near-infrared region or at higher energies, i.e., above ~1 eV.
Optical energy gaps can have energies greater than those
detectable electrochemically (owing to the available elec-
trochemical potential window). The electrochemical energy
gap is a difference (which is larger than the QDL charging
energy) between electrochemical potentials for the first
oxidation and first reduction wave for a parent species.
Electrochemical energy gaps are detectable at lower energies
than are usually feasible optically, and so they are useful
estimators of small HOMO—LUMO energy gaps, provided
that a reasonable correction can be made for charging
energy.®” As noted above, charging energy (or Born charging
energy) is the voltage increment associated with generating,
in the solvent medium employed, positive and negative
species from a neutral one or with increasing the charge on
already charged species. Its value can be expected to be
roughly approximated by the spacing of potentials between
QDL peaks. Optical HOMO—LUMO electronic excitation
is not accompanied by a change in overall charge, and no
charging energy correction is required. Uncertainties in
values of the HOMO—LUMO energy gap are, for optical
measurements, associated with measuring the energy for
extinction of optical absorbance and, for electrochemical
measurements, associated with estimating the charging
energy correction.

In the case of Au MPCs smaller than those exhibiting
quantized double layer charging voltammetry, where there
is already an electrostatically based potential spacing between
one-electron voltammetric peaks (eq 9), appearance of a
HOMO—-LUMO energy gap would produce an enlarged
potential spacing between the current peaks for the first one-
electron loss and the first one-electron gain of the parent or
“native” (usually, but not necessarily, z = 0) nanoparticle.
Subtracting the QDL potential spacing (as an estimate of
the charging energy) gives the electrochemically estimated
HOMO—-LUMO gap energy.

Within the family of Au nanoparticles protected by
organothiolate ligands (MPCs), electrochemical energy gaps,
and/or optical HOMO—LUMO energy gaps, have been
detected for MPCs designated as having core sizes of ~Auys
(or 14 kDa),B33* ~Auss,® Ausg,™® Auns, > and Auy3.% This
progress toward defining the metal-to-molecule transition (for
Au nanoparticles with organothiolate ligands) is summarized
in Figure 9 as three regimes of nanoparticle behavior, from
bulk continuum at the left (Au,), where no voltammetric
features are observable, to quantized double layer charging
for Auxs and Aujgp, to molecule-like on the right, for Auys,
Auss, Auss, Auys, and Aus. The diverging lines represent
the relative electrochemical potentials for the MPC™*'"* and
MPC”~! reactions (these charge state designations assume
that z = 0O for the parent MPC; Au,s is a known exception,
vide infra). The diverging lines drawn in the cartoon
emphasize that, for the smaller nanoparticles where a
HOMO—-LUMO gap is developing, the gap between those
potentials widens at a faster pace (than in the QDL region)
with decreasing MPC core size. Available gap energy data
are shown in blue at the upper right. It is somewhat
remarkable that the ~Au,49 nanoparticle, with core diameter
ca. 1.6 nm, exhibits no detectable HOMO—LUMO gap
whereas the HOMO—LUMO gap has grown to a consider-
able 1.3 eV energy for the ~Au,s nanoparticle, with a ca. 1
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Figure 9. Summary of electrochemical behavior by MPC core size, showing estimated energy gaps (HOMO—LUMO gaps) and
electrochemical energy gaps (which is the spacing between the first oxidation peak and the first reduction current peak for the native
nanoparticle). Data for electrochemical energy gaps are as follows: for Au,,, xx = 225 from refs 75, 80, and 83; xx = 140 from refs 57 and
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Figure 10. (a) 25 °C and (b) —70 °C differential pulse voltam-
mograms (DPVs) at 0.02 V/s, and (¢) —70 °C cyclic voltammogram
(0.1 V/s) of Au,s(PhC,S)g (corrected from Ausg(PhC,S)y4 in ref
88) in 0.1 M BusNPF¢ in degassed CH,Cl, at a 0.4 mm-diameter
Pt working electrode, a Ag wire quasireference (AgQRE) electrode,
and a Pt wire counterelectrode. Arrows indicate solution rest
potentials and * indicates the wave for incompletely removed O,,
which varied from experiment to experiment. Reprinted with
permission from ref 86. Copyright 2004 American Chemical
Society.

nm diameter core. The metal-to-molecule transition for Au
nanoparticles is very steep.

The electrochemical energy gap data in Figure 9 are taken
from voltammetry®® such as that in Figure 10 for the
nanoparticle Aups(SCH,CH,Ph)s. This nanoparticle is analo-
gous to Auyy in that it seems to have a higher level of
stability than neighboring core sizes.”® The first oxidation
and first reduction waves of the native nanoparticle lie at
+0.1 V and —1.5 V vs the Ag quasireference electrode; the
1.62 V separation between them corresponds to the electro-

chemical energy gap for this MPC. The other electrochemical
gap energies shown in Figure 9 were obtained in a similar
manner. These data, as noted above, contain a charging
energy term.

Recent experiments show that the native
Au,s(SCH,CH,Ph);s nanoparticle has an intrinsic charge of
—1. (The nanoparticle would otherwise have an odd electron
count). That the HOMO of this MPC is doubly occupied is
indicated by the doublet of oxidation peaks starting at ca.
+0.1 V in Figure 10; the first electron transfer from the
HOMO is followed by a second step at 0.29 V more positive
(in CH,Cl, solvent). The two waves in Figure 10 then are
for the Au,s” ' and Auys " couples, and the nanoparticle
“PZC” lies in between, at the potential at which the interfacial
solution contains primarily Au,s’. The 0.29 V voltage spacing
is similar in magnitude to those in the QDL charging
described above, i.e., of magnitude appropriate for a charging
energy term. Thus, the electrochemically derived estimate
of the Aus MPC’s HOMO—LUMO gap energy is 1.33 V.
Measurement of the optical absorbance edge for this MPC
gave an extinction of absorbance at 930 nm, or 1.33 eV, for
the optical HOMO—LUMO gap energy, in good agreement
with the electrochemical estimate. Such good agreement is
not always seen; in other solvents and with other thiolate
ligands,86 there were fluctuations of about 0.05 eV in the
derived gap energy, apparently from variations in the
charging energy term.

36¢.91

It must be noted that the MPC giving the voltammetry in
Figure 10 was regrettably initially misidentified®® as having
a ~Ausg core, substantially originating from the limitations
of TEM diameter measurements at such a small size. This
labeling error was propagated through several subsequent
papers”® 7 on various aspects of the electrochemistry of this
species. Subsequent, definitive high resolution mass spec-
trometry (electrospray®®!® and MALDI’!) results have
shown that MPCs prepared and fractionated by the protocols
used in the earlier publication®® actually produce mixtures
of the two MPCs, with the Ausg MPC as a minor constituent.
The composition of the Au,s MPC, now complemented by
a recent X-ray crystallographic structure determination,*®
was unequivocally established®*1¢ as Au,s(SCH,CH,Ph)s ™.
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The AuysL;s composition was also identified by Tsukuda et
al.,” where L = glutathione, a different ligand.

Other aspects of the molecule-like MPC voltammetry seen
in Figure 10 are that the doublet of oxidation peaks (Auas”
1- and Aups™ ) is followed, at somewhat more positive
potential, by a second doublet of current peaks. This is a
typical pattern for electron transfer reactions of molecular
species and was proposed®® for the Aups nanoparticle to
reflect the presence of two well-defined molecular orbitals,
each doubly occupied with an electron pair. (This analysis
of the voltammetry of the Au,s MPC differs from a recent
theoretical study'® that predicts changes in spin multiplicity
with core charge and localization of the electronic charge
on an inner, Auy core of the nanoparticle). The same pattern,
a doublet of oxidation steps, is also seen in the voltammetry
of Auszg’® and Auss.3* At negative potentials, multiple electron
transfer steps are seen, but there is difficulty in making
detailed measurements there, since the negatively charged
nanoparticles are not very stable and sometimes the reverse
voltammetric scan shows an attenuated wave (see Figure 10c,
for example). Maran®’ has shown that, in DMF solvent,
decomposition of a reduced MPC (the reduced form labeled
as Ausg  but probably Au252_) occurs by thiolate ligand
dissociation.

There is limited literature on molecule-like nanoparticle
electrochemistry other than the thiolate-stabilized Au family
summarized in Figure 9. Crooks has learned®'"-'°! to prepare
metal nanoparticles by sequestering and reducing metal ions
within dendrimers (these include AuAg,102 Ni,'% Pd, 1% core/
shell Pd/Au,'® Pt,'°!" and PthlO6) and to extract!'0%103-107.108
them from within the dendrimers (they are electrochemically
silent in that state) by thiolate coordination. Both Au and
Pd nanoparticles have been thusly produced and their
voltammetry described.”® As mentioned above, QDL volta-
mmetry was obtained for both Au and Pd hexanethiolate-
coated MPCs, and the charging properties observed for Au,4p,
Auys, and Pdjsg MPCs were consistent with other reports
based on MPCs made by the Brust reaction. A surprising
observation noted’® was that the dendrimer preparation of
nominally ~Pdsy and ~Pds, hexanethiolate-coated MPCs
gave voltammetry with current peaks spaced apart by AV
values appropriate according to eq 9 for this core size but
lacking of any electrochemical energy gap. This is an
intriguing, as yet unresolved, result.

Does the thiolate ligand of the MPC’s core-protecting
monolayer influence its electrochemistry? The descriptor
“monolayer-protected clusters” implies that the thiolate
monolayer simply stabilizes the Au cores against aggregation,
which is the general case for other metal colloids. There are,
however, at least two aspects of the MPC thiolate monolayer
that provide a more chemically specific ligand influence on
MPC electrochemistry. In the preceding, the ligand’s effec-
tive dielectric constant appears in the concentric sphere (eq
9) estimate of the MPC charging properties. If the ligand’s
dielectric constant is too large, then QDL charging would
not be seen, since AV would be depressed. A factor of 6-fold
would decrease the ca. 0.25 V AV of Figure 6°® to 40 mV,
which would place any QDL observation at the margin of
being obscured by thermal broadening. This, at least in part,
is apparently responsible for the absence of QDL charging
voltammetry in studies of MPCs with highly polar ligands.'*-' '

A second way in which thiolate ligands can matter in MPC
electrochemistry of molecule-like MPCs is that their defined
molecular orbitals may be susceptible to, for example,
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Figure 11. DPV potentials of the first (lower plot) and second
(upper plot) oxidation processes of Ausg clusters exchanged with
the thiolated a-aminoisobutyric acid peptide shown, as a function
of the percent of the peptide in the monolayer. The lines are first
order fits to the data and are meant to underline the trend. The
inset shows the DPV traces of the first two oxidation peaks of two
samples (blue circle, 46%; red circle, 85%), as obtained at 0.5 mM
concentration in DCM/0.1 M BusNPFs. Reprinted with permission
from ref 59. Copyright 2006 American Chemical Society.

electron inductive or dipolar effects of attached thiolate
ligands. This has indeed been demonstrated. Homo-oligomers
of the R-aminoisobutyric acid unit form stiff helices that
generate a substantial dipole moment along the helical axis.
Thiolated versions of such peptides''' exchanged into the
monolayers of a nanoparticle with composition assigned as
Auz3(SC2Ph)ys produce substantial (as much as 0.7 to 0.8
V) positive shifts in the first and second oxidation (HOMO
level) waves of this MPC.>® The extent of the potential shifts
depended on the number of thiolated peptide ligands
exchanged into the MPC monolayer, as shown in Figure 11.
Another example® was based on exchanging the ligands (all
of them, verified by '"H NMR) of the Au,s(SCH,CH,Ph);s
nanoparticle with five different p-substituted thiophenols,
where the substituents varied from the electron withdrawing
-NO; to the relatively electron donating -OCHj3 substituent.
Analogous to the result in Figure 11, a systematic shift of
the voltammetric formal potentials toward more positive
values—as much as 0.45 V—occurred with increasingly
electron-withdrawing substituents. The shift of the HOMO
(first oxidation wave) and LUMO (first reduction wave) were
approximately equal, so that the electrochemical energy gap
remained substantially unchanged. These reports show that
the MPC ligand shells of very small nanoparticles can
measurably influence the core—electronic energy levels,
which is a distinctly molecule-like characteristic.

The recent crystal structures>®®° of Aujp and Auos offer
additional insights into our view of the thiolate ligands as
being a “monolayer” shell around a Au nanocrystal core,
analogous to a self-assembled monolayer on a flat Au surface.
This picture may ultimately prove to be too simplistic, since
the recent results reveal a ligand shell with a more complex
Au—SR bonding motif, bound to a nanocrystal core.

Finally, a semantics issue should be mentioned—what kind
of nanoparticle should be called a quantum dot? Quantum
dot is a common descriptor in the semiconductor nanoparticle
literature,''* where it normally connotes a property—such
as band gap—that discernibly changes with the nanoparticle
size. This writer has been accosted in the past by a reviewer
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that the term is reserved for semiconductor nanoparticles. A
variety of size-dependent properties has now been detected
for metal nanoparticles, such as the QDL charging size and
protecting monolayer dependence, the emergence of demon-
strable HOMO—LUMO gaps, and the metal—insulator
transition. The term quantum dot, in my opinion, is quite
appropriately applied to metal nanoparticles that have size
dependent properties.

3.4. Electron Transfer Chemistry of Nanoparticle
Solutions

The rates of electron transfers of Au nanoparticle MPCs
have been investigated in solutions of MPCs,””:113.114a.115
at liquid/liquid interfaces,”*''® and in room temperature
molten salts containing MPCs.”>''® The ionic conductivities
of MPC-containing molten salts have also been investigated,'' "' '#
as has the electrolysis of MPCs (or by chemical reactions)
to various states of MPC core charge that can be stored,*’-*-7¢-11?
used for further electron transfer reactions,''” or used in
investigation of the effects of charging the MPC cores on
their properties.”®!!7-120-122

The traditional approaches®’ to measuring rates of elec-
trochemical reactions involve—for moderately fast one-
electron reactions and in order to defeat the competition
between electron transfer and mass transfer rate control of
the current—the use of very short observation times or very
small distances. These are tactics that accelerate mass transfer
rates and bias the experimental responses toward electron
transfer rate control. The ideas of Marcus theory'*® suggest
that electron transfer reactions might be rather fast for a rather
large entity (the MPC core) in a low dielectric medium (its
hydrophobic, low-dielectric thiolate monolayer). Assuming
that the electron transfer activation barriers for electron
transfers of MPCs may be “outer-sphere” thus guides the
selection of methods that one might wish to apply to
heterogeneous electron transfer rate measurements for MPCs.
Additionally, the problem of preparing a sufficiently mono-
disperse (or at least not highly polydisperse) MPC sample
is one not commonly encountered in studies of simpler
molecular species.

Most electrochemical electron transfer rate observations
on dissolved MPCs”>!'31144 have relied on feedback ap-
proach curves from scanning electrochemical microscopy''*"
(SECM). Reports by Quinn''? and Cliffel''** highlight this
approach in studies of alkanethiolate-protected ~Aujs
MPCs. The general idea of the SECM feedback method is
shown in Figure 12, where the charge state of the MPC is
cycled between a microelectrode and a flat substrate elec-
trode. Controlled at potentials relative to a reference electrode
elsewhere in the solution, one electrode is made to be an
electron donor to the MPC and the other electrode an electron
acceptor. Allowing the microelectrode to more and more
closely approach the substrate electrode increases the mass
transport flux (inversely with intervening distance) and biases
the current toward control by the electron transfer rates
between the MPC and the electrode (as opposed to MPC
diffusion rates). One compares theoretical and experimental
“approach curves” (current vs distance between the two
electrodes) for pure mass transport and for mixed mass
transport/electron transfer current control. When using 10
um diameter microelectrodes,''*!'** the approach curve
currents did not show a discernible electron transfer kinetic
component. When, on the other hand, the effective mass
transport rate was accelerated by choosing a smaller (5 um)
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Figure 12. Mass-transfer and kinetic transfer limiting processes.
The diffusion of the species through the bulk solution to the
electrode is the mass-transfer limited process while the movement
of the electron from the electrode to the species is the kinetically
limited process. Reprinted with permission from ref 114a. Copyright
2006 American Chemical Society.

microelectrode,''*? partial electron transfer rate control was

attained and the rate constant was assessed as 0.11 cm/s.
The rate decreased for MPCs with longer chain length
monolayers, but the samples were insufficiently monodis-
perse to decipher the electronic coupling factor of the
tunneling rate versus monolayer thickness relation.

Another recent electron transfer rate measurement has been
reported97 for MPCs labeled as Ausg (but probably Auys),
based on digital simulations of the voltammograms and the
traditional Nicholson cyclic voltammetry method,'** which
uses the relation between potential sweep rate and AEpgax
values. A rate constant of ke = 0.1 cm/s and an activation
barrier energy of AGy" = 5.2 kcal/mol (~22 kJ/mol) were
assessed for the nanoparticle electrode reaction. The authors
concluded that the electron transfer rate might be slowed by
an inner sphere barrier term associated with changes in Au—S
bond lengths, which had also been suggested from solid state
electron hopping data® (where a 20 kJ/mol activation barrier
was observed) and has been since supported by observations
of differences in Au—S Raman bond stretch energies between
different nanoparticle charge states.'*®

SECM measurements have also been directed at the
liquid—liquid interface, where the MPC is a solute in one
phase and a chosen electron transfer couple in the other. This
method relies on the scheme illustrated in Figure 13. The
first attempt in this direction''® used ~Au MPCs and
encountered very slow apparent reaction rates between the
MPCs—dissolved in dichloroethane (DCE)—at its interface
with a variety of aqueous redox couples. A subsequent
study92 using Au,s(SC2Ph),s MPCs (earlier misidentified as
Auzg MPCs, as noted above) was reported of the (water/
DCE) interfacial reaction

1+ 2- 2+ 3—
Auys () TIIClg™ () = Auys™ (, +IClg™ (g,
(12)

The Auos' ™ nanoparticle (now known to actually be Auos’
based on the recent charge state results’') was prepared by
the propensity of the native Auys  state to become oxidized
when passed through a silica gel column. Figure 14 shows
liquid—liquid approach curves under several different
conditions—in curve 1 there was no MPC in the DCE phase,
and the liquid interface simply acts as a diffusion-field
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Figure 13. Schematic diagram of SECM approach measurement
of the ET rate between an organic-soluble MPC and an aqueous
redox species. Electroneutrality is maintained by transfer of
perchlorate ions across the interface. Reprinted with permission
from ref 92. Copyright 2004 American Chemical Society.
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Figure 14. SECM current—distance curves for a 12.5 um radius
Pt tip in aqueous solution approaching the water/dichloroethane
(DCE) interface. Currents are normalized to ir. and distance to
tip electrode radius. The aqueous solution contained 0.1 M NaClOy4
and (1) 0.5, (2) 0.32, (3) 0.145, or (4) 0.057 mM NaslrCls. DCE
contained 0.01 M Hx4NCIO,4 and 0.4 mM MPC (curves 2—4). The
tip potential was held at 0.8 V vs Ag/AgCl, corresponding to the
plateau current for oxidation of IrCls™". The tip was approached at
1 um/s. Solid lines are as follows: theory for pure negative feedback
(curve 1), simulated curves for finite heterogeneous kinetics (curves
2—4), and theory for a diffusion-controlled process (curve 5).
Reprinted with permission from ref 92. Copyright 2004 American
Chemical Society.

shielding barrier (so-called “negative feedback™) to the tip-
generated IrCls>~ oxidant. Curve 5 corresponds to a calcu-
lated diffusion-controlled rate of reaction 12, whereas curves
2—4 are for different combinations of the MPC and IrClg>~
concentrations. The theoretical curves fitted to experimental
curves 2—4 correspond to a rate constant of k = 76 M~
cm s~ '. This reaction rate is faster than that of other known
redox reactant pairs having comparable reaction driving
energies, which for reaction 12 was 0.31 V. As expected,
use of Fe(CN)s>~ as oxidant produced only mass transport
controlled currents; its reaction with the MPC is uphill (AE},,
= —0.15 V) and was expected to be very slow.

NMR line-broadening is yet another method useful for
electron transfer rate measurements, for example in studies
by Weaver'?®'?7 of solvent dynamics effects on ferrocene ™"
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self-exchanges. The broadening of NMR resonances relies
on exchanges occurring with a frequency comparable to the
frequency difference in chemical shifts between the oxidized
and reduced forms of the redox couple. This method, when
applied to the Au,s”'™ nanoparticle couple, has produced a
preliminary T3k rate constant''> of ~3 x 10’ M~ s~ ' and
a Ex of ca. 25 kJ/mol.

Yet another setting for investigating rates of electron
transfers between MPCs in solutions is in mixed valent layers
formed around a working electrode (the diffusion layer). In
electrode reactions of redox species dissolved in fluid
solutions (such as acetonitrile or water), physical diffusion
rates (Dppys) are sufficiently fast that electron hopping (self-
exchange) between oxidized and reduced species does not
measurably contribute to the rate of electrochemical charge
transport. In media where physical diffusion is slower and
redox concentrations are high, however, electron hopping
between oxidized and reduced species can augment (and even
dominate) the physical diffusion transport.'?*~'3! The electron
hopping component follows Fickian rules and is often called
theelectrondiffusion coefficient, Dg. The pertinent (“Dahms—Ruff”’)

relationship'?%1%” is

ki 0°C

6 13)

D xpp = Dpyys + Dg = Dppyys +
where Dupp 18 the overall diffusive rate of electrochemical
charge transport and kgx is the electron hopping rate constant
for electron transfer between redox species separated by an
average equilibrium distance ¢ and at total concentration C.
The factor 6 accounts for the three coordinate dimensions
along which electron hopping can occur. The use of eq 13
was introduced by Buttry and Anson'*” in the context of
metal complexes sequestered by Nafion films on electrodes,
and it has since been an inspiration for other'*? electron
transfer rate studies in viscous and semisolid media.

The monolayers of MPCs can be comprised''*™''® of
thiolated polyethylene (PEG) ligands, and LiClO, electrolyte
can be dissolved in the material by coordination with the
PEG dipoles, giving a highly viscous, ionically conductive
“polymer electrolyte” containing Au nanoparticles. Figure
15 shows a cartoon of Auys(SC2Ph);s MPCs (earlier misi-
dentified as Ausg MPCs, as noted above) bearing (by ligand
exchange) thiolated oligomeric PEG chains.”>''® Microelec-
trode voltammetry could be conducted in this nanoparticle
melt, containing LiClO4, and in its undiluted state, and the
characteristic doublet of oxidation current peaks (like Figure
10) could be seen and the rate of charge transport through
the mixed valent melt next to the working electrode could
be measured. Based on the assumption that Dpyys was
negligible, an MPC electron self-exchange rate of 2 x 10*
s~ (or4 x 10° M~ s™") was deduced from chronoampero-
metric results. Subsequent and more detailed measurements
of charge transport in PEG-based Au,s MPC melts have
suggested” that the rates of Au,s™'" electron hopping
(actually Au,s” ' according to the recent charge state
results”') are controlled by the rates at which charge-
compensating counterions relocate in response to the charge
displacement of the electron transfer, e.g., “ion atmosphere

relaxation”.'3?
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Figure 15. Cartoon of Au,s(SCH,CH,Ph);3 MPC partially ex-
changed with (1-mercaptohex-6-yl)tri(ethylene glycol) methyl ether
(HSC6PEG;¢3). Reprinted with permission from ref 95. Copyright
2006 American Chemical Society.

3.5. Voltammetry of Nanoparticles with Molecular
Redox Labels

Redox and other functionalities can readily be incorporated
into the monolayers of MPCs by using thiolated redox
molecules in the nanoparticle synthesis’*'** or in ligand
exchanges****!3>713% onto preformed MPCs. They can also
be coupled to already-functionalized MPCs by, for example,
amide or ester-forming™*!"''? reactions. In these ways, various
redox functionalities such as ferrocene,*0:4%72:134140.141
biferrocene,'**~13¢ anthraquinone,'¥>'#>1%3 viologen,**!1°
phenothiazine,*' phenol,'** and nitrobenzene'** have been
combined with nanoparticles, which with few excep-
tions*?138¢-13%-141 have been Au MPCs. These materials are
interesting multiredox entities capable of as many as 77 (and
commonly over 10—15) electrons transferred per nanopar-
ticle.*?

The electrochemistry of redox moieties on MPCs has been
observed by a variety of electrochemical methods. Rotating
disk electrode (RDE) voltammetry produces steady state
currents that suppress the contribution of adsorption of the
redox-labeled MPCs onto the electrode. Adsorption or
precipitation of electrode reaction products has been common
in the cases of ferrocene, biferrocene, and viologen-labeled
MPCs. The adsorption itself is typically studied using cyclic
voltammetry or chronocoulometry and electrochemical quartz
crystal microbalance (QCM). By and large, the observed
voltammetry of redox moieties on MPCs has been unremark-
able in regards to the electrochemical reaction potential(s).
What is more interesting is the size of the electrochemical
wave in relation to the number of copies of redox species
present per nanoparticle.

Is there any synergy between the multiple electron transfer
reactions that a multiredox MPC can undergo at an electrode
surface or with another molecule? Do all of the redox species
present on the MPC react? This issue has been addressed,
first, by thin layer electrochemical coulometry performed'**
on a ~Au;4 MPC bearing phenothiazine ligands (see Figure
2), which showed that the number of electrochemically
oxidizable phenothiazine groups was identical to the average
number present as measured by '"H NMR. Second, wave-
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shape analysis of steady state (RDE) voltammograms by
conventional plots of potential vs log[ iy, — i)/i] exhibited*'-'1-13*
slopes close to that expected for a one electron (n = 1)
reaction. The slight curvature seen in some**'** of the plots
made was attributed to possible variation in the formal
potentials of the several redox groups present, which is not
unreasonable given the possibilities for electrostatic interac-
tions within the small volume encompassed by the MPC and
its redox fringe. The result, n = 1, showed that—to a first
approximation—the redox species react one-at-a-time, more
or less independently of one another. The evidence thus
indicates that all of the redox moieties attached to an MPC
are independently, electrochemically reactive.

Possible pathways by which multiple, independent electron
transfers might occur serially for multiredox labeled MPCs
have been discussed'**'*? in the context of anthraquinone
and ferrocene redox groups attached to the MPC core by
alkanethiolate chains. For the latter, the electrochemical
reversibility of the ferrocene couples means that hydrody-
namic transport (~25 s~ at 3600 rpm RDE rotation) is much
slower than the overall electron transfer process. (A) One
electron transfer pathway, imagined for a redox site on the
opposite side of the core from the electrode, at the time of
diffusional contact with the electrode, is electron transfer
through the MPC Au core, by tunneling through the linker
chains connecting the redox couple to the core and through
other linker chains onward to the electrode on the other side
of the core. This rate depends on the linker chain lengths;
for C5 and C8, rates of ~2 x 10° and 3 x 10* s™! were
estimated. (B) A second pathway imagined involves rota-
tional diffusion of the nanoparticle at the electrode/solution
interface. According to the relation

Ty = 4R’ y/3kT (14)

where R is MPC radius and # the medium viscosity, taking
R =1 nm and 7 = 0.5 cp, the rotational time constant Tg ~
2 x 107 s was estimated. (C) A third pathway relies on
the redox groups exchanging electrons with one another so
as to circumnavigate the MPC “globe”. (This nanoparticle
reaction mechanism has been treated in some detail for the
analogous case of adsorbed, multiply redox-labeled den-
drimers.'*) This rate was estimated based on assuming
various values of Dg (vide supra) and site—site distances,
which produced electron transfer rates from 2 x 10° to 1 x
10° s, depending on assumptions about Dg. One sees from
this analysis that, for the case examined, rotational diffusion
is the likely most dominant—but perhaps not exclusive—electron
transfer pathway. The principal value of this discussion is
to bring out the parameters that must be optimized in order
to force electron transfer rate control to one or the other of
these three pathways.

A fourth circumstance would arise when multiple redox
species are electronically coupled to one another, through
the MPC core. This MPC architecture requires that the redox
site(s) have some resonance interaction with the MPC core,
and perhaps that the core is of the molecule-like dimension.
At least three reports'**'331%0 would appear, from the thiolate
ligand structures employed (4-hydroxyl- and 4-nitro thiophe-
nol'**'¥> and 4-ferrocene thiophenol'*°) to have achieved
the former but not the latter condition. This extremely
interesting prospect for redox labeled MPCs would seem to
deserve further scrutiny.

Given the preceding analysis of electron transfer pathways,
that show likely control by rotational diffusion in the absence
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Figure 16. Cyclic voltammograms (top) and AF (QCM frequency)
— potential curves (bottom) of 5.2 uM Au,-BFc at a gold electrode
in 0.1 M BugyNCIO4-THF (solid line), toluene/MeCN (dotted line),
and CH,Cl, (dashed line) at 100 mV/s between —0.3 and 0.9 V vs
Ag/Ag+. Reprinted with permission from ref 134. Copyright 1998
American Chemical Society.

of through-core coupling, it is not surprising that attempts
to evoke multielectron or accelerated rates using redox
labeled MPCs have not thus far achieved special catalytic
results. For example, the rate of electron transfer-mediated
reduction of 1,1-dinitrocyclohexane by electrode-generated
anthraquinone (AQ) radical anions attached to Au MPCs was
higher than reaction rates of freely diffusing AQ, but the
main reason was reaction layer compression caused by the
relatively slower MPC diffusion rate, allowing a faster net
turnover.'*?

Another direction for functionalized MPCs lies in schemes
wherein substituents of nanoparticle ligands influence elec-
trochemical processes through their binding chemistry. This
was illustrated by Rotello'*® with MPCs with diacyldiami-
nopyridine hydrogen-bonding recognition sites in their
monolayers. These sites were shown to bind a flavin and
alter its redox potential—with the reduced flavin being bound
more strongly than the oxidized form. This binding chemistry
in effect yields a route to an electrochemically controlled
modulation of the MPC functionality.

Another interesting feature of multiredox labeled MPCs
is their adsorption or precipitation onto electrodes. Au MPCs
bearing ferrocene,*>**7>13* phenothiazine,*"'** and vio-
logen**"1% groupings all tend to adsorb onto working
electrodes following their electrode reactions. These adsorp-
tions are relatively weak, generally desorbing from the
electrode upon reversal of a cyclic voltammetric scan and/
or are easily rinsed off in fresh electrolyte. An exception’”
is a perferrocenated ~Au,s MPC, which forms a tenacious
adsorbed monolayer that can be transferred to give stable
voltammetry in MPC-free electrolyte solutions. Another
notable exception'**"'*7 is the behavior of Au and Pd MPCs
bearing, by ligand exchanges, 4—20 biferrocene groupings.
As shown in Figure 16, the cojoined ferrocenes react in two
waves, and the second oxidation is accompanied, in the
electrochemical QCM (quartz crystal microbalance) response,
by a large frequency decrease signifying deposition of
considerable quantities of MPCs onto the electrode. The
electrode reaction produces quite highly charged nanopar-
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ticles, and the biferroceniums thereon are not intrinsically
highly soluble in the solvents used, so aggregation and
deposition onto the electrode occurs. Also, as might be
expected, the process is very sensitive to both solvent'** and
electrolyte; the data in Figure 16 show, for example, that
the deposition tendency is highest in tetrahydrofuran (THF)
and lowest in methylene chloride.

4. Electrochemistry of Films of Nanoparticles

Diverse chemistries have been used to incorporate (mostly
Au MPCs) nanoparticles into monolayer and multilayer films
on electrodes. In studies of film electrochemistry where the
film is in contact with an electrolyte solution, monolayers
of MPCs have beenlinked toelectrodes using dithiols ¢! 0870:147.148
as bridges between the electrode and the MPC core and by
coupling carboxylate functionalities'*® on the electrode (self-
assembled monolayer) and on the MPC together by coor-
dination to a suitable metal ion (such as zinc or copper).
Monolayers of MPCs have also been prepared by the
Langmuir—Blodgett (LB) method and their electrochemistry
studied at the air/water interface'>*'>* and as monolayer
films transferred to electrodes.'>*~'>° LB films can be further
modified by dithiol linking,'>*'>! and the MPCs in the LB
film can include redox functions in their monolayers.'>

For films containing multilayers of MPCs, maintaining
electroneutrality during changes in the charge state of the
film’s nanoparticles requires some level of ionic conductivity
of the film. Using multilayer films cast from MPC solutions
in solvent/electrolyte media in which the MPCs are
insoluble’*'7 (and the film perhaps poorly swollen) tends
to be tricky, since the films may have minimal ionic
conductivity. Some form of MPC-to-MPC linking chemistry
and good film solvation makes the experiment more control-
lable. Electrochemical studies have been reported for mul-
tilayer films in which the MPCs are linked together using
carboxylate/metal ion/carboxylate'*®'>® and pyridine (or poly
pyridine)/metal ion/pyridine linking,% dithiol linking,'®%!®!
and DNA hybridization.***'%* Layer-by-layer deposition'®®
is also possible, taking advantage'>®*'®* of multiple electro-
static interactions between electrode-adsorbed cationic poly-
mer chains and negatively charged MPCs (or the reverse
charges) to form insoluble but ionically conductive layers.
Electrostatic interactions are also important in formation of
strongly adsorbed monolayers’ and multilayers'*'*7 of
MPCs bearing redox labels.

In another category of multilayer MPC film electrochem-
istry, the film is formed between two electrode contacts,
typically an interdigitated electrode array (IDA), and its
electronic conductivity is measured with the film bathed in
a gas of various composition or a nonionic solvent. In this
experiment, the electronic conductivity is supplied by
electron hopping between MPCs and desirably does not
involve electrolysis at the film/electrode interfaces; thus, ionic
conductivity is avoided in the experiment design. The rate
of electron hopping in dry MPC films is affected, among
other factors, by the (electron tunneling) distances between
metal MPC cores, by their local site mobilities,'®> and by
anything (such as sorbed organic vapor) that would affect
those properties. The MPC films can be simply cast
(unlinked) films,”®!"165-179 can be films made by the LB
method and transferred to an IDA,'”! or may be MPCs linked
together by carboxylate/metal ion or dithio] '6>-167:172-178.178.180.181
chemistries similar to those mentioned above. Studies of
these MPC films have been oriented on the one hand to
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gaining understanding of factors influencing their conductiv-
ity and on the other hand toward their applications as sensors
of organic vapors. In the latter application, the films are often
referred to as “chemiresistors”.

4.1. Electrochemistry of Monolayers of
Nanoparticles

An early study*® of MPC monolayers used dithiol linking
in two different schemes. In one, an electrode bearing a self-
assembled monolayer (SAM) of 4.,4'-thiobisbenzenethiol
(TBBT, (HSPh),S) was exposed for an extended period of
time to a solution of carefully fractionated butanethiolate-
protected ~Au;4 MPCs. The thiols on the SAM surface
exchanged into the MPC monolayer, displacing butanethiol.
This procedure, hopefully self-limiting to formation of a
single layer of nanoparticles, produced a surface coverage
of about 1.3 x 107'" mol/cm? In a second scheme, the
TBBT dithiol was exchanged into the MPC monolayer,
producing mixed monolayer MPCs with protruding thiol
groups which could subsequently bind to a naked Au
electrode surface. While a submonolayer coverage was
obtained (~0.8 x 10~'" mol/cm?), this procedure is not
intrinsically self-limiting, since MPC oligomers may form,
requiring more caution.

The AC impedance of the above MPC monolayers
displayed*® undulations in the capacitance and resistance
elements of the electrode/electrolyte interface whose spacing
on the potential axis was consistent with that expected for
QDL voltammetry of the ~Au,4 nanoparticle. A useful part
of the impedance results was to establish the potential of a
capacitance minimum at —0.1 to —0.2 V vs Ag/AgCl, which
was assigned to the Epyc, or potential of zero charge, of the
"\’AU140 MPCs.

Subsequent work by Chen'*” presented an improved
procedure for preparing Au MPCs with mixed hexanethi-
olate/1,6-hexanedithiolate monolayers, without contamination
by oligomers, and forming SAMs of these MPCs on Au
electrodes. The AC impedance results confirmed the Epzc
potential as —0.22 V vs Ag/AgCl. Estimates of the rates of
electron transfers between electrode and MPC gave rate
constants of ~20 and ~10 s~ ', using AC impedance and
linear sweep results, respectively. Analogous experiments'*’
in which ~Au49 MPCs coated with a mixed monolayer of
hexanethiolate and mercaptoundecanoic acid (MUA) were
bound by Zn** coordination to a MUA SAM on a Au
electrode gave estimates of heterogeneous electron-transfer
rates in from 40 to 160 s, using linear potential sweeps,
ac impedance, and potential step techniques.

These quantitative rate studies of MPC monolayers provide
a valuable beginning for understanding the dynamics of
electron transfers to metal nanoparticles but are far from
achieving the convincing detail in studies of SAMs on flat,
Au(111)surfaces bearing redox groupings such as ferrocene. "85
The electron transfers of these surface bound redox materials
presumably occur by tunneling via the chain linking the redox
molecule or MPC core and the electrode, or via the
surrounding, nonlinking ligands. The classical signature of
electron tunneling, an exponential relation between linking
chain length and electron transfer rate constant, has been
identified for the well-defined ferrocene SAMs but not for
monolayers of nanoparticles on electrodes. Also, the rate
constant for ferrocene oxidation through a hexanethiolate
connector is >10° s, far larger than the existing MPC-
based measurements.
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Figure 17. Schematic representation illustrating positive feedback
at an inverted SECM tip upon compressing a Langmuir film of Ag
MPCs through the insulator—metal transition at the air/water
interface (not to scale). Reprinted with permission from ref 113.
Copyright 2002 American Chemical Society.

4.2. Nanoparticle Films Made by Langmuir
Methods

Spreading of a layer of hydrophobic (e.g., alkanethiolate-
protected at least in part) MPCs at the air/water interface of
a Langmuir trough offers the opportunity to observe the
surface pressure, optical, and electrical properties of poten-
tially well-defined monolayers of MPCs. Seminal experi-
ments by Heath et al.'®>~'®” on monolayers of alkanethiolate-
protected Ag MPCs provoked a metal—insulator transition
by compression of the LB monolayer. The transition was
detected by observing a sharp change in monolayer reflec-
tivity and luster when the ratio D/2r was decreased (by film
compression) below a certain value that depends on the
alkanethiolate chain length (D = separation between nano-
particle centers; r = radius of the Ag core). When strongly
compressed, so that the edges of the Ag cores became
separated by ~1 nm, the overlap of quantum mechanical
wave functions of adjacent particles led to exchange cou-
pling, a diminution of the charging energy, and a transition
to metallic-like properties. This interpretation was supported
by ac impedance measurements'®> (using IDA electrodes)
of the Ag MPC monolayers. The Ag MPC films are
described'®” as superlattice Mott insulators that are charac-
terized by a Coulomb gap that originates from the single
particle charging energy. Their experiments also demon-
strated the power of the LB approach to manipulate the MPC
spacing in a more or less continuous manner.

Quinn and Bard observed'®® the metal—insulator transition
for monolayers of Ag MPC in a Langmuir trough, under
increasing compression, in a different way. Oxidation cur-
rents for ferrocene methanol at an upward facing scanning
electrochemical microscope (SECM) tip in the Langmuir
subphase (Figures 17 and 18) signaled negative feedback,
or diffusional blocking, when the tip approached a loosely
compressed and nonconductive MPC monolayer. As seen
in Figure 18, at higher compression, the response changed
to positive feedback as the MPC layer became more
conductive and could dissipate the charges transferred from
the electrogenerated ferrocenium species to the nanoparticles
under the SECM tip. This experiment was extended'>®" to
Langmuir monolayers of alkanethiolate-protected Au MPCs
(~7 nm diameter) that had been transferred to a glass slide,
examining the SECM approach curves as a function of the
Langmuir trough compression of the Au MPC before
transfer. Films with D/2r = 1.38 behaved as insulators,
showing diffusional blocking behavior toward the ferrocene
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Figure 18. SECM approach curves to the MPC film at various
compressions (1—5 as in Figure 2): (1) open barrier position 0 mN
m ', IImNm ' 3)2mNm ', (4)42mNm ', and (5) 56
mN m~' (closed barrier position). Dotted lines represent the
theoretical approach curves to an insulator (lower) and a conductor
(upper). Reprinted with permission from ref 188. Copyright 2001
American Chemical Society.

methanol mediator, whereas those with D/2r = 1.19 showed
conductive behavior, producing feedback in the approach
curves. The kinetics of electron transfers between the SECM
redox mediator (Fe(CN)s*") and the MPCs in tightly and
loosely compressed LB monolayers of Au MPCs were also
deduced™® as k° = 1.1 x 1073 and 1.7 x 107* cm/s,
respectively. The diminution of the latter rate was interpreted
as an enhanced charging energy in the loosely compressed
monolayer, decreasing the rate of electron transfers between
MPCs and the rate of conducting charge away from the
SECM tip’s area of mediator injection.

Experiments by Majda'>® on Langmuir monolayers of
octanethiolate and dexadecanethiolate MPCs showed that
film compression could produce packing comparable to that
in the pure MPC solid (according to observed octanethiolate
and dexadecanethiolate MPC radii). Charging currents could
be seen at microband electrodes contacting the monolayer
film, but it was evident that only segments of the film nearest
the electrode were electronically accessed. In contrast,
monolayers of MPCs with about 20% of the alkanethiolates
replaced with ferrocene-terminated ones (w-(ferrocenylcar-
bonyloxy)hexadecanethiolate) gave cleanly defined voltam-
metry, demonstrating redox connectivity by electron hopping
between ferrocenes. Following previous, analogous experi-
ments with osmium complexes,'® a Fc! ™" electron exchange
rate constant of 4 x 10° M™' s™' was deduced from the
2-D electron diffusion coefficient at the air/water interface.
This rate constant is very close to that known'?® for Fc!*"°
electron exchange in acetonitrile (4 x 10° M~ s~ 1), and it
appears that the electron exchange occurs solely by Fc!*”°
reactions and that the MPC core is not part of the reaction
pathway.

Langmuir monolayers can be linked together to prepare
rather robust films, by mixing TBBT or alkane dithiols with
various alkanethiolate-protected Au MPCs and then bringing
the film under compression for a period of time to allow
ligand exchange reactions to occur. Langmuir films can also
be prepared,’®! using Au MPCs with mixed monolayers of
alkanethiolates and w-ferrocenated alkanethiolates, and
transferred to Au film electrodes, either as single MPC
monolayers or multiple layers up to four monolayers. (Larger
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Figure 19. Schematic setup of electrical conductivity measure-
ments of nanoparticle Langmuir monolayers. The inset shows the
dimensions of the interdigitated array (IDA) electrode. Reprinted
from ref 155, Copyright 2003, with permission from Elsevier.

numbers of monolayers could not be transferred). These
films, when placed in aqueous electrolyte, showed a variety
of symptoms of reorganizing and loss of electroactivity.

Other interesting experiments'>*!'>® with Langmuir films
have involved inserting an IDA vertically through the air/
water interface (Figure 19) and allowing the subsequently
spread MPC film to contact the electrode/gap/electrode
structure at varied film compressions. Upon sweeping the
voltage bias between the IDA fingers, some experiments
produced'* reasonably linear current—voltage responses and
2-D conductivities sensitive to the Langmuir balance pres-
sure. Others produced'*? remarkably QDL voltammetric-like
features. Even though highly purified water was used for
the subphase, this electrolytic reaction-like behavior would
seem to demand the participation of counterions entering the
monolayer film. The electroneutralization of a monolayer of
MPC charges would require only an extremely low ionic
content of the subphase.

Lee'? carried out an analogous experiment on LB films
of nanoparticles (labeled as Ausg but as noted previously
probably Auys), using a line electrode in the manner described
by Majda'®' and including an electrolyte in the subphase.
The voltammetry of the first oxidation wave of this nano-
particle was well defined, and its current maximum re-
sponded to the chain length of the alkanedithiol used to link
the film together. Oxidation charge spreads outward from
the line electrode by electron hopping between nanoparticles;
and the electron diffusion coefficients Dg varied with
alkanedithiol chain length with an electronic coupling factor
of f=0.82 AL

4.3. Electrochemistry of Multilayer Films of
Nanoparticles

Forming molecular or nanoparticle monolayers is typically
straightforward as a paper scheme but is more difficult to
execute in practice. It is not surprising then that the literature
on multilayer MPC films is more highly developed. As noted
above, films containing multilayers of nanoparticles have
been used in voltammetric experiments, where they are
contacted by electrolyte solutions, and in a “dry” state where
the film is bathed in a nonionic or gaseous medium.

4.3.1. Films Wetted by Electrolyte Solutions

An early multilayer Au MPC film was prepared'®' by
adsorbing bromide-stabilized 6 nm diameter Au nanoparticles
onto conductive indium tin oxide (ITO, optically transparent)
films and then dithiol-linking the nanoparticles together by
bathing in a solution of 1,4-benzenedimethanethiol. The film
formation was tracked by ellipsometric spectroscopy as the
above procedure was repeated, building >30 nm thick
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Figure 20. Scheme for forming carboxylate/metal ion/carboxylate films from mixed monolayer MPCs. Adapted from ref 159. Copyright

2000 American Chemical Society.

multilayer films. When it was placed in aqueous KCl
electrolyte and a modulating ac potential was applied, a
modulated optical transmittance spectrum of the nanoparticle
film was obtained that could be considered in light of the
optical theory of metals. The spectral changes meant that
charge could be electrolytically injected into the film, but it
was concluded that this involved only the outer layer of
nanoparticles. The film was sufficiently conductive when
used as an electrode to give well defined cyclic voltammetry
of Fe(CN)*~

Further studies using multilayer nonlinked-together films
of smaller Au MPCs showed that their electroactivity is quite
sensitive to the chosen aqueous electrolyte and to doping
the aqueous medium with an organic component. Multilayer
voltammetry reflective of ~Au;4 QDL charging71 could be
seen only with selected electrolytes that, with undoubtedly
some accompanying solvent, could permeate to MPC sites
below those immediately present at the MPC/aqueous
interface. Ranganathan'>’ showed that multilayer Auys MPC
films can act as working electrode surfaces only at potentials
near the intrinsic redox energies of Au,s nanoparticles, and

not at potentials within the band gap of this molecule-like
nanoparticle.

Linking MPCs together allows use of solvents in which
the thiolate ligand monolayers are well-solvated, which
facilitates counterions entering/leaving for the sake of
electroneutrality as the film is internally charged by electron
hopping. A scheme for binding ~Au;49 MPCs together with
carboxylate/metal ion/carboxylate coordination'>®'>? is il-
lustrated in Figure 20. Carboxylic acid groups on SAMs are
exposed first to a metal ion solution and then to a solution
of MPCs with mixed monolayers that include carboxylic acid
functions. Repetition of this procedure (“dip cycles”) builds
up multiple layers of MPCs (as evidenced by adsorption
spectra and voltammetry) at a rate exceeding one monolayer
per cycle, apparently owing to the retention of metal ions in
the film. Cyclic and differential pulse voltammetries (CV,
DPV, respectively) showed'*"'>® well defined current peaks
spaced by potential intervals consistent with QDL charging
of ~Auj4 MPCs, even for films containing as many as ca.
55 monolayers (measured by CV charge integration). The
presence of QDL charging peaks requires that the time scale
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for electron hopping through the multilayer, and equilibration
of the entire MPC film with the applied electrode potential,
be shorter than that of changing the working electrode
potential in the voltammetric experiment. The rate of electron
hopping between MPCs was fast (average first-order rate
constant kyop = 2 x 10° s~ ! and average self-exchange rate
constant kgx = 2 x 10° M~! s71), as measured' by
potential step chronoamperometry, and was not discernibly
dependent on which MPC core charge state change was
measured. This electron transfer rate being larger than could
be rationalized on the basis of electron tunneling through
the MPC linker chains lead to the conclusion that the linker
chain flexibility allowed considerable local mobility of the
MPC structures and that the operative electron tunneling
pathways involved the shorter, non-linker MPC ligands. This
conclusion and the failure of the carboxylate/metal ion/
carboxylate coordination linking chemistry to rigorously
enforce distances of electron transfer were also evident in
RDE results'®* and in the electronic conduction of similarly
prepared dry MPC films, as noted later.

A metal ion-linker scheme analogous to Figure 20 was
reported by Chen® in which pyridine groups replaced the
carboxylic acids and the metal ion of choice was Cu(II). This
chemistry also formed multilayers at a fast rate, probably
again by retention of metal ions in the film, whose growth
was tracked by QCM measurements. The ~Auzs MPC
multilayer films were investigated in aqueous media, where
the features of selective anion incorporation,®' and cation
rejection, called rectified quantized charging were again seen.

Uosaki et al.'**'%? showed that 1.8 nm diameter Au MPCs
with mixed hexanethiolate/mercaptoundecanoic acid/ferro-
cenylhexanethiolate monolayers could also be assembled into
multilayer films using carboxylate/Cu”*/carboxylate coupling
(Figure 20) and that such films displayed well-defined
ferrocene electroactivity up to ferrocene charges of 3 x 10°
mol/cm?. The increments of ferrocene charge were linear
with dip cycle up to 6 cycles, which was consistent with
ellipsometric and QCM data. Layer-by-layer growth of
multilayers of MPCs was also achieved by exposing the
electrode alternately to solutions of the cationic polymer
poly(allylamine) hydrochloride and MPCs with mixed hex-
anethiolate/ mercaptoundecanoic acid monolayers, tracking
the film growth with ellipsometric and QCM data. Layer-
by-layer formation of ~Au49 MPC multilayers having mixed
monolayers containing anionic and cationic groupings, with
cationic and anionic polymers, was also demonstrated by
Hicks et al.'®** QDL charging peaks could be indistinctly
seen in the voltammetry of the multilayer. The electrostatic
ideas of layer-by-layer film formation can also be used for
patterning of MPC deposition by patterning the charges
present on the initial substrate surface.'®*"

The outer surfaces of multilayer films of MPCs can act as
electrodes toward redox solutes in the adjoining solution.
Brennan et al.'®** described a scheme (Figure 21) analogous
to those used earlier on redox polymer films'®? on electrodes,
to assess the rate of electron hopping between ~Au;4 MPCs
in multilayer films linked together by dithiolate bridges and
by carboxylate/Cu**/carboxylate bridges. With electrode
potentials chosen—based on the observed QDL charging
voltammetry—to generate ~Au|402+, ~Au1403+, or ~Au1404+
charge states in the film, ferrocene could be oxidized at the
film/solution interface. The experimental design aimed at
achieving rates of ferrocene mass transport and interfacial
MPC oxidation of the ferrocene that were larger than the
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Figure 21. Cartoon depicting mediated electron-transfer oxidation
of decamethylferrocene (Cp*Fe) by a multilayer MPC film as-
sembled on an electrode. Reprinted with permission from ref 160a.
Copyright 2004 American Chemical Society.

rate of electron hopping within the MPC film. The behavior
of the RDE currents was in apparent accord with theory'®?
for this scheme, except that the dependency of apparent
hopping rate on film thickness was not ideal. Rate constants
for electron hopping were in the kpop ~ 1 x 10° s ' range
(somewhat smaller than an earlier study'>”) and did not
systematically respond to changes in the MPC charge state,
to changes in the dithiolate linker length, or to the differences
between lengths of dithiolate vs carboxylate/Cu”*/carboxy-
late linkers. These results again show that the use of flexible
linkers surrounded by shorter nonlinker ligands does not
rigorously enforce distances (and tunneling lengths) between
MPC cores in these films. It is here appropriate to call
attention to the above-cited capabilities of the LB approach
to enforce nanoparticle spacing, at least in monolayers of
MPCs.

4.3.2. Electronic Conductivity of Dry Films

As mentioned above, measurements of the electronic
conductivities of MPC films not contacted by electrolyte
solutions have been variously aimed at understanding of their
conductivity and of structural factors influencing it, and on
their possible applications as sensors of organic vapors.

Conductivity measurements'®* on films of unlinked 2.4
nm core diameter Au MPCs (cast on IDAs), having al-
kanethiolate (C8, C12, C16) monolayers, produced linear
current—potential responses to potential scans (at low
potentials) and well-formed AC impedance semicircles
reflective of frequency-independent film resistance and
capacitance. The conductivities and electron hopping rates
of these films decrease and the activation energy barrier
increases systematically with increasing alkanethiolate chain
length. The relevant parameter for analysis of the dependency
of electron hopping rate on alkanethiolate ligand is the
average separation between MPC core edges, which from
density measurements on solid samples proved to be close
to the length of a single chain. Extensive intercalation, or
bundling, of the alkane chains of adjacent MPC monolayers
was inferred, in agreement with theory®® and microscopy.'®>
The film conductivities changed exponentially with the
core—core edge separation (electronic coupling slope S ~
1.2 A_l), a result consistent with distance-dependent tun-
neling through the intervening alkanethiolate monolayers.
Further measurements'®' on dithiol-linked 6 nm diameter
Au nanoparticle films produced conductivities that decreased
by ~10-fold for three-methylene increments in chain length
(C6, C9, and C12 dithiolate linkers).

The preceding results were on Au MPC films that were
nominally uncharged, so that the electron carriers that hop



Metal Nanoparticles, Nanoelectrodes, and Nanopores

between MPC cores were thermally generated, i.e., by the
disproportionation reaction

MPC° +MPC’—MPC ! + MPC ™! (15)

In MPC films in which the carrier populations are, in
contrast, synthetically controlled by how the film was
prepared, the electron transport should be faster and proceed
by the hopping mechanism

MPC "'+ MPC_,'—MPC " +MPC,"" (16)

where the x1 and x2 subscripts denote positions between
which the electronic charge is transported by the reaction.
This reaction is analogous to electron transport in mixed
valent redox polymers'®® and is a bimolecular reaction.
Wouelfing' '’ ascertained the bimolecularity of charge trans-
port rate for alkanethiolate-protected ~Au 49 MPCs, using
films chemically prepared to be mixed valent in (for example)
known ~Auy'" and ~Auys° proportions through the
relation of rest potentials of mixed valent solutions to the
formal potential of the ~Au4 '™ QDL charging peak.
Assuming a cubic lattice model, an estimate of the bimo-
lecular electron transfer rate constant kgx (M_1 s_l) from
film conductivity op. (Q 'cm™') is gained through the
equation
6RT oy

107 F o’ IMPCliIMPC™]
where R is the gas constant, 7 is temperature (K), F is the
Faraday constant, and 0 is the core center-to-center distance
(cm) in the film. Values of kgx thus derived were independent
of the degree of mixed valency, as expected, and were quite
large, near 10" M~ ! s7! with activation barriers of 6.7 +
0.7 kJ/mol.

Quinn et al."'”® have recently extended ideas of a previous
study'®® in an SECM measurement of local electronic
conductivity of MPC films; this report has promise for
comparing electronic hopping rates in dry and solvent-wetted
films.

An extension®® of this theme to mixed valent films of much
smaller Au,s(SC2Ph);s MPCs (earlier misidentified as Ausg
MPCs, as noted above) confirmed the bimolecular character
of their electron transport mechanism but produced the
surprising result that the Auss kgx is much smaller (by ~10°-
fold) and the activation barrier much larger (by ~3-fold).
Figure 22 compares the fitted second order rate plots for the
~Auy4 and ~Auys MPCs. Following a process of elimination
of other plausible reasons, it was speculated that the
Au,s5(SC2Ph),3 MPCs might be influenced by an inner sphere
energy barrier-like term. Subsequent solution electron transfer
rate measurements’”"''> and Raman spectra that show'* that
the Au—S stretch energy differs for the two charge states of
the Auys couple have confirmed this speculation. The detailed
Auys(SC2Ph)3~ structure is now known:>® it remains for
future determination of that of Auzs(SCZPh)lgO to attain a
detailed understanding of the role of structural changes in
the electron transfer behavior of this nanoparticle.

Measurements were also made'!” on nonmixed valent (i.e.,
neutral) films of ~Auzp MPCs as a function of the
alkanethiolate chain length, taking account of chain intercala-
tion. In this more refined analysis of electron tunneling
control of electron hopping, linear conductivity vs core—core
separation plots gave the electronic coupling constant 5 ~
0.8 A~ a result lying within the range of coupling constants

kex (17)
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permission from ref 96. Copyright 2006 American Chemical
Society.
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measured'®’ for donor—acceptor pairs separated by trans-
staggered alkane chains.

There are at present few examples in which electron
hopping rate measurements in dry MPC films can be
compared to measurements made in structurally and com-
positionally equivalent solvated films or solutions. Designing
exactly parallel solid state and solution electron transfer
environments and appropriate experimental tests is not
straightforward. Electron hopping rates in solid state mixed
valent MPC films, in which the mobility of counterions of
charged species is insignificant on the global but not
necessarily the very local scale, may be affected by the
Coulombic effects of the counterion’s local mobility and
other factors. A recently examined case is that of the
Au,s(SC2Ph) 12" MPC couple (earlier misidentified as Ausg
MPCs, as noted above), whose electron hopping rates were
measured®’ in solid state mixed valent solids as 2 x 10°
M~! s7! and in solutions of the MPC (by NMR) as 3 x 10’
M~ ! s7'.!15 The observed activation energy barriers and pre-
exponential terms are, respectively, 20 and 25 kJ/mol and
~3 x 108 and ~9 x 10" M~' s, Thus, the slower hopping
rates in the mixed valent solid are provoked by the smaller
pre-exponential term, as compared to the dilute mixed valent
solution. The large activation energy barriers indicate the
presence of a substantial “inner sphere” reorganizational term
in both media.

Mirkin et al. ** in 1996 described important experiments
in which (much larger) oligonucleotide-modified Au nano-
particles could become linked together in solution, or
aggregated, by hybridization with complementary strands of
DNA (target). The ensuing optical changes generated a clear
signal of specific interbinding of nanoparticles. This work
set off a broad investigation in many laboratories on the use
of DNA for highly specific nanoparticle linking chemistry
and analytical uses of it. The bioanalytical aspects of this
area, including DNA-induced nanoparticle aggregation, have
been recently reviewed'?® and are not further assessed here.

Others have taken up the use of DNA hybridization with
oligonucleotide-modified nanoparticles to, for example, elicit
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Figure 23. Schematic of the immobilization of gold nanoparticles by DNA hybridization on silicon dioxide surfaces. Hydroxy groups at
the substrate surface condense with APTS to form aminosilylated surfaces. After treatment with the homobifunctional linker reagent DSG,
the surfaces are activated for the coupling of dendritic PAMAM starburst monomers. This polymeric dendrimer thin layer is activated by
further use of DSG for the covalent attachment of 59-aminofunctionalized DNA oligomers. Due to specific Watson—Crick base pairing,
gold nanoparticles, functionalized with oligonucleotides of complementary base sequence, were immobilized on substrate surfaces. From
ref 162. Reproduced by permission of The Royal Society of Chemistry.

electrocatalytic responses, by using Pt nanoparticles. Willner
et al.'?%* showed that the hybridization-based binding of Pt
nanoparticles to an electrode could evoke currents for the
electrocatalytic reduction of H,O,. A similar aptamer-based
recognition scheme was used to detect thrombin. Response
amplification in DNA hybridization schemes can also be
based on dissolution of the Au nanoparticles'*>¢ and
changes in electrical conductivity of nanoparticle
networks.'””® DNA hybridization can also be used for
building Au nanoparticle scaffolds, including preparation of
conducting films. Niemeyer showed'®? it is possible to
fashion a surface-attached monolayer of nanoparticles on an
IDA using the specific binding properties of complementary
oligonucleotide hybridization (Figure 23). The PAMAN
dendrimer foundation to which the capture oligonucleotide
was linked (in the third reaction) provided more coupling
sites and an ultimately more dense coverage of the 15 nm
diameter Au nanoparticles (>850 particles/um?®) than was
achieved in previous work. The inherent flexibility of the

dendrimer structure may also have promoted higher coverage
by allowing relief from steric interactions between adjacent
nanoparticles. The ac impedance of the film conductivity
showed that electron transport across it was a thermally
activated process—without any evidence of concurrent ionic
transport—with an activation barrier of 0.3 eV.

Another major point of interest is the electronic conductiv-
ity of nanoparticle films analytical in nature, as the electronic
conductivity has been shown to be sensitive to the film’s
environment, including sorption of other chemicals from the
gas phase. Wohltjen and Snow'®® airbrushed films of
octanethiolate-protected Au MPCs onto a heated (120 °C)
IDA device and tested the response of the films to vapor
exposure (with the IDA at room temperature). The film
conductivity decreased strongly in the presence of toluene
and tetrachloroethylene, with a sensitivity suggesting sub-1
ppmv vapor detectability. The film’s conductivity was, on
the other hand, unresponsive to water vapor and only slightly
responsive to propanol. The inference of these observations
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was that sorption of the organic components into the MPC
film was facile but that sorption of water into the strongly
hydrophobic material was not.

Numerous subsequent papers have described effects of
sorbed vapors on the electronic conductivity of MPC films,
including in a gas chromatographic detector' ’** and respond-
ing to H, sorption by Pd nanoparticle films.'”®" The effects
reported tend to be somewhat confusing, since some studies
based on unlinked films describe decreases in electron
hopping conductivity as vapors are sorbed,'®”"!7>176-181 yhile
others report either increase or decrease depending on the
particular vapor.'®®!7® Films made from linked-together
MPCs, on the other hand, rather uniformly display decreases
in conductivity upon vapor sorption.'¢”!72176=181 There ig
general agreement in these works regarding the importance
of thermally activated electron tunneling and the idea that
decreasing conductivity is consistent with increased core—core
separations upon vapor sorption and swelling. There is,
however, no generally accepted explanation for increases
in conductivity caused by sorbed vapors. Effects of sorbed
vapor on the dielectric permittivity of the nanoparticles
(which would affect the charging energy or energy of reaction
16 involved in charge carrier generation) have been
suggested,'®®17? and this parameter has been made part of a
recent generalized theory'® that is somewhat successful in
accounting for conductivity responses across a range of 11
different organic samples. Another recently demonstrated'®>
parameter is that of how the local mobility of MPC sites
may change with sorption of organic vapor or CO, gas.
Sufficiently large or frequent thermal motions that bring sites
into closer proximity can result in faster electron hopping
even though the average site—site distances have increased
by swelling. In unlinked films, as a result, sorption causes
an increase in electron hopping conductivity (rather than the
decrease that swelling, without site local thermal mobility,
would lead to). Linking the same MPCs together, on the other
hand, so as to eliminate the local motions, reverses the
response and leads to a conductivity decreasing with sorption.
Thus, vapor responses must be understood in the context of
whether a MPC film is linked or not, in addition to other
local parameters that affect the intrinsic electron hopping
probability.

5. Electrochemistry at Nanoscopic Electrodes

The voltammetric use of working electrodes with mi-
crometer dimensions (commonly 1—25 um diameter) be-
gan®” in the 1980s and has since become a major research
area in electrochemistry.?”' 2% The consequences of shrink-
ing the working electrode are multiple. Several relate to the
way that the electrical double layer capacitance (Cgr) of an
electrode, coupled with the uncompensated ionic resistance
(Runc) of the electrolyte solution, places limitations on
electrochemical experiments. The small area of a microelec-
trode decreases Cgp, and thus also decreases the time constant
RuncCrL on which the working electrode potential can be
controlled, enabling experiments on the nanosecond time
scale.”** Smaller RuncCrL values also open the way to
experiments in media with very large Rync, such as solvents
without deliberately added electrolyte®® and ionic liquid
semisolids.”**?"” The small electrode size additionally
enables voltammetry in very small spaces, producing im-
portant openings to voltammetry>*®! close to and even within
single biological cells, and giving rise to the new and now
widespread form of microscopy?®*'! called scanning
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electrochemical microscopy (SECM). New hydrodynamic
transport experiments”'? also came into existence. The faster
radial diffusion flux to microelectrodes (relative to linear
diffusion) can enhance current signal/noise ratios and benefit
electroanalysis®'® at low analyte concentrations.

Some of these forms of microelectrode use and voltam-
metry will be featured in other articles in this review issue.
The focus here will be on electrodes of sub-micrometer
dimensions and in particular of dimensions in the smaller
numbers of nanometers, popularly called nanoelectrodes. The
first example was a nanoband, with 5—2300 nm widths and
macroscopic lengths.?'* There are ample reasons for explor-
ing these electrode dimensions, besides the further potential
benefits to lowering voltammetric time scales and elec-
troanalysis in smaller spaces. These include issues of
transport within diffusion layers that have depths comparable
to the double layer, the structure of the double layer itself,
the reactant/product crowding attentive to acutely radial (fast)
transport conditions, reactions of molecules with electrode
interfaces of comparable dimensions, quantum size effects
of smaller electrodes (akin to quantized double layer charg-
ing, QDL, see above), and a better understanding of the
atomic-scale aspects of electrodeposition and corrosion.

5.1. Nanoelectrode Fabrication and
Characterization

Progress in nanoelectrode research is, as one might expect,
directly correlated to progress in fabrication and characteriza-
tion. Electrode geometry and that of the insulating shroud
surrounding the electrode are issues as important as actual
electrode size, since they determine the mass transport of
electrode reactants*>?% and thereby the proper interpretation
of currents and current—potential curves. Zoski*** and
Arrigan®'® have reviewed the different geometries and
fabrication methods for microelectrodes (disks and other
shapes such as bands and rings), and nanoelectrodes and
arrays thereof, respectively. Methods producing single na-
noelectrodes of submicron dimensions have been based on
glass  encapsulation,?°>?'®2!7 " mijcropipette  pulling
technology,?'®* electrochemical or chemical etching followed
by photoresist, polyimide,*'*" Teflon,?'® or electrophoretic
paint deposition,”**2** carbon nanotubes both multi-*** and
single-walled,**> and carbon nanotube and etched metal array
electrodes.?>2%¢ Arrigan®'® provides a convenient summary
of many of these methods and their products. Cylindrical
nanoelectrodes have also been reported,*? using single
multiwalled carbon nanotubes which were immersed to
various depths in electrode/redox sample solution and which
produced radial-transport controlled currents.

The ideal shape of a microelectrode, and a nanoelectrode,
from the viewpoint of uniform flux of mass transport of
reactants to it and uniform current density across its electrode/
electrolyte interface, is a perfect hemisphere, surrounded by
a flat shroud at the level of the hemisphere’s rim. For a band
electrode, the ideal geometry is a hemicylinder bounded by
a flat insulating (shroud) surface. Experimental deviations
from this geometry may include flattening of the hemisphere
electrode by various degrees, an oval rather than circular
electrode shape, and irregular roughening. The insulating
shroud may be flat on one side and not the other, or it may
have a rim protruding above the working electrode. The latter
“shroud effect” can decrease nanoelectrode currents by
shutting off radial lines of mass transport. In the limit, a
protruding shroud’s rim around the electrode forms a
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cylindrical pore with the working electrode at the bottom,
and mass transport becomes linear rather than radial. In
another extreme shroud geometry, a larger diameter “lagoon”
of solution is formed under a pore mouth; this can, if
overlooked or ignored, lead to suspected orders-of-magnitude
overestimation of electron transfer rate constants.”?’ Some
of these nonideal geometries can be useful rather than
deleterious, for example in creation of ultrasmall collection/
generation cells for single molecule experiments®*® and in
design of model nanopore structures,?*” as discussed later.

The various geometrical aspects of micro- and nanoelec-
trodes are products of their fabrication. Nonideal geometries
(or undesired ones) are more serious at the nanoscale because
geometrical effects on mass transport become amplified there
(and perhaps other geometry-related aspects of electrochemi-
cal reactions are amplified as well, although that is a less
understood subject at present). The effects of undesired
geometries are also more serious at the nanoscale because
microscopy of any sort, including scanning electron micros-
copy (SEM), becomes of limited quantitative usefulness at
nanoscopic dimensions, when one wishes to (a) exactly
define the edges of objects, (b) reveal contours and topology,
and (c) apply it nondestructively to dozens of fabricated
electrodes. SEM has been valuable for characterizing the
larger of nanosized working electrodes but diminishes in
usefulness at the several nanometer dimensions.

A variety of methods have been employed to assess
electrode geometries at the micro- and nanoscale. None are
trivial to implement, especially for nanoelectrodes. Judging
a nanoelectrode radius (r) from a limiting current using the
microelectrode hemisphere equation,*

i = 2nFDCPr (18)

where D and C are the (known) diffusion coefficient and
concentration of a redox probe, implicitly assumes the
hemispherical shape. If the electrode is recessed (i.e.,
protruding shroud around the electrode rim), the current will
be depressed and the values of r and current density
underestimated and overestimated, respectively. Responses
more explicitly responding to electrode and shroud shape
are required for adequately thorough nanoelectrode charac-
terization. This problem has been addressed in the context
of SECM by Bard and co-workers,?**?% based on approach
curves, which are measurements of the limiting current of a
redox probe as the electrode is brought to within diffusion
layer distances of insulating (blocking) or conducting
(feedback, under potential control) surfaces. The profile of
current against distance is sensitive to the degree of radial
transport to the working electrode tip, and inferences about
its shape can be obtained by comparing current—distance
data to mass transport computations for different geometries.
Such information can also be obtained from approach curves
within an electroactive medium, such as a Nafion film
containing an electroactive counterion.”?° These ideas have
been applied particularly thoroughly to nanoelectrode char-
acterization by Fan et al.?*' and by Mirkin.>**2**
Another important measurement is of the actual, micro-
scopic electrode area. White et al.?*' introduced an elegant
method in which a monolayer of the complex bis(2,2'-
bipyridine)chloro(4,4'-trimethylenedipyridine)osmium(II) is
adsorbed on the (Pt) electrode (Figure 24) and the charge
(Q) associated with the Os"™! oxidation is measured in fast-
scan (10* V/s) voltammetry. This measurement gave surface
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Figure 24. Schematic depiction of the adsorption of [Os(bpy),-
(dipy)CI]'™" at the Pt/electrolyte interface. Reprinted with permission
from ref 221. Copyright 2003 American Chemical Society.

areas as small as ~10"'° cm?, for a ~60 nm radius electrode,
corresponding to as few as ~7000 copies of the complex.
Criteria were developed to distinguish hemispherical nano-
electrodes from those which are not or which have protruding
shrouds.

5.2. Nanoelectrode Properties

The increased radial mass transport flux at a nanoelectrode
(as compared to macro- or microelectrodes) aids the com-
petition between mass transport and electron transfer control
of current, which in principle allows measurements of faster
electron transfer processes at the electrode/electrolyte inter-
face. In one early example of nanoscopic electrodes, Lewis
et al.?'® reported heterogeneous electron transfer rate con-
stants for ferrocene! ™ of 220 cm/s (at a 1.6 nm radius
electrode, in CH3CN) and for Ru(NH3)s*** of 79 cm/s (at
a 1.1 nm radius electrode, in water). These reaction rates
are extremely high as compared to any preceding or since-
reported rates. This work preceded the research on nano-
electrode shape and size characterization issues noted above
and was particularly scrutinized®*’ in a discussion of effects
of recessed nanoelectrodes and la§ooning.

Other early nanoelectrode work®*>>*” employed nanoband
electrodes, fashioned by exposing the edges of thin metal
films sandwiched between insulators. The attractive RuncCer
property of a 20 nm-wide nanoband enabled*” voltammetry
at temperatures as low as 88 K. Nanobands offer increased
currents (by virtue of length) but fast radial transport (by
virtue of narrow width). The validity of the equation for
limiting currents at microband electrodes

_ nFDIC*" 7
1n| 421
n p 2
0

where ry and [ are band radius and length, respectively, has
been established.>*® The current is predicted to be time-
dependent, but the form of the equation means that, in
practical terms, especially at small ry, the time dependency
is slight.

Quantitative study of nanoband currents indicated
a deviation from the above mass transport equation at very
small electrode widths. Nanobands thicker than ~20 nm gave
limiting currents for the oxidation of ferrocene that followed
the mass transport relations anticipated for the hemispherical
nanoband electrode geometry, while thinner nanobands gave
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Figure 25. Plot of normalized limiting current (i/nFIDC®m) vs
{In[4Dt/ry*]} ' obtained at Pt and Au band electrodes. Solid line
(slope = [) corresponds to eq 1. Dashed lined drawn through
experimental points obtained for the oxidation of 1—10 mM
ferrocene (O) in acetonitrile (0.1 M BuyNCIO4) and 1—10 mM
ferrocyanide (@) in H,O (0.1 M KCI). Electrode widths are
indicated on the plot. Reprinted with permission from ref 235.
Copyright 1987 American Chemical Society.
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currents much smaller than predicted (Figure 25). The
uncertainties of electrode shape were acknowledged; a >5
nm wide nanoband may be interrupted by occasional gaps
along its length, but it was appropriately argued that such
gaps do not destroy the explicit intensity of the radial
diffusion field from its sides.

The currents plotted in Figure 25 were measured*> at a
fixed time after a potential step, for two different redox
probes in two different solvents. The sharp diminution of
current for the smallest electrodes was the first evidence for
a change in mass transport at nanoscopic electrodes at
molecule-sized distances. Examination of the possible un-
derlying factors included changes in solvent viscosity at near-
surface distances, changes in near-surface concentrations
owing to double layer electric field effects on ionic reactants,
and interruption of molecular flux when the similarity of
electrode reaction space and reactant size requires some kind
of serial access to the surface. The last point is simply that
current flux cannot increase beyond the instant dimension
that each reactant requires for electron transfer with the
electrode. This notion was supported by comparison of
reactants having different radii. Lemay et al.>*® have reported
further observations bearing on the crowding of motions of
charged species near a nanoelectrode and have raised a
further point,** specific to single walled carbon nanotubes
used as electrodes, of the effect(s) of their nonuniform
densities of electronic states on the currents observed in
electrochemical processes. The latter has been probed**! by
observing deposition of metal nanoparticles onto single
walled carbon nanotubes used as electrodes.

Further theoretical study of size effects has included the
effect®*? of the electrode double layer field on transport to
nanoscopic electrodes. When the Debye length « becomes
comparable to or greater than the diffusion depletion length,
the transport flux of the reactant can be depressed or
accelerated, depending on reactant charge and sign of the
electric field. This is a kind of nanoscopically induced
Frumkin effect.’” The nanoradial dispersion of the diffuse
double layer tends to compress it, which lessens the effect,
but nonetheless it is made clear that the ionic space charge
effect around a nanoscopic electrode can have major effects
on its reaction flux and consequent current. The authors point
out the implications for reactions involving metal colloids,
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which were encountered in much later work.®® The 2—150
nm radius nanoelectrodes were applied®?' to measurement
of the electron transfer rate constant for ferrocenylmethyl-
trimethylammonium in aqueous medium; the 4.8 £ 3.2 cm/s
result was close to other literature on ferrocene but much
smaller than that reported by the earlier?'® study. Experiments
on thoroughly characterized (by shape and size) nanoelec-
trodes have also produced®***** smaller rate constants for
both the ferrocene (ferrocenemethanol, 7 cm/s) and the
Ru(NH3)s> %" reactions (17 cm/s). The maximum observ-
able rate constant might*** actually be in the lower range.
These reports underscore the importance of characterizing
both nanoelectrode and shroud size/shape.

Observing voltammetric reactions in the absence of the
traditionally added supporting electrolyte is another opening
into the study of basic electrochemical phenomena provided
by small working electrodes and has been pursued by a
number of workers. The iRync electric field that develops
when electrolyte ions are absent (or scarce) extends over
macroscopic distances, so that coupling of diffusion and
migration effects in transport rates becomes observable?2*->+—247
even at micrometer-sized working electrodes. Kucernak
showed how??° to make carbon nanolectrodes over a range
of sizes, and down to about 1 nm radius, and found profound
effects on transport rates and apparent reversibility over a
variety of redox couples. The effects were discussed in terms
of the dynamic double layer effect, a kind of super-Frumkin
effect in which not only concentrations but also transport
rates of electrodes reactants are affected by the extensive
electrical field developed in the absence of electrolyte. These
ideas were recently extended**® to note that electroneutrality
effects in depletion layers at nanometer scale electrode/
electrolyte interfaces can cause voltammetric responses to
vary with electrode size, reactant charge, formal redox
potential, and compact layer dielectric properties.

Further work?*® on the oxidation of IrCls’~ in aqueous
medium, comparing nanoelectrode voltammetry obtained
with varied levels of supporting electrolyte concentration,
found that, irrespective of electrode radius, at low electrolyte
concentrations (a) this couple’s formal potential (E°') was
shifted positively by electrolyte owing to differences in ion
pairing interactions for the redox partners and (b) its
heterogeneous electron transfer rate constant was sharply
decreased. Subsequent work suggested®?* that measuring the
dynamics of ion-pairing interactions might be possible using
nanoelectrode voltammetry. This study provides a good
illustration of the complexity of reactions of highly charged
species in the presence of low concentrations of supporting
electrolyte.

When you have a tool designed for small things, its
ultimate use is observing a single, isolated molecule. A
classical strategy®*® in single molecule observations is to
somehow isolate and observe a very small volume segment
of a dilute solution, aiming at residency of a single molecule
or only a few molecules therein. A variety of small-volume
isolation tactics have emerged, some based on electrochem-
istry. Fan and Bard****°*! showed that a nanoelectrode
with a soft (deformable), protruding shroud can be used to
isolate a small solution volume in an SECM approach
experiment by pushing it against a second, flat, electrode
substrate (Figure 26). With the nanoelectrode and substrate
potentials biased as in a collector-generator, or positive
feedback, mode, the current flowing due to entrapment of a
single molecule becomes amplified by repeated recycling
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Figure 26. Single-molecule detection with the SECM. Molecule
A is trapped between the tip and surface. Reprinted with permission
from ref 228. Copyright 1996 American Chemical Society.
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Figure 27. (A) Curve 1: Tip current with time for a solution of 2
mM CpFeCpTMA™ and 2.0 M NaNOs with a Pt—Ir tip at 0.55 V
vs SCE and an ITO substrate at —0.3 V; d = 10 nm. Curve 2:
Time series of the tip current for d within the tunneling range in a
solution containing only 2.0 M NaNOs; tip radius 7 nm. Data
sampling rate 0.4 s per point. (B) Corresponding time correlation
functions. (C) Probability density function of time series 1 in panel
A. Reprinted with permission from ref 228. Copyright 1996
American Chemical Society.

between its oxidation states. The amplification was estimated
to be ~10°fold, and the estimated single molecule current
of ~1.6 pA was indeed not far from actual observations, as
illustrated by the current peaks in Figure 27, panel A, curve
1. The slow rise and fall of currents was ascribed to slow
drift of the electrode tip toward and away from the n-TiO,
substrate.

Procedures and theory for characterization have recently
appeared®** for nanoelectrode disks that (by careful etching
of the Pt disk) are very slightly recessed (small numbers of
nanometers). Such well-defined protruding shroud geometries
would seem to be appealing for further single molecule-type
experiments and other circumstances requiring isolation of
a very small volume of electrode reactant. In current work, >
the recessed electrodes have been used as SECM tips which
when immersed in a mercury pool produce a thin layer cell
which can contain from one to a few thousand redox
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molecules. Steady-state voltammograms of >1 molecules
have been observed for a variety of neutral and charged redox
species.

Another single molecule strategy built on small observa-
tion volumes should be mentioned (albeit one not using a
nanoelectrode but a microelectrode). Electrogenerated chemi-
luminescence (ECL)*>® occurs when energetic electron
donors and acceptors are, by suitable electrolytic means,
cogenerated within a working electrode’s diffusion layer and
react with one another to produce an excited-state product,
such as D*, which luminescences.

D +A"—D’+A* (20)

If the ECL process is efficient, and a reductive potential
pulse following an oxidative one is executed on a sufficiently
short time scale, the volume of the diffusion layer containing
D and A", and the flux of D~ + A™ reactions, is small
enough that individual excited-state emissions can be de-
tected®* by suitable single photon counting detection.

Nanoelectrode ECL can also be used as a light source,
which because of its small size approximates a point source.
Several publications have taken successfully accomplished
imaging experiments based on this idea. Bard et al.”>> evoked
ECL emission at electrodes with effective diameters down
to 155 nm to carry out near-field scanning optical microscopy
imaging measurements. Wightman et al.**° used ECL
emission at a ca. 500 nm radius electrode tip as a light source
for scanning optical microscopy, attaining light transmission
images with a resolution of about 600 nm.

A further example of small space analysis where nanoscale
electrodes provide a benefit is in monitoring of exocytosis
of dopamine release from biological nerve cells. Cheng et
al.’s*” use of a carbon fiber nanoelectrodes with a 100—300
nm tip diameter produces improved spatial resolution of the
vesicular release event at the cell membrane. Mirkin et al.>>®
have penetrated mammalian cells with 42 nm diameter
nanoelectrodes and report voltammetry inside.

Other types of nanoscale electrochemistry involve using
nanoscopic tips in scanning and imaging, as in SECM and
electrochemical STM and AFM. Those fields are beyond the
scope of this review, but a few contemporary examples will
be mentioned. Resolution will of course be enhanced in
SECM by the use of smaller probe tips, as shown by
Schuhmann et al.>* Unwin and MacPherson et al.?*° have
described methods for the production of metal nanoelectrodes
based on use of electrophoretic paint and on using single-
walled carbon nanotubes on the tips of AFM probes as
templates. Penner’®' has deposited 10—60 nm wide nano-
particles of poly(aniline) by appropriate potential pulsing of
a Pt STM tip at an HOPG graphite surface. The experiments
were aimed at improving understanding of PANI nanoparticle
growth mechanisms. Previous, similar experiments had been
developed®®? for depositing nearby 10—20 nm Cu and Ag
nanoparticles on HOPG, subsequently observing their spon-
taneous galvanic reaction with one another to produce a Cu
coating on the Ag nanoparticles. Crooks>®® demonstrated the
electrochemical basis for STM tip-induced removal of
organic monolayers from Au(111) surfaces; water condensa-
tion from humid air and capillary forces fill an ultrathin
electrochemical cell between the tip and surface. Surface
features as small as 10 nm could be generated in the organic
monolayer. Using a Ag-coated STM tip, analogous electro-
chemistry could be carried out®** to fill features in the
monolayer with Ag nanoparticles deposited on the exposed
nanopatch of Au(111).
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STM tips?6-268:267270 and SECM tips®’" can also be used
for investigation of individual metal nanoparticles that had
been deposited with the tip. These studies open the way to
a more exacting interrogation of the dependence of electro-
catalytic reactions occurring on the nanoparticles, on their
size.

6. Electrochemistry at Single Nanopores

Electrochemistry at (of) nanopores, broadly conceived,
includes (a) detection of charge flow through nanopores in
membranes dividing two electrolyte solutions (membrane ion
currents), (b) detection of transport to/from nanoelectrodes
lying at the bottom of nanopores (nanopore electrodes), and
(c) electrophoretic and electroosmotic transport of solvent
and ions, as occurs in nanochannels when a voltage bias is
imposed at the channel ends. (Nanoelectrospray mass spec-
trometry272 is a distant cousin, since the ion source tips have
larger orifices). Either circumstance may refer to concurrent
transport through multiple nanopores and nanochannels.

This review will be substantially confined to experiments
on single nanopores. The extensive work by Martin et al.
and others on arrays of nanopores has been reviewed.?’> "¢
Transport related to nanofluidics will not be covered. Aside
from the well-established area of ion channel formation®’>-""-278
in lipid bilayer membranes, only recently have fabrication
techniques appeared that allow experiments on single nan-
opores of a few nanometer diameter—i.e., of molecular
dimensions. Single nanopores in membranes have been made
using multiwalled 150 nm diameter carbon nanotubes (cnt)
embedded in an epoxy membrane as the nanopores,>’® %3
by milling nanometer-size holes in silicon nitride and SiO,
membranes with ion?®**2%” and electron®®®**° beams, by
templating 0.5—2 um nanopores with a glass fiber embedded
in an electroplated Au membrane,**® by lithographic and
electron beam procedures that formed a SiO, nanopore,*"
by track etching a polymer membrane with a single heavy
ion,®> and by laser ablation of a mica membrane.**'
Electroporation, the formation of a transient nanopore in a
biological cell membrane for the injection of molecular
probes, can be assisted’”® by pushing a 770 nm i.d. glass
capillary against the cell wall prior to application of a voltage
pulse. Kasianowicz and Deamer***~** describe the use of
o-hemolysin as a nanopore ion channel to detect transit of
nucleic acids, and Kasianowicz®®' has embellished the
formation of analytically useful ion channels in lipid bilayers
with novel polymer chain threading ideas. Bayley and
Martin®’® have reviewed the area of ion channels for
detecting nucleic acids and other biologically relevant
compounds, and Dekker?®® has reviewed developments in
solid state (as opposed to lipid bilayer ion channels)
nanopores. The technology impetus®®’ given by the prospects
of detecting and sequencing oligonucleotides and DNA
chains by characteristics of their passage through nanopores
has stimulated interest in fashioning of single nanopores in
robust membranes. Imaging of individual nanopores by
SECl;f)[lhas been reported,z%*300 including those in human
skin.

Nanopore electrodes have principally been fashioned by
procedures that make enshrouded nanoelectrodes,®**-**
followed by controlled etching of the nanoelectrode. A new
form of nanopore array’’**% electrode was based on
nanoporous opal films of 440 nm silica spheres.
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Figure 28. (a) The general experimental approach for electric field-
driven Coulter counting. A membrane containing a single channel
divides two chambers containing an electrolyte solution. When an
appropriate potential is applied across the membrane, an ionic
current is driven through the channel. If particles of an appropriate
size and charge are present, they will enter the channel and reduce
the ion current. (b) Coulter counter data consist of a series of current
pulses associated with the presence of particles within the channel.
The height of the pulse, Aic, is related to particle size, and the
width, Az, corresponds to the particle transit time. In favorable cases,
data such as these can provide information about the size, charge,
and concentration of the particles. Reprinted with permission from
ref 279. Copyright 2004 American Chemical Society.

6.1. Single Nanopores in Membranes

The most common experiment done with single nanopores
in membranes is illustrated®’® by Figure 28. The membrane
is bounded by two electrolyte solutions, one of which
contains a species of interest (shown here as a nanoparticle,
but it can be anything with a dimension that approaches, or
at least is not insignificant in relation to, the nanopore
diameter). Some form of electrochemical excitation is applied
to the electrodes—a dc or ac potential, or a current—such
that ionic charge is induced to flow through the nanopore.
The value of the ionic current is determined by the
electrolyte, its concentration, the applied potential, and the
width and length of the nanopore—which acts as a resistive
element. The ionic current is also sensitive to the pore shape;
for example, conical pores yield much higher ionic
currents®®*%* than do cylindrical ones of diameter equal to
the small end of the conical pore. When a nanoparticle or
molecule enters the nanopore, the ionic current is attenuated
by an amount and with a duration and frequency related to
the concentration, charge, and physical size of the nanopar-
ticle in relation to the nanopore diameter and length. When
the membrane contains a single nanopore, the change in ionic
current signals (usually) passage of a single nanoparticle or
other sample molecule. When the membrane contains an
array of nanopores, passage of single molecules cannot be
resolved, but the continuum of ionic current is nonetheless
sensitive to multiple momentary blockages by the flux of
transiting molecules®’*~* and thereby to their concentration.
An important variant of the Coulter experiment is “capture
and release”, where the nanopore is too small to accom-
modate the blocking species (a nanoparticle or polymer
bead).** Ton flow attenuation is sensed as the nanoparticle
occludes the nanopore mouth, and then the nanoparticle is
released by reversing the potential bias applied to the
nanopores. While there is general appreciation in the single
nanopore community about the value(s) of nanopore chemi-
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cal functionality, for more selective single molecule detec-
tion, with the exception of engineered hemolysin channels
in lipid bilayers, single nanopore structures reported thus far
have not yet achieved the chemical diversity that has been
developed for nanopore arrays.?’330%393

The experiment in Figure 28 was invented by Coulter over
a half-century ago as a highly successful and commercialized
device for counting the population of biological cells in a
suspension. The procedure is often called a Coulter Counter
experiment, and its essential features and evolution have been
lucidly summarized by Crooks?”® for single pore experiments
and by Bayley and Martin®’? for experiments with arrays of
nanopores. The distinction between a single pore Coulter
Counter and detecting transport of individual species through
ion channels in lipid bilayers has become somewhat artificial
given that the pores in the former have become shrunk to
molecular dimensions.

The interiors of multiwalled carbon nanotubes (cnt’s) are
thought to be atomically smooth, uncharged graphitic sheets
and thus might approximate an ideal cylinder for forming a
single nanopore. Sun and Crooks>’® embedded single cnt’s
in epoxy blocks and then prepared membranes penetrated
by the single cnt by microtoming, mounting the membranes
on silicon nitride membrane supports. Opposite ends of the
cnt were exposed to pH 7 0.1 M KCI electrolyte solutions,
one of which also contained either nominally neutral 60 nm
diameter polystyrene beads or 100 nm diameter beads with
-CO,H surface functionalities. Electrophoretic transport of
the latter occurred stochastically (Poisson statistics) through
the cnt pore and was detected as ionic current blockages
(Figure 28). Under low potential bias, transit of the smaller
polystyrene bead was slow enough to approximately resolve
the transit time (ionic current blocked for a few milliseconds).

The preceding experiment was later refined”®! so as to
reduce the S/N ratio and improve the time resolution for
passage of 57—60 nm diameter polymer beads, of varying
levels of CO,H surface functionalization, through 132 nm
diameter cnt nanopores. The magnitude of the pulse of the
ion current depression responds to the nanobead diameter,
and assuming solely electrophoretic transport through the cnt
(no electroosmotic flow, since the cnt walls are uncharged),
the nanobead transit time (electrophoretic mobility) gave a
collective surface charge on the nanobead Q = 91 nm*/CO,~
surface charge, that was close to the nanobead manufacturer’s
specification (by titration) of 85 nm?*/surface charge. (Such
agreement was not obtained, however, for nanobeads with
higher densities of CO,H groups; among the reasons
discussed was incomplete ionic screening).

The polymer nanobead samples were not monodisperse
in size and overall surface charge, and since they are
individually detected, the distribution of sizes and charge
could be determined.?®' Rather good agreement was obtained
in size comparison determinations?®® by the cnt nanopore
experiment, transmission electron microscopy (TEM), and
dynamic light scattering (DLS). There are subtle, somewhat
complementary distinctions between the different methods;
the cnt nanopore experiment on nanobeads with low surface
charge density gives a distribution of individual hydrody-
namic diameters, whereas DLS gives an averaged value and
TEM images portray the dehydrated diameter.

The study of ion channel nanopores was given an
important boost by Kasianowicz, who in collaboration with
Deamer”*?%° showed that the relatively stable, 2.6 nm
channels formed by heptamers of a-hemolysin in lipid
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Figure 29. Oligomers of poly[U] caused transient blockades in
the a-hemolysin single channel current. At the first arrow, a potential
of —120 mV was applied across the membrane. This voltage caused
a continuous current of —120 pA to flow. At the second arrow,
poly[U] of mean length 210 bases was stirred into the negative
potential compartment to a final concentration of 0.1 mg/mL. The
polynucleotides caused short-lived current blockades. The inset
(expanded time scale) shows two typical blockades with lifetimes
of 300 and 1300 us. Reprinted with permission from ref 293.
Copyright 1996 National Academy of Sciences.

bilayers could, under a potential bias, accommodate passage
of single stranded RNA and DNA, producing as they did so
recognizable ion current blockages. The homopolynucleotide
polyuridylic acid (poly[U]) was used as a test molecule,
having minimal secondary structure and base pairing.
Poly[A] and poly[T] showed similar behavior; sometimes a
strand would exhibit longer blockages, symptomatic of pore
blockages possibly due to secondary structure; these could
be cleared by reversal of the potential bias. Figure 29 shows
examples of the ion current blockades, which gave histo-
grams of transit times peaking at 92, 290, and 1288
microseconds. The two longer transit time histograms
contained approximately even numbers of transit events and
were related to polymer length and inversely to applied
potential, whereas the shorter time did not respond to those
parameters. It was attributed to a transient interaction of the
oligonucleotides with the nanopore, failing to transit through
it. The reason(s) for the two equally probable slower transit
times might be connected to different ends of the chain first
entering the nanopore. The suggestion was clear that this
experiment has promise for determining the chain length and
even the sequencing of oligonucleotides.

Subsequently, Kasianowicz>** showed how a-hemolysin
nanopores in lipid bilayers could be used to “image” the mass
of pore-transiting poly(ethylene glycol) molecules and as
reporters of pore-transiting DNA polymers of the selective
binding of other analytes to the DNA. In the latter study, in
the absence of analyte, chains bearing analyte binding sites
freely transit the nanopores and cause short-lived blockades
of the ionic current whose frequency is proportional to the
free chain concentration. When the polymer chain becomes
bound to an analyte, the blockage frequency is lowered, or
both lowered and blockade time lengthened according to the
mean duration of the polymer/analyte binding. Further,
because different DNA polymer chains have different lifetime
themes, multianalyte detection schemes become imaginable.
These ideas were substantially illustrated with experiments.
These reports showed how nanopore transit can be linked
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both directly and indirectly to the concentrations and
properties of a number of neutral and nontransiting species.

Deamer”®® has reviewed the flurry of investigations that
followed the preceding report.””> Much is being learned about
the structural complexities of a complex—structurally and
dimensionally—DNA molecule entering the structurally
complex topology of a-hemolysin nanopores. This continues
to be one of the more exciting areas of nanopore electro-
chemistry. It invites application of potential excitation
patterns as alternative probes of nanopore transit time and
frequency.

Single nanopores can also be formed in polymer films by
micromolding and single track etching. Micromolding gave
relatively large pores (200 nm diameter), which nonetheless
gave evidence of DNA ion current blockage events.>”’” Single
nanopores have been made by impact of single energetic
heavy ions on polyethylene terephthalate*®® and Kapton®®?
polymer films, followed by chemical etching of the latent
ion track. The size and shape of such pores are manipulable
by the details of the etching treatment; a conical shape gives
lower nanopore resistance (higher ion currents). Conical
nanopores are also “rectifying” voltage gates,*®* meaning
that the magnitude of the electrolyte ion current can depend
on its direction through the narrow end of the cone—an effect
suggested to be associated with the surface charges there.
White**®® has shown by detailed simulations that ion current
rectification in conical-shaped glass nanopores instead, and
in agreement with earlier more qualitative suggestions,?*%
reflects a voltage-dependent solution conductivity in the
vicinity of the pore mouth.

The polyimide Kapton 50 HN (DuPont) gave®** very
stable ion currents. The small and large ends of the ~10 um
long conical nanopores were 2—7 nm and ~2 um, respec-
tively, and 4 nm was selected as optimum for the small end
for ds DNA observations. A histogram analysis of an
extended record of ion current blocking responses is shown
in Figure 30A, where the DNA sample was a mixture of
284 bp and 4.1 kbp strands. The histogram peak at shortest
blocking times was invariant with experimental conditions
and was interpreted as a transient, unfruitful interaction of
DNA with the pore. The longer time histogram maximum
(0.4 ms) is in reasonable agreement with experiments using
o-hemolysin ion channels on DNA fragments of similar
length. Much longer blocking times observed (not shown)
were attributed to the 4.1 kbp fragment. Figure 30B shows
another histogram record of blocking times for a more
complex mixture of DNA chain lengths.

50 nm diameter nanopores formed**' by a lithographic
procedure in SiO, membranes were also roughly conical with
a length of ~50—60 nm of the small end. Translocation
events of 200 bp ds DNA seen in the ion currents are unusual
by being momentary increases in current, rather than
depressions, as usually is observed. The authors interpret the
effect as reflecting an interaction between the highly charged
ds DNA and the high population of cations resident—owing
to the SiO, surface charge—within the channel. Dekker et
al.>*® have reported evidence that surface charges within the
channel can vary with the electrolyte employed.

Substantial interest in solid-state techniques for preparing
robust nanopores has emerged. Golovchenko®®> described a
new approach to making nanometer-sized nanopores in
silicon nitride membranes based on low energy ion beams
(“ion-beam sculpting”). The authors concluded from pore-
shrinking effects that the ion-sputtering was accompanied
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Figure 30. Histograms of ds DNA blockage durations in 1 M KCl,
pH 7.2, 0.01% Triton-X100. Panel A. Solution on the small-pore
side of the membrane contained 284 bp and 4.1 kb ds DNA
fragments. The histogram has been fitted with the sum of two
Gaussians. Panel B. Solution containing a mixture of blunt-ended
286, 974, and 4126 bp DNA fragments; histogram fitted with three
Gaussians. Reprinted with permission from ref 292. Copyright 2004
American Chemical Society.

by a flow of matter to the pore, stimulated by the ion beam
parallel to the surface. Volcano-like ridges could be
formed.”®* When used as a membrane separating electrolyte
solutions, intermittent ionic conductivity blockages of a 5
nm diameter nanopore were seen when double stranded 500
bp DNA was added to one of the solutions. Subsequent
investigations®®® of detection of DNA transiting molecules
have been aimed at folding phenomena and blockage
distinctions based on DNA chain length and on unraveling
the details of transit by trapping single molecules.

Letant et al.?®” also used focused ion milling to drill holes
in a silicon membrane, followed by deposition of a ring of
Si0; around the pore, shrinking it to a 50—500 nm diameter.
The SiO, ring could be derivatized using silane chemistry
and further functionalized with ssDNA probes. Both cylin-
drical and conical nanopores could be formed. While ion
current measurements were consistent with the DNA func-
tionalization, no blockage data were reported.

Timp et al.*® used a tightly focused electron beam to form
single 0.5—1.6 nm diameter pores in a 10 nm thick silicon
nitride membrane. Nanopores this small provoke substantial
wall effects. When the membrane is used to separate aqueous
KCl solutions, its ion conductance is initially very low; many
hours pass before the pore is wetted—and the interfacial
material solvated—and conductance rises to a reproducible
and repeatable value. The observed pore conductance is
depressed below the bulk solution value when the Debye
length is comparable to or less than the pore radius.
Supported by theoretical modeling, the effect is due to the
negative charges of the pore walls. (There is parallel
interest®'? in the effects of charge of nanochannel walls on
electrokinetic behavior, where effects are seen even for 70
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Figure 31. Drawn-to-scale schematic of a nanopore electrode
characterized as having a nanopore orifice = 96 and 827 nm
diameter electrode recessed by 5.96 um. Reprinted with permission
from ref 229. Copyright 2006 American Chemical Society.

nm deep nanochannels at sufficiently low electrolyte con-
centrations).

Further detailed work®®® has been initiated to better
understand the process of nanopore formation by electron
beam milling of silicon nitride and SiO, membranes. It was
concluded that the nanopores have wedgelike edges. Un-
derstanding such geometrical details is evidently as important
to proper interpretation of charge transport through nanop-
ores, as protruding shrouds are to interpretation of currents
at nanoelectrodes (vide supra).

Most (nearly all) of the information in the above reports
about the dimensions and shapes of nanopore openings have
come from imaging by TEM and SEM. The SECM has
strong sensitivity to shape and dimension, as noted above
regarding studies of nanoelectrodes, and has accordingly been
applied to nanopore imaging. These reports include imaging
of individual pores in track-etched membranes whose pores
are filled with a solution of electroactive probe,'* imaging
of the same effect but when stochastically blocked by
electrophoretic capture of nanoparticles at the nanopore
mouth,*'" imaging of diffusive and iontophoretic transport
of a redox species into pores in human skin,>*' and of
imaging contrast®®® and ac impedance responses in SECM.**

6.2. Nanopore Electrodes

Nanopore electrodes are electrodes recessed into a nano-
scopic pore structure. They can be models of single nanopore
structures. Fabrication®”*'! involves preparation of a Pt
nanoelectrode with a glass shroud. The Pt wire sealed in glass
has a conical tip, so that electrochemically etching the Pt
back leaves a glass walled pore with a conical shape and
orifice roughly equal to the diameter of the original nano-
electrode, ranging from 30°'? to 2000°*° nm. Figure 31
illustrates this geometry for an actual, dimensionally char-
acterized example.””® The characterization was based on a
combination of analytical theory and finite-element simula-
tions with exhaustive measurements of the diffusive flux of
a redox molecule through the pore orifice (e.g., that of
ferrocene in acetonitrile solvent). As indicated by Figure 32,
the diffusive redox flux to the nanopore orifice from the bulk
solution follows a radial geometry, whereas that inside the
conical pore just above the electrode will approach a linear
geometry if the pore is deep enough. If the nanopore
electrode is placed in a ferrocene solution, voltammetry on
long time scales gives steady state (radial diffusion) limiting
currents (for ferrocene oxidation) that are transport controlled
through the nanopore orifice. These steady state currents
decrease for increasing pore depth, up to a pore depth 50-

Murray

Figure 32. Schematic of the flux of a redox species into a
nanopore. Reprinted with permission from ref 229. Copyright 2006
American Chemical Society.

fold larger than the pore orifice, whereupon they become
constant and depend only on the nanopore orifice diameter
and cone angle. At sufficiently short voltammetric times,
currents become controlled by linear diffusion to the
electrode (within the pore cone), giving classically shaped
cyclic voltammograms (CV) that follow eq 5. On intermedi-
ate time scales, the CV response can be that of a thin layer
cell, in which all of the initially resident ferrocene in the
pore cone is exhausted before any significant contribution
from ferrocene influx at the pore orifice.

Voltammetry at nanopore electrodes was examined®'? at
low electrolyte concentrations to ascertain whether electro-
neutrality could be maintained within the conical pore interior
by the ion current at the pore orifice on the time scale of
voltammetric measurements. Finite-element simulations
showed that the maximum concentration gradients of a
ferrocene electrode reactant, normally next to the electrode
surface, become displaced to the nanopore orifice when
transport is pore-controlled. Well-defined voltammetry could
be observed, even without deliberately added electrolyte, and
for both ferrocene (neutral) and a positively charged fer-
rocene derivative, the currents could be quantitatively
accounted for by known diffusion/migration theory. It was
concluded that electroneutrality is maintained within the
nanopore cone (except of course within the double layer
itself). Shifts in the ferrocene apparent formal potential for
nanopore orifices >100 nm diameter were ascribed to a
Donnan potential difference between the pore interior and
the bulk solution.

Potent nanopore surface effects can be invoked®'? for
nanopore orifices > 100 nm diameter when the interior glass
walls of the nanopore cone are derivatized with an amino-
organosilane so that they are positively charged at pH >4.
(The exterior of the glass structure is treated with a surface-
neutral organosilane). The nanopore orifice becomes perm-
selective toward the charge on a redox reactant, admitting
negatively charged redox reactants but not positively charged
ones. The permselective effect goes away at higher pH (> 6)
or when the nanopore orifice is significantly larger than the
Debye screening length. This provides an example of pH
gating of nanopore transport.

An analogous, photon-gating behavior’'* was devised for
the nanopore electrode by derivatizing the interior pore walls
with a (neutral) spiropyran that could be photolytically
converted to a protonated meroyanine form by UV irradia-
tion. Voltammetry of cationic redox species was nearly
entirely suppressed following the photolytic conversion,
which could be reversed by visible light irradiation. Both of
these gating experiments were conducted at low electrolyte
content; addition®'* of electrolyte in the second example
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would also reverse the effects of UV irradiation by screening
the positive surface charges.

The White laboratory has shown that the glass nanopore
electrode structure can be employed in a variety of experi-
ments. It was used®'® to fashion a nanoscopic ion selective
electrode—which was employed in a SECM experiment to
image chloride ion flux though a micropore and to support>'®
exceptionally stable lipid membrane structures containing the
o-hemolysin ion-channel-former. The latter have been
employed in ac/dc studies of a nine bp DNA hairpin molecule
transit through the ion channel.*'”
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