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1. Introduction

Interfacial molecular electrochemistry is presently moving
toward new levels of structural and functional resolution,
approaching even that of the single molecules. This evolution
extends, notably to fragile biological molecules and macro-
molecules such as redox metalloproteins and metalloen-
zymes. Underlying fundamentals of electron and proton
transfer of redox molecules and biomolecules in homoge-
neous solution are broadly understood, with increasing detail
and theoretical sophistication currently added. Fundamentals
of interfacial electrochemical electron transfer (ET) are also
well understood, but the composite inhomogeneous and
anisotropic interfacial solid-electrolyte environment is in
current need of new concepts, and rationalization of even
new ET phenomena. The latter applies for example to new
working configurations such as electrochemical scanning
tunneling microscopy (in situ STM) or electrochemically
controlled nanoscale electrodes where interfacial electro-
chemical ET of the single (bio)molecule can now be
addressed.

High-resolution, nanoscale molecular electrochemistry has
followed a line of evolution beginning in the late 1970s by
a new close interaction between electrochemistry on the one
side and both solid state physics and physical surface science
on the other side.'™ In this evolution, almost to be likened
by a renaissance of the electrochemical science, single-crystal
electrodes with well-defined surface structures were, for
example, introduced as a major break-through.>~’ This also
laid the foundation for other novel electrochemical technol-
ogy, not in the least the scanning probe microscopies. At
the same time a range of surface techniques and theory was
introduced and developed. These included spectroscopy
(UV/vis,&9 IR,'*!'" Raman,'>" and X-ray photoelectron
spectroscopy (XPS)'?), quartz crystal microbalance,'” and
other physical techniques, as well as both statistical
mechanical'®'” and electronic structural theories and
computations,'¥2° warranted by the new electrochemistry.
Only slightly later the scanning probe techniques, STM*2!~%3
and atomic force microscopy (AFM)***3 signaled a lift of
both surface science and interfacial electrochemistry to an
unprecedented level of resolution. Atomic resolution of pure
metal and semiconductor electrode surfaces, and at least
submolecular resolution of electrochemical adsorbates, could
now be achieved, opening new worlds of microscopic
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structures and processes and new approaches to electro-
chemical nanotechnology.

The boundary-traversing new approaches toward interfacial
electrochemistry at the nanoscale and single-molecule levels
resemble the earlier transition of physical electrochemistry
to the status of new interdisciplinary electrochemical surface
science. The electrochemical interface, at the heart of
electrochemistry with all its challenges can now be controlled
and mapped to the single-molecule and even atomic level.
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Single-molecular interfacial electrochemical ET, directly in
aqueous electrolyte solution, has been recorded and disclosed
new ET phenomena with no counterparts in classical
electrochemistry. To this add at least two other new lines of
development. Similarly to the earlier elevation of physical
electrochemistry, one line is the introduction of new theoreti-
cal notions. Some of these rest on computation of single-
molecule conductivity of nonredox?*>* and redox molecules,**>*
known from comprehensive studies of single-molecule
conductivity in ultrahigh vacaum (UHV). UHV environment
enables detailed computational exploration based on meth-
odology such as Green’s function, density functional, and
molecular dynamics computations. However, theoretical
accommodation of the electrochemical environment is in
need of new approaches both regarding different concepts,
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for example the electrochemical three-electrode configura-
tion, and models particularly for the solvent dynamics and
the electrolyte.®**¢—3%

As a second line of development, interfacial pure and
applied bioelectrochemistry is emerging out of powerful
interdisciplinary efforts.***? These have drawn from all the
new state-of-the-art physical electrochemistry introduced into
interfacial bioelectrochemistry of redox metalloproteins and
DNA-based molecules. Improved voltammetric sensitivity
at well-defined electrode surfaces and options for structural
and functional mapping of the bioelectrochemical solid—liquid
interface at single-molecule resolution are outcomes. It is
remarkable that large and fragile redox metalloproteins and
metalloenzymes adsorbed on atomically planar electrode
surfaces can be mapped to single-molecule resolution in their
functional state by a subtle physical phenomenon, the
quantum mechanical tunneling effect.**~*> High-resolution
bioelectrochemistry also draws from parallel biotechnology
development in protein and DNA-molecular tuning by use
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of mutant proteins,*®*’ de novo synthetic metalloproteins,**>°

and DNA variability.>'>* Combination of high-resolution
physical bioelectrochemistry with biotechnology and elec-
trochemical surface preparation for electrical signal transfer
between molecules and electrodes, for example via biomol-
ecule-size metallic nanoparticles®*>> has also led to new
perspectives for high-resolution biological screening.

We overview here some important parts of these new steps
in molecular and biomolecular interfacial electrochemistry.
Focus is on recent efforts of several groups including our
own group toward structural and functional mapping of single
molecules and biomolecules in electrochemical environments.
Redox molecules and redox metalloproteins are key target
molecules. Electrochemistry, in situ STM at pure and
modified single-crystal electrode surface microenvironments,
and nanogap electrodes are key experimental approaches,
supported by theoretical frames rooted in molecular con-
ductivity and interfacial electrochemical ET theory. In order
to place single-molecule electrochemistry in a broader
perspective, we overview first briefly in section 2 some
systems, environments and ET phenomena associated specif-
ically with single-molecule interfacial molecular electro-
chemistry. Particular attention is given to single-molecule
electrochemistry in the three- and four-electrode configura-
tions of in situ STM and other nanogap electrode configura-
tions. Section 3 overviews theoretical notions needed for
single-molecule electrochemistry in the in situ STM and
nanogap environment. Key notions are tunneling spectros-
copy, the potential distribution in the electrolyte gap in the
in situ STM tunnelling gap, spin features, two- and multistep
electron hopping, and so-called “Diamond plots” known from
single- (or few-)molecule solid state field effect transistors
(FET)®°7 but presently with a novel electrochemical dimen-
sion. Sections 4 and 5 overview primary paradigms in
nanoscale and single-molecule electrochemical ET. Adsorp-
tion, surface lattice formation, and solvation in electrochemi-
cal in situ STM imaging are addressed in section 4, with
chosen target molecules investigated in some detail. Func-
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tionalized organic thiols are in focus and display a remarkable
diversity of surface structural patterns and dynamics in the
electrochemical environment in spite of their common
character as nonredox molecules. Quite a different set of
single-molecule electrochemical ET patterns displayed by
small redox molecules is overviewed in section 5. These
patterns are dominated by two- or multistep ET in which
molecular redox centers are electronically populated in
bistable but well-defined electronic configurations. Such
patterns offer more sophisticated electronic behavior by
displaying “amplification”, “rectification”, and other behavior
resembling that of transistors, diodes, and other devices
known from microelectronics. These patterns are close to
the single-molecule scale and directly caused by the molec-
ular redox centers.

Sections 6 and 7 overview bioelectrochemistry of redox
metalloproteins and features of metalloprotein/inorganic
hybrid molecular structures at the new levels of resolution.
Single-molecule redox metalloproteins/metalloenzymes “in
action” is overviewed in section 6 where the blue redox
metalloprotein azurin is noted as an emerging paradigm of
single-molecule bioelectrochemistry. Some notions of single-
molecule ET enzyme function are also noted. Attention in
section 7 is on ET phenomena associated with molecular
scale “hybrid” objects such as redox molecules and biomol-
ecules bound to metallic nanoparticles and semiconductor
nanotubes. Nanoparticles with single-electron charging fea-
tures (Coulomb blockade) and nanoparticles as catalysts in
bioelectrochemistry of redox metalloproteins are particularly
addressed and some perspectives noted. Section 8 offers a
few suggestions regarding new scientific information and
electrochemical and bioelectrochemical “device-like” con-
structions rooted in the nanoscale and single-molecule nature
of the core systems.

2. Single-Molecule Electrochemical Science and
Technology: A Brief Overview

2.1. A Primer of Single-Molecule Science

Much recent work on interfacial (bio)electrochemistry has
focused on chemical and biological sensing.**>*3%->%>° The
focus of the present review is on fundamentals of mesoscopic
and single-molecule electrochemistry particularly: single-
molecule interfacial ET in condensed matter environment
at room temperature, as opposed to ultrahigh vacuum and
cryogenic temperatures; novel ET phenomena arising from
transition from macroscopic ensemble via (well-defined)
monolayer to single-molecule behavior, and from semi-
infinite electrochemical interfaces to mesoscopic STM and
nanogap electrode configurations. New theoretical approaches
to stochastic and single-molecule behavior have accompanied
the experimental approaches. ET phenomena have a role in
broad single-molecule science. To put interfacial single-
(bio)molecule electrochemical ET into perspective, we first
address single-molecule spectroscopy, chemical dynamics,
and other recent single-molecule science.

2.2. Single-Molecule Fluorescence and Chemical
Dynamics

Stochastic features of single-molecule fluorescence and
other spectroscopy of target molecules at high dilution in
optically transparent matrices have disclosed a wealth of
details regarding local molecular environments and time
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evolution, hidden in ensemble-based probes.®®~’® Systems
and data in configurations that resemble single-molecule
interfacial ET include®®%”-"""7* bursts of fluorescence (“blink-
ing”) after laser illumination; distributions of single-molecule
photon emission and excited-state lifetimes; and stochastic
time evolution of single-molecule emission spanning time
ranges from milliseconds to thousands of seconds, caused
by electron hopping or large-amplitude local configurational
fluctuations. Such observations also apply to environmentally
controlled “on-" and “off-” conductivity states in electro-
chemically controlled single-molecule conductivity.”!~"

Real time single-molecule enzyme dynamics in biological
environments are other important cases for single-molecule
chemical reaction dynamics.®**%-%8 As for single-molecule
(electronic) spectroscopy, optical excitation is in the um
range but enables single-molecule resolution given adequate
matrix dilution. The enzyme cholesterol oxidase with a
flavine adenine dinucleotide (FAD) core group fluorescent
only in the oxidized state catalyzes O,-oxidation of choles-
terol to ketosteroid.*>** As an early example single-molecule
turnover by on—off fluorescence of oxidized FAD in the
catalytic cycle could be followed in this way.®*®* Along
similar lines more recent efforts by several groups have
developed fluorescence-based single-molecule enzyme kinet-
ics to a high degree of detail ®¢-0876.77

A common denominator in single-molecule enzyme dy-
namics compared with macroscopic ensemble properties is
that large-amplitude conformational fluctuations are convo-
luted with chemical reaction kinetics in concurring broad
time ranges.®®”’° Early®*®* and recent work by Xie and
associates®®®” has mapped these nontraditional features of
enzyme dynamics in great detail based on hydrolytic enzymes
and substrates that release a fluorescent reaction product.
Enzyme turnover events on a single-molecule basis are
intrinsically stochastic, with distributions and large time
fluctuations of “waiting times” (“off-states”) between indi-
vidual reaction events. A notable observation is that average
waiting times appear to follow the Michaelis—Menten
mechanism, thus illustrating equivalence between individual
molecular time averaging and ensemble averaging (for a
discussion, see 78). Stochastic enzyme dynamics parallel
protein dynamics mapped by internal photoinduced ET
involving protein complexes with bound fluorescent groups.®®-%®
The emerging fluorescence decay patterns have warranted
theoretical framing’® to disclose a wealth of dynamic detail
associated with different physical processes in widely dif-
ferent time ranges.®®°*7%"7 Such studies have also added
other physical substance to the comprehensive pioneering
work by Frauenfelder and associates on the “multi-tier”
myoglobin—ligand (CO, O,) recombination reaction which
is so far the case with the most detailed mapping of protein
dynamics. 5082

Recent reports by Rowan, de Schryver, and associates
illuminate single-molecule enzyme kinetics convoluted with
internal enzyme dynamics.”®’” The hydrolytic enzyme, lipase
B (Candida antarctica) labeled by a fluorescent probe was
the key enzyme, combined with an ester substrate yielding
a fluorescent product. Single-molecule enzyme turnover
showing fluorescent on—off behavior could be followed over
long periods of time. The “blinking” events could be ascribed
to formation of individual product molecules. The individual
catalytic events were both correlated in time and convoluted
with large-amplitude enzyme conformational motion notably
with most of the conformational states enzymatically inactive.
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Figure 1. Schematic illustration of three configurations for
electrochemical (or bioelectrochemical) approaches to single-
molecule charge transfer of redox molecules (particularly for
metalloproteins). A protein (or other redox) molecule is assembled
in an electrochemical STM gap (A), directly organized in the
nanogap between two enclosing electrodes (B), and linked to an
inorganic nanowire or nanotube connecting two enclosing electrodes
(C). The redox center in the protein molecule is indicated by the
blue spot. WE and RE denote working electrode and reference
electrode, respectively.

Single-molecule (bio)electrochemical ET has now also
been reported, sections 4—6, showing single-molecule elec-
tronic behavior and elements of stochastic features,**~°2 but
the level of detail has not reached those of fluorescence-
based single-molecule enzyme mapping.

2.3. The Scanning Probe Microscopies STM and
AFM, and Nanoscale Electrochemical Imaging
and Chemical Reactivity

2.3.1. In Situ STM, and Electrochemical Nanogap
Electrodes and Nanowires

Two notions have been crucial in developing molecular
and biomolecular electrochemistry to molecular-scale resolu-
tion. One is the use of single-crystal, atomically planar
electrode surfaces to be combined with electrochemical,
spectroscopic, and multifarious other surface technology.
Well-defined metal and semiconductor surfaces, structurally
controlled to the atomic level both offer uniform microen-
vironments for electrochemical adsorption and interfacial ET
and have paved the way for the other notion of true
molecular-scale electrochemical technology and for the
mapping and control at such levels of resolution®***8392
(Figure 1).

(a) The scanning probe microscopies (SPM), STM and
AFM, under electrochemical potential control (in situ STM
and AFM) are key single-molecule technologies. Conducting
AFM combine both facilities.”**> These technologies are
reviewed elsewhere.”®° (In situ) STM and AFM are
complementary in the sense that the former monitors
electrical currents through the molecular objects by the
tunneling effect under electrochemical potential control of
the redox charge state of the target (bio)molecule(s). AFM
monitors forces between the molecular-scale targets and the
AFM tip. AFM is more directly related to the molecular
topography but lateral tip convolution is more important than
for STM, and different-range forces (van der Waals, hydra-
tion, electrostatic etc.) also convolutes the vertical molecular
dimension with specific force dimensions.'®
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(b) Trapping of single molecules between nanometre scale
electrochemical electrodes separated by molecular-scale gaps
is a second nanoscale configuration with which to approach
single-molecule interfacial ET.'”'% Nanoscale electro-
chemical electrode pairs can be prepared by the ‘“break
junction” principle in which (atomically) thin metallic (say,
gold) wires between the electrodes are established, e.g., by
electrochemical metal deposition. Subsequent electrochemical
metal dissolution can trap molecules from the solution in
the gap opened. Similar wiring can be achieved by contacting
a gold STM tip with a gold substrate followed by tip
retraction and molecular trapping.

(c) Single- or few-molecule electronic mapping can be
addressed by a third electrochemical approach. The conduc-
tivity of metallic or semiconductor nanowires bound to a
pair of enclosing electrodes at given bias voltage between
the electrodes can be recorded.'®''” At the same time the
enclosing electrodes can be potentiostatically controlled
relative to an electrochemical reference electrode.'*'!°
Adsorption of molecules on the wire induces subtle changes
in the wire conductivity that can be detected to the level of
just a few molecules. The configuration is sensitive enough
that even enzyme (glucose oxidase) substrate molecules that
change the adsorbed enzyme from its resting state to its active
state, can be detected.'®®

All three configurations include two “working electrodes”
and a reference electrode. The working electrodes are the
substrate and tip in electrochemical STM, or the two nanogap
electrodes. A fourth counter electrode is added to in situ STM
to monitor Faradaic electrochemical processes. The analogy
between nanoscale three-electrode systems and reported
single-molecule solid state transistors has long been noted.****
Substrate and tip or the two working electrodes are equivalent
to the source and drain electrodes of the transistor, whereas
the electrochemical reference electrode is equivalent to the
gate electrode of the transistor. Operational differences are,
however, that reported single-molecule solid state transistors
mostly operate in UHV and at cryogenic temperatures,”’-!! 1112
whereas electrochemical single-(few-)molecule transistor-like
units operate at room temperature in condensed matter
environment.’*°? The latter is, moreover, not restricted to
aqueous media but applies also to ionic liquids''® as a step
toward solid state ionic conducting or other media more
appropriate for consideration in applied “device-like” function.

The three nanoscale configurations noted will be addressed
in sections 3—6, with focus on electrochemical in situ STM
of redox molecules and metalloproteins. As a prelude we
summarize some observations to be detailed in following
sections. “Small” redox target molecules include organic
molecules (such as the viologens),*”*® aniline derivatives®*°
and other organics,”** Au-nanoparticle molecular hy-
brids,""* and transition metal complexes.**® Redox mol-
ecules offer more sophisticated conductivity patterns than
nonredox molecules, such as negative differential resistance,
amplification, and rectification. These effects are becoming
understood as new single-molecule interfacial electrochemi-
cal ET 2phenomena with accompanying theoretical chemical
frames™>® subsequently also picked up elsewhere.”>!!?

Redox metalloproteins as in situ STM target systems were
introduced early, section 7. The variety of systems addressed
now includes the three major classes of redox metallopro-
teins, blue copper proteins,*”''®12® heme proteins,'***? and
iron—sulfur proteins.'** These efforts involve not only high
image resolution in different microenvironments but also
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functional mapping®®-'>'3* based on the different current/
voltage relationships noted.**’ Extension to single-molecule
metalloenzyme function has been initiated'*>"*’ but as noted,
not reached the level of detail available from single-molecule
fluorescence-based studies.

Monolayer, and close to single-molecule resolution of the
conductance of molecules immobilized in similar-size gaps
between enclosing electrodes (substrate and tip in STM or
the working nanoelectrode pairs) has become broadly
established and theoretically framed'**~'*! Single-molecule
electronic mapping with electrochemical potential control is
confined to much fewer systems.'** The electrochemically
controlled nanoscale system classes include: nonredox
molecules such as pure and functionalized alkanethiols; other
larger nonredox biological molecules such as DNA-based
molecules; redox molecules such as organic molecules and
transition metal complexes; and, redox metalloproteins and
metalloenzymes. These systems will be overviewed in
sections 3-6.

2.3.2. Some Notions from AFM

Although not in our primary focus, some observations on
AFM force microscopy put single-molecule electrochemical
STM into another perspective. AFM imaging of adsorbed
molecules and biomolecules in contact with aqueous solution
does not a priori involve the same requirements regarding
electrochemical potential control*>” but such requirements
are of course needed if electrochemical reactivity is in focus.
In some respects image interpretation is even facilitated by
the aqueous environment. AFM does not usually reach the
same level of adsorbate image resolution as high-resolution
STM due to lateral convolution with the tip but atomic and
molecular resolution can be achieved for ordered surface
molecular and biomolecular adsorbate layers.”® Other details
regarding single-macromolecular structure and dynamic
features not accessible by STM are also offered by
AFM.%%1437136 The observations summarized below address-
ing atomic force spectroscopy can be compared with STM
and scanning tunnelling spectroscopy (STS) addressed in
sections 4.2-6.

Some analogies and differences in the two scanning probe
microscopies can first be noted. Piezoelectric scanner control
to subnanometre accuracy and surface scanning of molecular-
size objects (and for AFM, larger objects) are at the heart of
both. Both technologies operate, moreover, in equivalent
spectroscopic modes. AFM can operate in the constant force
mode with cantilever (piezo scanner) deflection measured,
or in constant height mode with the force measured. These
are equivalent to constant current and constant height modes,
respectively in STM. Force—distance and force—deflection
correlations are analogous to tunneling current/distance and
tunneling current/bias voltage spectroscopy, respectively.

Differences between (in situ) STM and AFM are that the
primary observable in STM is the tunneling current and the
electrical conductivity of the molecular-scale objects. The
primary controlling parameters are the bias voltage and the
electrochemical potential. The AFM analogues are the
cantilever deflection and a range of forces. AFM offers
therefore a more direct approach to surface and adsorbate
topography (“shape”) and applies to a wider range of
substrates (i.e., conducting and nonconducting) than STM.
With the noted topographic lateral convolution of molecular-
scale objects with the geometric tip curvature, lower spatial
resolution is, on the other hand expected by AFM which is
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therefore better suited to intermediate size, “mesoscopic”
objects in the > 10 nm size range. Vertical resolution to the
molecular level is often achieved but different forces have
different spatial extension and observed apparent height may
not always accord with the real molecular vertical dimensions.

Single-molecule unfolding of proteins and other macro-
molecules including mapping of successive domainunfolding, '#6-'48
macromolecular elastic deformation,'* and stretching and
unwinding of DNA-based molecules,'>"*!3? have been ad-
dressed by AFM. Issues in recent focus have been biological
recognition between proteins on a substrate surface and
ligand binding groups immobilized on the AFM tip.'3%:!>4
The nature and single-molecule distribution of the forces,
parallel single-molecule mapping of recognition and topo-
graphic features, and modeling of the free energy landscape
of the associated chemical reaction dynamics in the aqueous
biological environment are key outcomes.'>'~'>* In important
respects AFM spectroscopy is therefore more advanced than
STM spectroscopy.

Combination of AFM-based mechanical forces with
optical or electrochemical actuators constitutes other
single-molecule AFM development.'3>!°° Rational energy
conversion in most molecular machine constructs involves
at least two steps. The first step is conversion of external
(abundantly available) energy such as light energy to
locally based mechanical motion, say molecular confor-
mational changes. The second step that should transform
the local molecular response to a rational working
principle is, however, much more elusive. Recent AFM-
based systems offer routes in this direction.'”> One
example is light-induced cis—trans isomerization of azoben-
zene incorporated in a peptide chain linked to an AFM
tip.'>>* Light energy is first converted to a structural change
in the chain, followed by transduction of the configurational
energy change to mechanical energy stored in the AFM
cantilever. In a related system the primary energy conversion
step is achieved by interfacial electrochemical ET to a
ferrocene-based linear polymer.'>>® Oxidation of the fer-
rocene units induces conformational changes in the polymer,
transduced to mechanical energy storage in an AFM canti-
lever, Figure 2. Other schemes are discussed in refs.156 and
157 and references there.

2.4. Molecular Electronics

Interfacial electrochemistry at the well-defined monolayer
level, i.e., in single-crystal surface microenvironment, and
at nanoscale and single-molecule levels bears resemblance
to the diverse and developing interdisciplinary area known
as molecular electronics.">’~'%* As in electrochemistry,
interfacial ET between metallic source and drain electrodes
on the one side and nonredox and redox molecules on the
other side is a common denominator of molecular electronics.
Commonly noted differences are that the molecular environ-
ments of working molecular electronics as commonly
understood are mostly UHV and cryogenic temperatures,
whereas interfacial electrochemistry toward the single-
molecule level operates at ambient temperatures in condensed
matter environments. The latter represent different physical
properties ranging from nonconducting organic liquids via
polar, protic, and ionic liquid media, ultimately to solid ionic
and conducting media.
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Figure 2. An AFM-based single-molecule mechanical device. (a)
A ferrocene-based polymer is enclosed between a conducting
substrate and a conducting AFM tip. (b) Electrochemical oxidation
or reduction of the ferrocene unit from the substrate electrode causes
a conformational change in the polymer. (c) The conformational
energy change is transmitted to the cantilever and stored as
mechanical energy. (d) Reoxidation or rereduction returns the
ferrocene units and the cantilever to the initial state. Adapted from
ref 155b. A similar principle based on light-induced cis—trans

isomerization of a protein azobenzene derivative was introduced
in ref 155a.

2.4.1. Notions of Single-Molecule Electronic Conductivity
of Nonredox Molecules

Molecules which are by normal chemical notions redox
inactive in accessible electrochemical potential ranges, in the
molecular-scale confinements of STM and nanogap electrode
pairs are expected to exhibit simple current/voltage features.
The LUMO and HOMO levels of, say some of the key
molecular targets, pure and functionalized alkane (di)thiols,
are strongly off-resonance with respect to the Fermi levels
of the enclosing electrodes. Superexchange dominates the
conductivity with current/bias voltage and current/overpo-
tential effects reflected largely in the molecular HOMO and
LUMO energies, i.e., tunneling barrier features, with feature-
less current/voltage relations,”6-3%138-141.158-163

The off-resonance energy features have favored nonredox
molecules as main targets for evolving state-of-the-art
electronic structure and electronic transport computations that
reach the level where not only current/voltage correlations
but also absolute molecular conductivity values that warrant
direct comparison with experimental data can be ad-
dressed.'® The present status is overviewed in recent review
and feature articles.'**'*> We presently note some issues
of importance to the electrochemical environments which
we elaborate in section 4.2.

Nonredox molecules represent barriers to electronic con-
ductivity and are perhaps not to be considered as primary
molecular electronics elements. Understanding of the rela-
tively simple conductivity mechanisms of nonredox mol-
ecules is, however, important. At the same time, combined
experimental and theoretical efforts in nonredox single-
molecule conductivity has enabled crucial features of inter-
facial single-molecule electrochemical ET to be addressed.
These include the molecule—electrode contacts, dynamics
of the molecule/electrode binding, and dynamics of the
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molecular structure itself reflected in temperature dependence
and “gating” of the molecular conductivity,??-#7-1€0-163

Up to 5 orders of magnitude discrepancy between mea-
sured and computed single-molecule conductivities were
common a few years ago. tod Many reports over the past few
years have, however, pointed to the importance of the
physical molecule/electrode contacts. Improved technology
based on break-junction and single-molecule “catching”
where the molecule/electrode contacts are much better
controlled has improved the accordance tremendously,
perhaps leaving the conclusion that the discrepancy was
inherent in experimental rather than theoretical and compu-
tational problems.'*!164

Once on the way toward correspondence between experi-
mental binding configurations and theoretical models, other
binding properties come into focus. Contacting of strongly
chemisorbing molecules such as thiols and dithiols on
different metallic hollow, bridge, atop, and conical Au-
surface sites evoke rather different electronic charge distribu-
tions in the Au—S bonding region.'**'%~'® In turn this is
reflected both in the absolute conductivity values and in the
bias voltage, temperature, and molecular length dependence
of the molecular conductivities. Switching between different
binding modes can also be induced by these external factors.
Observed molecular tunneling current switching should
therefore be assessed with consideration of such effects.'*-'**
We address some specific case studies along these lines
extended to electrochemical environments in section 4.2. It
is noted that solvation effects can be crucially important both
for conductivity and for in situ STM patterns as well as for
the packing of even strongly chemisorbed molecules on the
electrochemical electrode surface in contact with aqueous
electrolyte.®

2.4.2. Molecular Rectification and Amplification

Single- (and few-)molecule and -biomolecule interfacial
electrochemical ET in nanoscale confinements will be in
focus in sections 5-7 with redox target systems fundamen-
tally different from nonredox systems. In contrast to the long-
range superexchange molecular conductivity mechanism of
nonredox molecules,'**~'*! the presence of (a) low-lying
molecular redox level(s) evokes a quite different mechanistic
pattern, namely two- or multistep electron or hole “hopping”
among well-defined molecular redox centers. In the context
of electrochemical in situ STM, this notion was introduced
in refs 34, 169, and 170. The electron hopping mechanism
offers a greater variety of electronic functions such as current
rectification, negative differential resistance, switching, and
amplification, which cannot be reconciled with tunneling
current/voltage correlation patterns for nonredox molecular
junctions. Other more sophisticated correlations emerge when
tunneling current/voltage correlations are taken from two-
to three-terminal configurations, such as in interfacial
electrochemical ET.

As the accessible redox level(s) of confined redox mol-
ecules are brought into the energy window between the Fermi
energies of the enclosing electrodes, more efficient conduc-
tivity channels than off-resonance superexchange open. These
mechanisms cause new spectroscopic features in the current/
voltage relationships and make redox molecules much more
versatile as active molecular-scale electronic elements. The
molecular conduction mechanisms accord with different
physical patterns, of which the following are important in
our present context:

Zhang et al.

(a) Coherent resonance electron tunneling across the
junction through the molecular redox level. The latter is in
resonance with vacant and occupied electronic levels in the
enclosing electrodes and broadened by electronic coupling
to the electrodes or by other decay channels. The bias voltage
is the sole controlling external parameter in two-terminal
junctions while the gate electrode potential is an additional
important controlling parameter in three-electrode junctions.

Most theoretical efforts have focused on the two-terminal
limit,26-138-141.164

(b) Resonance tunnelling accompanied by weak vibronic
effects in which the transmitting electron interacts with local
vibrational modes. This mechanism is the basis of inelastic
tunnelling spectroscopy (IETS) discovered early'’"'7? and
now broadly applied.'”?~'”® IETS adds vibrational fine-
structure to the current/voltage relationships but does not
affect the coherent nature of the transition. Coherent or
weakly vibrationally affected resonance tunnelling is a likely
transport mechanisms in UHV-based two- and three-terminal
solid state junctions bridged by different molecules such as
organic redox molecules,' 77178 Cg,!!! and transition metal
complexes.'””~'®! In view of the large bias or gate voltage
range often needed, a broader variety of molecules and
electronic LUMO and HOMO levels than commonly as-
sociated with electrochemical redox processes appear to
follow these patterns. Most reported cases of molecular-scale
electronic diode,'®? transistor, and switch function in solid
state environments accord with these notions,””-! 10112178179

(c) Different patterns emerge in the opposite limit of strong
electronic-vibrational coupling of the confined target mol-
ecules, leading now to excess electron or hole trapping at
the molecular site. Tunneling conductivity then changes from
coherent (resonance) tunnelling to hopping, i.e., two- or
multistep electron or hole transfer between well-defined
molecular orbitals with full or partial vibrational relaxation
between successive molecular ET events.>*” These are
multiphonon charge transfer mechanisms, consgicuous for
redox molecules in electrochemical STM®~%!13 in contact
with aqueous electrolyte solution or ionic liquids. These
patterns are in focus in the following sections.

The nontrivial distinction between single-molecule con-
ductivity in two- and three-terminal junctions as under UHV
and cryogenic temperature conditions is no less crucial for
redox molecular conductivity when the molecules are coupled
to an environmental vibrational continuum. Transition metal
complexes,'®* metalloporhyrins,'®* heteropolytungstates, '
organic redox molecules such as viologen-based molecules, 1%
and redox metalloproteins such as cytochrome ¢'® and
azurin'?®~'?% have been characterized in two-electrode en-
vironments. Imaging has been at single-molecule resolution,
with features such as negative differential resistance and bias
voltage controlled reversible height variation observed.

Redox molecules and biomolecules in three-electrode
condensed matter electrochemical in situ STM and nano-
electrode confinement are, however, in our focus here. The
charge state of the target molecules can here be controlled
precisely by the electrochemical potential relative to a
reference electrode (the overpotential). Tip coating further
reduces spurious Faradaic currents through the tip, leaving
pure tunneling currents through the molecule and the tip,
Figure 3. As for three-electrode solid state junctions, two
kinds of molecular tunneling spectroscopy emerge in con-
densed matter environment at room temperature. The mo-
lecular tunneling current variation with the bias voltage can
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Figure 3. Left: Schematic view of in situ STM with independent electrochemical potential control of the substrate working electrode and
the tip relative to a common reference electrode. Reprinted with permission from ref 37. Copyright 2001 American Chemical Society.
Middle: Energy diagram of tip, substrate and redox level in the in situ STM configuration. Right: Energy diagram and expected schematic
tunneling current dependence on the bias voltage at fixed overpotential and on the overpotential at fixed bias voltage, schematic. Further

discussion in section 5.

be recorded, Figure 3. The difference from such correlations
in two-terminal junctions is that the electrochemical over-
potential is fixed and controls the charge state of the
molecule. Alternatively, the tunneling current/overpotential
correlation at fixed bias voltage, i.e., for parallel variation
of the electrochemical substrate and tip potentials, can be
recorded. This is equivalent to the current/gate voltage
relation in solid state transistor-like junctions.

Electrochemical in situ STM was introduced by Kolb,*??
Siegenthaler,21 Nichols,>* and Itaya188 and their associates
in the late 1980s. Concepts and theoretical formalism of
molecular ET behavior in electrochemical in situ STM were
introduced in the early 1990s**'*'7° and developed until
presently® %18 (section 3). Following a pioneering report
on single-molecule electrochemical in situ STM current/
overpotential correlation of Fe-protoporphyrin IX by Tao®?
with the first clear spectroscopic feature, later to be accom-
modated by theoretical notions, " this area has developed
in parallel with accompanying theoretical notions.

2.4.3. Electrochemical Switching, Molecular Wiring, and
Electronic Circuits

To put single-molecule electrochemistry into still another
perspective, comparison with a class of electrochemically
triggered monolayer systems with potential for reaching the
molecular scale is appropriate. Transition metal complexes

with large interlocked ligand systems or interlocked organic
supramolecular structures are system classes where electronic
structure changes induce drastic molecular conformational
changes. “Bursts” of mechanical energy resembling that
observed in the single-molecule AFM-based mechanical
energy storage device, Figure 2, are induced by the altered
subtle balance between noncovalent intramolecular interac-
tions, coordinative and hydrogen bonding, and electrostatic
forces caused by the external stimuli. There are many such
molecular architectures that have led to replicas of electroni-
cally triggered “rotors”, “gears”, “paddle wheels”, “twee-
zers”, “harpoons”, etc. now comprehensively reviewed.'’
The rotaxanes and catenanes are broadly studied classes
where electrochemical redox stimuli trigger rotational and
translational intramolecular conformational transitions. Ca-
tenane and rotaxane monolayers show different electronic
(tunneling) conductivity in the different molecular charge
states,'?°~'?% suggesting a molecular basis for electrochemi-
cally induced conductivity switching between conducting
“on” and nonconducting “off” states. Due to the large
configurational difference between the “on” and off” states,
interconversion between the two states, is thermally activated
and is therefore a slow process offering to the class properties
possibly suitable for a molecular information storage prin-
ciple. Rotaxanes and catenanes are further of interest because
they are examples where attempts to incorporate molecular-
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scale switching elements into larger electronically working
structures such as logical gates and even “electronic circuits”
have been reported'*°'** (see also report by Feringa and
associates' ).

The rotaxanes and catenanes offer at the same time an
electrochemically controlled electronic and mechanical switch.
Rotaxanes and catenanes have been characterized all the way
from bulk solution via both three-electrode electrochemical
and two-electrode monolayers in contact with solution or
solid electrolyte media, to solid state three-electrode con-
figurations. Most focus has been on monolayer on—off
hysteretic electronic properties of “writing” and “reading”
caused by thermally activated interconversion. Rotaxane
junctions have been target molecules also in combinations
into “logical circuits”, at ultrasmall scales, although not to
the level of the single molecule.'®®

The rotaxanes and catenanes have shown molecular-scale
working principles but the low on—off current ratios and
need for high voltages to induce the changes in the molecular
charge states may constitute problems toward working
devices. The amplification on—off ratios and the diode
rectification ratios of the Os-complexes®*®’ in the electro-
chemically controlled three-electrode in situ STM configu-
ration, section 5, thus exceed significantly most two-terminal
rotaxane and catenane on—off ratios.'”” The use of three-
terminal junctions, with an additional gate electrode as in
electrochemical configurations, could improve this.

3. Theoretical Frames of Interfacial
Electrochemical ET at Macroscopic and
Molecular Scales

In this section we provide first a brief overview of some
elements of the formal theory of interfacial electrochemical
ET processes. Emphasis is on elements central for approaches
to single-molecule electrochemical ET as encountered in
electrochemical in situ STM and other nanogap electrode
configurations. This will be followed by an overview of
recent theoretical efforts in these areas of molecular-scale
electrochemical ET. We shall use these concepts as a
reference in the discussion of a variety of new nanoscale
nonredox and redox molecular-scale electrochemical systems
in sections 4.2 and 5, respectively. The theoretical frames
offer clues also to macromolecular bioelectrochemistry
which, however, poses other challenges detailed in sections
6 and 7. A comprehensive discussion of condensed matter
ET systems in homogeneous solution and at electrochemical
interfaces in general is obviously by far beyond the scope
of this overview. As noted, our present focus is the
combination of interfacial electrochemical ET processes with
the nanoscale and single-molecule perspectives, such as
encountered most clearly in electrochemical in situ STM and
nanoelectrode configurations.

3.1. Elements of the Formal Theory of Interfacial
Electrochemical ET

Following early reports by Hush,'”® Marcus,'”® and

Gerischer,'”’ the line of quantum mechanical theory of
interfacial electrochemical ET processes that has continued
until the present time started with nonadiabatic processes
and the Fermi golden rule'”® subsequently generalized to
adiabatic electrochemical ET.'*® For overviews of this early
phase, see refs 195d,e and 200. Comprehensive overviews
of the wealth of facets of the present status of theoretical
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ET science are also available,'3®:139-164.195d.e201=207 gy;cy
reviews are clearly not within the scope of the present report
where focus is on new nanoscale and single-molecule aspects
of interfacial electrochemical ET. The following recent
notions in general theoretical interfacial ET science are,
however, also central in relation to the nanoscale and single-
molecule aspects and will be used below. These notions refer
mostly to the electronic coupling between the target mol-
ecules and the electrochemical surface. We shall show in
section 3.4 that the coupling features acquire a new impor-
tance in nanoscale double-contacts such as in situ STM and
here even leads to interfacial ET phenomena with no
immediate analogue in macroscopic electrochemistry.

The introduction of the Anderson model’”® was an
important step in the description of the electronic coupling,
bridging the gap between the nonadiabatic weak-coupling
and adiabatic strong-coupling limits. Electrochemical
Landau—Zener formalism is an alternative approach to this
important issue.”’® Attention to the electronic density of states
of the metal electrode is another issue relating to the
electronic factor.?'® While of first immediate importance for
the weak-coupling limit the density also determines crucially
both electrochemical potential energy surfaces and the
molecular conduction mechanisms in the strong-coupling
adiabatic limit. The incorporation of electron correlation and
spin effects are other important recent elements of interfacial
electrochemical ET.?'" Electron tunneling through molecular
barriers is finally a theoretical notion to which molecular
detail can now be added?'*?'? and is warranted by a wealth

of experimental data, cf. discussion in sections 4.2-7 and
reviews, 138:139.201-207

3.1.1. Nonadiabatic Electrochemical ET Reactions

Most work on nonadiabatic electrochemical ET has used
so-called spin-less models where the degeneracy of the
electronic energy levels in the metal due to the electron spin
was ignored. A similar approximation was used in reports
on adiabatic electrochemical ET reactions'®%!99298:209 apnq
in work on electron tunneling in electrochemical STM
contacts**3¢14218 This model is reasonable for single-
electrode outer-sphere ET reactions in the absence of a
magnetic field and implies that the Coulomb repulsion
between the electrons in the valence orbital of the redox
group is infinitely large. Only single occupation of this orbital
may therefore be taken into account. However, recent
experimental studies of redox-mediated electron tunneling
in the in situ STM configuration®*-86-121:123.219 a{ theoretical
results based on the Anderson model beyond the spin-less
approximation?°~??? has warranted analysis of the electron
spin problem in electrochemical kinetics in detail. Such an
approach was introduced in*** where the electron spin effect
was included from the very beginning.

The calculation of the probability (per unit time) of the
transition of one electron from the metal to the reactant
should take into account ET from different electronic energy
levels, ¢, in the metal. Every energy level in the metal may
be occupied by two electrons with opposite spin. The
probability of occupation is determined by the Fermi
distribution function fi (¢). As for reacting molecular species
the occupation of a one-electron energy level depends on
the value of the repulsion energy U between two electrons
with opposite spin. Depending on the properties of the
reactants, the reaction may have one- or two-electron
character. One-electron ET to a vacant energy level in the
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Figure 4. Energy diagram for tunneling through a redox molecule. The dashed line shows the position of the electrochemical potentials
at equilibrium. The equilibrium potentials are defined by eqs 39 and 40, cf. also Figure 3.

reactant formally corresponds to a very large value of the
repulsion energy U (U — o). Two-ET reactions correspond
to small values of U. However, unlike processes in vacuum
or in nonpolar matrices, two-ET reactions in polar solvents
usually proceed in two sequential steps due to strong
interaction with the solvent polarization (phonons). The
solvent reorganization free energy for the simultaneous
transition of two electrons is four times the reorganization
energy, Ey, for the transition of a single electron (the
subscript L (left) is used here since the substrate electrode
will be considered as the left electrode in the STM systems
discussed below while the right electrode (R) is represented
by the STM tip (see Figure 4). Sequential one-electron
transitions are therefore more probable than simultaneous
transition of two electrons and only a single electron
transferred in each step.

In one-ET reactions or in the first step of two-electron
reactions, only one electron occupies the energy level in the
reactant. This results in the following transition probabilities
for the forward ki g (from the electrode L to the reactant B)
and reverse kg, reactions

de
ky g = 2K S T  (¢) exp{—[E; — AGy —
(e — eg)/AE kg T} (1)
de
kg = 2k0Lf kB_T[l —fu@)] exp{—[E +AGg +

(e — ) MAE kg T} (2)

AGpg, is the free energy of transition from the Fermi level of
the metal e, to the energy level in the reactant eg while kg is
Boltzmann’s constant, and 7T the temperature. AGp is

AGy =€ — &5~ AG,, —e¢ +ep (3)

where AGy,, is the difference of the solvation free energies
of the reduced and oxidized forms, ¢ the electrode potential
with respect to the potential in the bulk solution (taken to

be zero), and v the potential at the site of the reactant (the
Frumkin correction).
The factor kY is2°?

o Defr
k= EzKLIOLkBT exp(—o) 4)
where w. is the effective frequency of the whole vibrational
subsystem, ppthe density of electron states in the metal
disregarding the spin degeneracy, «i the electronic transmis-
sion coefficient for single passage through the crossing of
two diabatic free energy surfaces and the exponential
represents the Franck - Condon factor for the high-frequency
quantum degrees of freedom of the solvent and the reactant.
The corresponding Franck - Condon factor for the classical
degrees of freedom is represented by the exponentials under
the integral signs in eqs 1 and 2. General expressions for
the transition probability for arbitrary frequency spectrum
of the vibrational subsystem can be found elsewhere >

It follows from eqs 1 and 2 that the transition probabilities
for forward and reverse reactions are related to each other
by the principle of detailed balance

kny =k — Ggl)‘ 5
exp
BL — ~LB ks T
where AGS is defined as
AG%)‘ =AGp tkgT'In2 (6)

This quantity differs from the free energy of the transition
in the spin-less model by the last term which takes into
account the degeneracy of the electronic energy levels in
the metal. This term results in a shift (ca. 0.7 x kgT) of the
equilibrium potential ¢f compared to the spin-less model.
The equilibrium potential is defined by the equation
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COx

AGY + kT In =AGY) +kyTIn 2+

CRed

Cox
ke T In —

=0 (7
CRed ( )
where Cox and Cgreq are the concentrations of the oxidized
and reduced forms of the reacting species and the superscript
(0) means that the electrical potential involved in the free
energy is the equilibrium potential. In the following we
consider the “cathodic” overpotential 7

n=el— @®)
In the general case eq | can be rewritten in the form

kg =2k} exp{—[E; — AGy I/AE kgT} %
de explx(l1 — AGg /E, — kgTx/E,)]
f 1 +exp(2x)
The exponential factor in front of the integral in eq 9
represents the usual quadratic free energy form of the rate
constant.?>?% If the values of the reorganization energies

in the integral terms are formally increased to infinity, eq 9
takes the well-known quadratic form

kg =27k exp{—[E,, — AGy, I’/4E kgT}  (10)

This equation includes the inverted free energy region at large
overpotentials and bias voltages. However, the exact expres-
sions have no inverted region because the integral factors
suppress the increase of the activation free energies.?>?%

At small overpotentials (compared to the reorganization
free energy), the current (neglecting the Frumkin correction)
is described by the Tafel equation where, however, the
exchange current i is +/2 times larger than the exchange
current in the spin-less model.'”’% In the case of nona-
diabatic reactions the effect of spin degeneracy thus reduces
to a renormalization of the equilibrium potential and
exchange current.

3.1.2. Adiabatic Electrochemical ET Reactions

Calculation of rate constants for adiabatic ET reactions is
more complicated than for nonadiabatic reactions. Most
attention has been given to the spin-less model for which
relatively simple expressions can be obtained, ' 9-19%-208.209:214-217
It was implicitly believed that the spin-less model is
equivalent to the model with infinitely large Coulomb
repulsion between the electrons on the same valence orbital
of which a more detailed study has been reported.***

Due to strong electronic coupling of the reactant with the
electrode in the adiabatic limit,2°>2%3 multiple electronic
transitions take place during passage of the reactant electronic
energy level through a region near the Fermi level of the
electrode,?®-20%203:209219-224 The electronic transmission
coefficient in the rate constant is unity independent of the
spin degeneracy. For example for ki g

Dy
LB~ 5 exp(—G,/kgT) (11)

where the activation Gibbs free energy G, is determined by
the form of the adiabatic Gibbs energy surface (AGES)
U.d(q) where ¢ is an effective dimensionless coordinate of
the slow solvent subsystem. The strong interaction of the
valence electrons of the redox group with the electrode along
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with the Coulomb repulsion energy U affects the shape of
the AGES and, in turn, the values of ws and G,. The effect
of U on the shape of the AGES, the Gibbs activation free
energy G,, as well as on we for finite values of U was
studied in refs 209, 220-223, 225, and 226 within the
framework of an exactly solvable model. It was found that
the electron correlation effects are important and lead to a
lowering of the activation Gibbs energies compared with
AGES calculated within the Hartree—Fock approximation.
In order to check the validity of the commonly used
assumption that w.s and G, obtained in the spin-less model
do not differ from those obtained with large values of U it
is sufficient to consider infinitely large U. The values of ws
in the wide-band approximation for the electronic structure
of the electrode at # = 0 in the spin-less model**°

2E,; 12
T Wepp = A -1 (12)
and in the limit U — o
ErL 12
T Wepp = A 1 (13)

indeed only differ insignificantly (approximately by the factor
2 2). A is here the width of the valence orbital and 7ithe
longitudinal relaxation time of the solvent.

However, the difference in G, can be more pronounced.
U.d(q) is given by refs 208, 220, 221, and 225

Uu@=E@)+Eq (14)

where E(q) is the energy of the electronic subsystem, and
E. the reorganization Gibbs energy, cf. eqs 1 and 2. The
AGES for the spin-less model has been studied in detail . **®
An approximate solution for E(g)**® for the mixed valence
regime (see eq II1.12 of ref ***) was used for the calculation
of AGES and G, in the case when U — 0?2223

2j+ DA .
E@=e@) n(@)+ D8 (el + 1@+ DAP) - (15)
with
e(@=E; —2E;q—en (16)
being the electron energy level in the redox group, and
11 £,(q)
n,(q) = 2 arctan @+ DA 17

the occupation number of this energy level. j is the total
angular momentum of the electronic state in the redox group.
Jj = 0 for the spin-less model and j = 1/2 in the limit U —
o so that the difference between these two cases reduces to
renormalization of the parameter A. The activation Gibbs
free energy is given then by

G, =[0I —n—emn — (1 —n—ennlE +
2i+DA | (1—2n,—en)*+[(2j + DA/E]
n
27 (1 —2n;,— en)*+ [(2j + DA/E]

ny and n; are the occupation numbers of the redox level in
the transition and initial state, respectively. Equation 18
coincides with eq 18 of ref**® only when j = 0 and # = 0.
To compare the spin-less model and the limit U — oo, we
consider the case when A = 4kgT = 0.1 eV, E, =1 ¢V, and
1n = 0. Equation 18 then yields E,= 5.9ksT and 3.5ksT for
the spin-less model and the limit U — oo, respectively. The
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ET rates can thus differ by an order of magnitude.

The analytical calculations of the adiabatic transitions
usually reduce the problem to the calculation of a one-
dimensional potential profile along a single reaction coor-
dinate and subsequent calculation of the rate constant within
the transition state method. The dynamics of the motion along
this reaction coordinate is usually not considered. Stochastic
motion along the reaction coordinate has been addressed by
computer simulations. In one of the methods, random motion
of the system along the adiabatic Gibbs energy surface was
considered.”?” The system involved a single effective reactive
mode interacting with the heat bath. Both subsystems were
considered as particles and a stochastic collision model was
used for the interaction between the systems.??***° The form
of the system trajectories near the potential barrier top was
studied and the transmission coefficient calculated. It was
found that the higher the friction the larger is the probability
of barrier recrossing, in qualitative accordance with the
predictions of Kramers theory.

3.1.3. The Intermediate Region

Analytical theory has so far been elaborated only for the
two limiting cases discussed. Attempts to construct an
analytical theory in the region of intermediate electronic
interaction between the reactant and the electrode have not
been successful. Based on available methodology,*'**? an
“exact” method for the calculation of the electrochemical
ET rate was suggested.”>>?** It was, however, recognized*
that this method is exact only when a single electron is
present so that the presence of the Fermi sea of the electrode
is ignored. This method thus leads to correct results only in
the nonadiabatic limit.

Increasing interest over the last few years was given to
approximate descriptions that embrace the whole range of
interactions. Such attempts®”® are usually based on two
mutually exclusive approximations. On the one hand, the
integration of the Franck—Condon factor over the electronic
energy spectrum in the metal electrode is undertaken with
due account of the Fermi distribution function. On the other
hand, the electronic transmission coefficient is calculated by
the Landau—Zener formula for two discrete energy levels
(one for the initial state in the reactant molecule, the other
one for an effective energy level of the metal for the final
state).

A consistent numerical approach with multiple transitions
between various energy levels in the metal and in the reactant
along the motion on the reaction coordinate is available.**
This system is characterized by a large number of Gibbs
free energy surfaces for the initial and final states. Linear
Gibbs free energy surfaces and a Monte Carlo method for
the probabilities of transitions between the manifold of
energy surfaces were considered.””” This approach was
generalized to parabolic surfaces and the dependence of the
transition probability on the Landau—Zener parameter.
Simple interpolation formulas for this dependence in the
whole interval of the variation of the Landau—Zener
parameter for variable overpotential were also considered.

3.2. Electrochemically Controlled Single-Electron
Transitions

Intensive theoretical studies of single-electron transitions
in the 1980s**’72*° and subsequent experimental investiga-
tions in solid-state contacts are now being extended to
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electrochemical systems.**'~2® The physical mechanism of
these phenomena is rooted in the fact that when the size of
the electron-donor and/or the electron-acceptor is small, the
transition of an electron changes considerably the energetic
conditions for the transition of a second electron. The
transition free energy becomes unfavorable and the transition
is blocked until either the electron leaves the acceptor (if
this is an electrode) or the acceptor itself (if this is a
molecule) diffuses into the bulk solution, enabling a new
acceptor molecule to approach the electrode. The current
would then fluctuate in time. The observation of such
fluctuations is, however, a great challenge. A simpler system
is represented by a metal electrode and solute coated metallic
nanoparticles.”*'?** The transfer of an electron from the
Fermi level of the electrode increases the electrostatic energy
of the nanoparticle by ¢%/2C where e is the electronic charge
and C the capacitance of the particle. The electrode potential
must therefore be increased successively by e/C for the
transition of each additional electron. Such Coulomb block-
ade effects are long known in electrode processes of
multivalent reactants, e.g. [Ru-(bpy)s]* "1+ (bpy = 2,2'-
bipyridine).?** Steps in the current/voltage dependence appear
when the electrode potential exceeds the value corresponding
to the next oxidation (or reduction) stage. The difference is
expressed by the following sequence of formal potential steps
for successive charging ze — (z — 1)e

72— 1/2)e
where E,. is the zero charge potential determined by the
capacitance of the particle.>*? If the capacitance is indepen-
dent of the charge state of the nanoparticle, the steps should
be evenly spaced for monodisperse nanoparticles. This was
observed experimentally®**~>* also at the level of the single
(1.6 nm) nanoparticle in the in situ STM configuration.”*®

=EpZC + (19)

3.3. ET Concepts and Formalism at the Molecular
Scale: Nonredox Molecules

Nanojunctions mediated by single molecules attract at-
tention per se and for their potential future applications in
nanoelectronics. In general these molecules are of a complex
structure and involve various functional groups. The simplest
case of a molecular scale junction is represented by a single
stretched chain molecule consisting of identical molecular
fragments without any redox groups. Three mechanisms of
electron transport through such a molecule may be distin-
guished: (i) tunneling, (ii) superexchange, and (iii) hopping.
In the first mechanism, the bridge molecule simply represents
a barrier for ET which tunnels deep under the barrier. The
term superexchange (for the second mechanism) also implies
tunneling but in a system with vacant electronic energy levels
higher than the energy of the tunneling electron (nonreso-
nance tunneling), mediating virtually the ET process. Slow
nuclear degrees of freedom do not follow these virtual
transitions and stay tuned at their transition configuration
matching the energy levels of the donor and acceptor states.

The hopping mechanism entails sequential ET between
neighboring localization sites with full energy relaxation in
each elementary act. In a polar environment, this mechanism
is sometimes called the polaron mechanism, due to its
resemblance to the electron transport in doped polar semi-
conductors or ET reactions in polar solvents. Unlike “real”
redox hopping, the temporarily occupied electronic level(s)
remains located far above the fermi levels of the electrodes.
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This implies that the interaction with the environment is
weak. The hopping mechanism for “real” redox molecules
prevails when the energy levels lie near the Fermi level in
the donor metal and the interaction with the medium is
strong; occupation of these levels is then assisted by slow
mode fluctuations. Superexchange corresponds to the op-
posite limit, when energy levels are well above the donor
Fermi level and interactions with the medium are weak.
Simple under-barrier tunneling prevails when these energy
levels are located far above the Fermi energy of the donor
with no virtual transitions contributing to the conductance.

Direct in situ tunneling systems were explored theoretically
in refs 247-249. A main new element of the theory was the
introduction of conformational fluctuations of the molecular
fragments in an attempt to explain experimentally observed
Arrhenius-type temperature dependence of the current.”*’
Another important point was the incorporation of Debye
screening of the electric potential in the tunneling gap. The
incorporation of conformational fluctuations resulted in
explicit dependence of the current on the characteristics of
the random process and on the length of the molecule. In
the high temperature limit for soft molecules, the current
exhibits Arrhenius temperature dependence with an apparent
activation energy that increases with the length of the
molecule.”*® The current is practically independent of the
temperature in the low temperature limit.

A new effect is caused by the Debye screening of the
electrode potentials. Rectification of the current emerges
when screening is strong even in intrinsically symmetric
system.?*” Qualitatively similar results were obtained for the
superexchange mechanism under the assumption that the
electronic energy level of each molecular fragment is coupled
with its own vibrational “gating” mode.**”-*%°

The origin of the rectification is as follows. At Debye
screening lengths shorter than the length of the bridge (i.e.,
for high electrolyte concentration), the potential variation
affects mainly the bridge group energy levels (or the height
of the potential barrier) adjacent to the electrodes. The levels
(and the potential barrier) in the rest of the bridge remain
unaffected. Consider, e.g., the potential of the substrate
electrode fixed and the potential of the tip varying. The
distance between most of the levels (the top of the barrier)
of the bridge and the Fermi level (which mainly affect the
current) then remains constant at positive bias, i.e. when the
Fermi level of the left electrode is located higher than that
of the right electrode, but decreases at negative bias. This
effect can increase the current dramatically.

The hopping mechanism for in situ STM*7 and for ET
in homogeneous solution has been addressed in a number
of reports.**~2°® The in situ STM current/voltage dependence
for the molecule itself (i.e., excluding the potential depen-
dence of the rate constant for electron exchange between
the edges of the molecule and the electrodes) is mainly
Ohmic with the resistance roughly proportional to the length
of the molecule.*”’

3.4. ET Concepts and Formalism at the Molecular
Scale - Redox Molecules

In situ tunneling through redox molecules with low-lying
accessible electronic levels inserted between the substrate
and tip electrodes in electrochemical in situ STM or between
a pair of electrochemical nanogap electrodes offer particular
perspectives in molecular scale electronics. The redox level(s)
can bring the molecule to display rectification, amplification,
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negative differential resistance, and other properties of
possible importance in molecular scale electronics. In contrast
to most reported cases of single-molecule electronics, the
electrochemical bridge group tunneling contacts, moreover
operate in condensed matter environment (as opposed to
ultrahigh vacuum) and at room temperature (as opposed to
cryogenic temperatures).

The system consists of two metal electrodes (left, L, and
right, R) immersed into the electrolyte solution and a
molecule with a redox group, B, confined in the gap between
the electrodes, Figure 4. Two potential differences can be
controlled independently: the bias voltage between the
metals, Viias and the potential of the left (¢r) or right (@r)
electrode with respect to the potential in the bulk of the
solution (¢;). The latter will be taken to be zero (¢s = 0)
throughout. Positive bias voltage will be specifically con-
sidered. Extension to negative bias voltages is straightforward.

The theory of these processes goes back to the first
theoretical reports in the 1960s and 1970s on bridge-assisted
ET in bulk polar media and at electrodes.?>’~°* For reviews
of later work in this large area, see for example refs 201-207.
A crucial factor controlling these processes is strong interac-
tion of the electron with the polar environment (phonons)
and/or local vibrational modes. This interaction is decisive
also in electron tunneling between two metals through a
bridge molecular redox-group. The mere existence of two
valence states of the redox group at fixed electric potential
(a bistability property) is a result of strong interaction of
this group with the vibrational subsystem. This was recog-
nized in the early theoretical studies of electron tunneling
through a single-molecule redox group®**'* where one of
the electron tunneling mechanisms was described, viz.
stepwise sequential ET through a relaxed intermediate state
when the coupling of the bridge group with both electrodes
is weak (subsequently further elaborated?®®). The current was
expressed through the rate constants (transition probabilities)
for the individual ET steps, and the limit of diabatic ET
(employing the Fermi golden rule’***®) and the high-
temperature limit were in focus. The strong interaction of
the redox group with the vibrational subsystem results in
the appearance of the Franck—Condon factor in the transition
probabilities. By its physical nature and methods of descrip-
tion, this phenomenon is not the prerogative solely of
electrochemical systems but applies also to tunneling contacts
in condensed matter of different nature, in particular solid
state junctions. In fact essentially the same approach was
used much later in theoretical analysis of stepwise sequential
electron tunneling through solid state contacts in the low-
temperature limit.”*® The notion of “Franck—Condon block-
ade” of the tunneling process invoked?® is thus completely
identical to the Franck—Condon factor in the much earlier
reports. A similar mechanism, viz. inelastic electron tunneling
accompanied by multiphonon excitation has also been
addressed?!"2%%2%% and expansion in powers of the coupling
constant characterizing the interaction of the electrons with
phonons used. This representation is useful in the weak
coupling limit when the oxidized state is the only state of
the bridge group. The weak tunneling limit was subsequently
also addressed in detail by Sumi,”'®2%7 who studied the
dependence of the tunneling current on the bias voltage and
suggested a method for estimation of the solvent reorganiza-
tion free energy.

Experimental investigations of single-molecule electro-
chemical redox switches were initiated by Tao’s report® that
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disclosed tunneling current features of a single redox
molecule (iron protoporphyrin IX) with a maximum in the
apparent height vs overpotential dependence at the equilib-
rium potential. A theoretical explanation of these data was
offered using concepts of resonant electron tunneling aver-
aged over the distribution function of free phonons.?!’
Electron tunneling through a single, i.e., the oxidized state
of the redox group was thus considered, with emphasis on
the inverted free energy region. Further studies® and later
reports>¢:119:134216 haye shown that the incorporation of both
valence states is of principal importance in a full theoretical
formalism for the dynamic nature of the process; see sections
3.5,3.7, and 5.

A new mechanism of electron tunneling, even a new ET
phenomenon, in the in situ bridge contacts when the
interaction of the redox group with both metals is strong
(the adiabatic limit), was reported early.?!'%2% A “boost” of
electrons, i.e., up to hundred(s) of electrons can then be
transferred between the metals via the redox molecule in a
single in situ STM event, while the bridge group redox level
passes through the energy window between the Fermi levels
of the metals. This ET mechanism was fully rationalized*
and subsequently experimentally substantiated, cf. section
5.

One of the most important theoretical outcomes was the
prediction of a maximum in the tunneling current/overpo-
tential dependence near the equilibrium potential of the redox
group at fixed bias voltage.>> This expectation has been
supported by recent experimental studies,®-01:121:124:219.269.270
discussed in section 5. Not only the maximum itself has been
clearly observed but the dependence of the maximum current
and the position of the maximum on the bias voltage has
also been studied®>'*>**° and analyzed.?***’" The application
of the theory to new experimental data also disclosed a need
to include other features in a more detailed analysis. In
particular, the Debye screening of the electric potential in
the tunneling gap has to be considered. As shown,**7-249-271.272
this is likely to disclose a number of new effects, cf. section
3.3. Particularly, a transparent analytical theory was devel-
oped for the limits of weak and strong electronic coupling
between the bridge molecule and the electrodes. The
theoretical description of intermediate interactions must,
however, be approached by computer simulation methods
as noted, section 3.1.3. We therefore start from the limit of
weak electronic coupling of the redox molecule with the
metals.

3.4.1. Totally Nonadiabatic Transitions

We consider first the case where the interaction of the
redox group with both metals is weak, corresponding to
totally nonadiabatic electronic transitions. The electron
tunneling mechanism in this case is of a stepwise character.
We start from the state where the redox group is, e.g., in the
oxidized state. ET from the left metal to the redox group B,
i.e., reduction of the redox group, is then the first step. In
the high-temperature limit the thermal fluctuations of the
molecular environment are crucial and take the electronic
energy level ep toward the Fermi level of the left metal €.
Following the first ET step, the molecular level relaxes fully
to a new position below the Fermi level of the right metal
err- However, at room temperature, due to renewed thermal
fluctuations of the molecular environment the occupied
electronic energy level will approach resonance with unoc-
cupied energy levels of the right metal. ET to these levels
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will then reoxidize the redox group completing the ET cycle
with overall ET from the left to the right metal (Figure 4)

The electric current throusgh the contact following this
mechanism can be given as

i=e kLBkBR - kBLkRB
ki + kg +kgp T kg

(20)

where kig and kgr are the rate constants for ET from the
left metal to the redox group and from the redox group to
the right metal, respectively. kg and kgp are the rate constants
for the reverse transitions. The method of kinetic equations
which leads in fact to the same equation has also been used
later, 266:272-276

The equation for ET to the right electrode analogous to
eq 5 takes the form

ke = 2k exp(—AGRB) Q1)
RB BR kBT

where AGgg is the reaction free energies of the electronic
transition from the Fermi level of the right metal (STM tip)
err to the redox group with spin degeneracy disregarded and

kgp = 2kp f 71 @l exp{—[Eg —

AGy +(e—

eVbias +

epp)] /4ErRkBT} (22)

with Vs being the bias voltage, i.e. the difference of
electrochemical potentials of the two metals, eq 22 also can
be rewritten in the form

kg = ki exp{—[E — €V, + AGpg; 1/4E ok T} X

dx exp{x[1 — (AGg — eV, JJEg — kgTX/IER)] .
f 1+ exp(2x) (23)
The reaction free energies are related to each other as

AGrp = eV — AGyL (24)

Using eqs 21 and 24, the expression for the current can

be transformed to>®
& Vbias
/[ kLB\exp(—szT +

Jnad = [2kLBkBR smh 2k T

ex evbiaslz - AG%BZI)A k ex evbias +
P kT BR| XP\ 33 T
eVbias/ 2— AG;SZI)‘

exp| — (25)

ks T

where AG® = AGg~+kgT In 2.
The reaction free energy AGg. depends on the electrode
potentials

AGy =&, — &5 = AG,, —elp — o] +

e[i/)(z;¢L— U dr— R — @] (26)

where the Fermi levels eprand epr are counted from the
energies —e@y and —e@r (¢, and @gr are the Galvani
potentials of the left and right electrodes respectively), eg is
the electronic energy in the bridge group counted from the
energy —e@s, where ¢ is the potential in the bulk of the
solution. As noted, we shall take the potential ¢ to be zero
throughout. AGiqy is the difference of the solvation free
energies of the redox group in the reduced and oxidized states
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and P(z;0L — @, pr — @R™) the potential at the site of
the redox group. This potential depends on the Galvani
potentials ¢ and @r and on the potentials of zero charge
@P* and @R* of the corresponding electrodes.

As seen from eq 26, the behavior of the current depends
on the potential distribution in the tunneling gap. Analysis
of the equations shows that the current as a function of the
electrode potential at fixed bias voltage Vyi,s has a maximum
close to the equilibrium potential. Approximate expressions
describing the current in the neighborhood of the maximum
can be derived using approximate expressions for the rate
constants which emerge from eqs 1 and 22 at small absolute
reaction free energy values of the transitions

ki g= 2ﬂkg exp(—E, /4kyT) exp(AGy; 12k T)
kg = 7tk exp(—E,p/4kgT) expl(eVy,, — AGp ) 2kgT]
(27

where E; and Eg are the reorganization free energies of
the molecular environment and

kOR = 2%

2

The factor s appears from the integration over the

electronic energy spectrum. Equation 27 is valid when the

absolute values of the reaction free energies are much smaller

than reorganization energies. The approximate expression for

the electric current obtained with the use of eqs 27 and 28
then takes the form

kpPrksgT (28)

ev..

bias /{ (eVbias)
exp X
B 4k T

Jnad :JO[Slnh 2T
eVid2 — AGY)

cosh T_d +

evbias h evbiaslz - AGg]i
P\ qa,T | 2T

+a

] (29)
Jo= 46%\/2KLPLKRPRICBT exp(—l_?/4k37') (30)
ErR - Er

. [KLPL L
a—ln[ r ex 81, T ] 3D

E = %(ErL +Eg) (32)

where

For a symmetric contact (kp. = kg = k; Er =EpL =E,; pL
= pr = p) a = 0 and thus

Oy~
Jnad = ez—fZ\/chpkBT X

. evbias
sinh 4, T
exp(—E /4kgT) V- AGY (33)
cosh TBT

The expression for the tunneling current in the general
case is formally identical to eq 29 but with different values
for the parameters jy and a:
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. weff i~ 1 1 -
Jo= eZ_Zﬂ\/2KLpLKRpRILIRkBT exp(—E/4kgT)
exp{—(AG — kgT In 2)*/(8ksTE, ) — (V. — AGY +

kT In 2)%/(8ksTE )} (34)

0= ln{ [xLPLly ex Ex—Ey ] _
KpPrlr 8kgT
(AGY) — kgTIn 2y (Ve — AG + kT 2)°
8E, kT 8E gk 35)

where /. and Ir are the integrals on the right-hand-side of
eqs 9 and 23. Equations 29 and 33 are still rather complex
since the dependence of the reaction free energy of transition
AG{ on the electrode potentials in general may be com-
plicated. The parameter a also in general depends on the
bias voltage. The relation of AGEto the electric potentials
is discussed in the next subsection.

In the limit AGgr > E; and eV —
integrals I, and I behave as

AGBL > ErR the

7E,, \'2 R
L= (ﬁ) exp{[E, — AGy 'AE kT)  (36)
B

(HE R)I/Z
Iy= . exp{[
RO\ kT

It then follows from eqs 9 and 23-25 that for the
symmetric contact and positive bias voltage

eVbias
2|exp T +
B

eViad2 — AGY)
— | 38

Eg— eVie + AGy MAE kT (37)

blas

2kgT
eVbias/2 - AGgﬁ
kT

Joaa, = €| 4 TE Tk T)' s po s

exp

X\ ks T

3.4.2. Reaction Free Energy of the Transition and the
Electrode Potentials

The general relationship between the reaction free energy
of the transition and the electrode potential is given by eq
26. It is convenient to introduce the “equilibrium” potentials

0 0 . I
@L and @r determined by the condition that the currents
through each electrode and the reaction free energies of the

transition AG and AG& vanish at zero bias voltage. 35,36
This gives
edy — e’y — B pr — R — e =0 (39)

epr — e (@l — O, G — SR —egr =0 (40)
where the standard redox-potentials are

eqig:sFL —AF,,,+kgTn2; quOR:sFR—sB—
AF,, T kgTIn2 (41)

solv

The last terms on the rhs of eq 41 take into account the
spin degeneracy of the Fermi levels in the metals. Equations
39 and 40 give the following equation for determination of
the “equilibrium” potential ¢f

o, — 2y — PRt~ =@ (42)

As seen from eq 42, ¢ does not in general coincide with
the standard redox potential and differs from the latter by

pzc 0
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the potential at the site of the redox group y°. We also
introduce the “cathodic” overpotential

n=¢l = (43)
Positive values of # mean that the potential of the left
electrode is lower than the corresponding “equilibrium”
potential, taking into account the relationship between the
bias voltage and the electrode potentials..*’
Using

Viias = br — b1 — (6 — 91 (44)
we obtain for the reaction free energy>’>
AGR = el + (s — 80 — 3¢ — OR) —
Y@l — S — R} (45)
The quantities 1 and 1° as well as the “equilibrium”
potentials ¢f and ¢ should be calculated as the solution of

the corresponding electrostatic problem. At small values of
Vbias and 17 eq 45 can be recast approximately as

AGY =e(En+yVy,) (46)
where
_ oy . 0y _
V(Z) - 87% ¢R:¢,%» S(Z) =1 8¢L ¢L=¢g V(Z)

(47)

Equations 46 and 47 are exact only when the response of
the double layer to the electrode potentials is linear.

We consider a narrow tunneling gap with a small redox
group the effect of which itself on the potential distribution
may be neglected. The Poisson - Boltzmann equation is
nonlinear when the potential exceeds kg7/e. A number of
other effects such as dielectric saturation and spatial disper-
sion of the dielectric properties of the solvent, ion transfer
from the bulk of the solution, “lattice saturation” effects etc.
could also be important.277 However, as shown,?”” most of
these effects compensate almost completely each other in a
narrow gap. The potential distribution is therefore very close
tothatobtained as the solution of the linearized Poisson—Boltzmann
equation. The solution has the following form for a system
with planar geometry®’’

W(Z;(lb]j(pk) =vy(L— Z§Ld)(¢L - EZC) +
Y@L (g — PR (48)

where L is the width of the tunneling gap, Ly the Debye
length, and

exp(z/Ly) — exp(—z/Ly)
exp(L/Ly) —exp(—L/Ly)

y(z:Ly) = (49)

We obtain for & and y in eq 47
§@=1—y(L—z L) =y L) y@=yLy) (50)

In this case the relationship between ¢>E and the standard
potentials ¢f and @@ can be derived

oL = {1 — y@]g) + y(@)pr — y(L — )P —
YRPEEYER) (51

Equations 50 and 29 give a simple approximate current
expression for eVpi,s < E;
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i =i <inh eVbias eVbias
Jnad = Jo S1N 2kBT exXp 4kBT

h 6(05 - y)Vbias - 6&77 + eVbias
cos kT A TP\ qr, T
6(0.5 - )/)Vblas - 6577 -1

cosh 20T +a (52)

a and j, are given by eqs 30-32. The factor a describes
possible asymmetry of the contact due to nonsymmetric
location of the redox group and different electronic interac-
tions of the redox group with the electrodes. This equation
is formally exact if eqs 34 and 35 are used.

The current as a function of overpotential # has a
maximum at 7 = %max. #max depends on the bias voltage and
tends to #max = 0 when Viis — 0. The dependence of #max
on Viias can be recast in parametric form as follows:

eEMmax (1 |, Sinha + u)
2k T 2 sinh(a — u) ’
. (53)
€Viias __ . sinh(a +u)
=In — , aZz0
2kgT sinh(a — u)

where the running variable « varies within the interval lul<lal.
The dependence of 77max On Viies can be found in the explicit
form for large |Viial (E;> Viiast>kgT)
€§’7max — (l . )eVbias (54)
2kgT 2 kg T
where + and — correspond to negative and positive values

of Vi, respectively. Equation 54 holds also in the case when
a = 0. In this case it takes the form 7y = 0 where

7]V = gnmax + (V - 1/2)‘/bias (55)
According to eq 54, the slope of the line #max (Vbias) 1S
1—2v(z,Ly)
Sz, Ly = < (56)

2[1 =y(L—z,Ly) — y(z, Ly)]

If the redox group is located symmetrically in the tunneling
gap (z = 1/2), then y(z,Ls) = y(L — z,Lg). The slope is
therefore S = 1/2 and independent of the Debye length. The
quantity lal in this case is small or zero.

The width of the maximum (at half-height) is

ﬁ _ 4 arccosh 2
kT 1 —=y(L—2z,Ly) = y(z, Ly

Unlike the slope, A, depends on the Debye length even
for a symmetric contact. It should be noted, however, that
A, is independent of E; and Vs in the weak coupling limit
for eVyias < E.. It is shown below that the width can be rather
large depending on the value of L.

When eVyis > E; and ny= const, it follows from eq 38
that the tunnel current goes to a constant value. When 7y is
of the order of Viias/2, €q 36 can be used for /i, and eq 21 for
krg. It can be shown that the width A, & Vi, in this case.

The general equations allow calculating the current in the
nonadiabatic limit in the whole range of the bias voltage
and overpotential, Figures 5 and 6. Figure 5 shows the
dependence of the current (normalized t0 jnom = ek’(nE,/
2kgT) at large bias voltage) on the bias voltage for a
nonadiabatic process calculated with the use of eqs 1, 20-23,
25, 34, 35, and 54 and of the approximate eqs 29-32. The

(57)
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Figure 5. Dependence of the tunneling current through a redox
molecule on the bias voltage at # = 0: 1. Ly/L = 1.5; 2. Lo/L =
0.3. The solid curves are calculated according to the exact equations,
(1), (20-22), (25), (34), and (35), the dotted curves with the use of
eqs 30-32 and 52, and the dashed curves by eqs 10, 20, and 21
and similar equations for kggr. z/L = 0.5.
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Figure 6. Dependence of the tunneling current on the overpotential.
The current is normalized to k°+/- 4nE, (see text), E. = 0.5 eV; z/L
= 0.5. 1: Vs = 0.2 eV; Ly/L = 0.8; 2: 0.2 €V; 0.3; 3: 0.1 eV;
0.8;4: 0.1 eV; 0.3.

correlations calculated with the use of the simple quadratic
(“Marcus-type”) expression for the rate constants of the type
of eq 10 are also shown. The comparison shows that the
simple approximate equation (dotted curves) works well for
eVhias < E; as expected. The dependences based on the
quadratic rate constant expressions (dashed curves) extend
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to a slightly wider region. However, they also deviate
strongly from the exact solution (solid curves) at large bias
voltage, showing a maximum and subsequent fast decay. The
exact current/voltage curve reaches instead a plateau rather
rapidly at large Ly/L whereas the current dependence on the
bias voltage is much weaker at small Ls/L values. The latter
is due to strong screening of the potential by the electrolyte,
resulting in small values of y (e.g., ¥y = 0.47 and 0.2 for
Ly/L = 1.5 and 0.3, respectively) and therefore, in a weak
dependence of the electronic energy level of the redox group
on Vhigs.

Figure 6 shows the dependence of the current (normalized
to k°/47E, where k° = k{ = k2 and E, = E;. = E) on the
overpotential calculated with the use of the exact equations.
It is seen that the current passes a maximum near the
equilibrium potential. The maximum is narrower when the
screening is stronger. A more detailed analysis of the current
behavior in the neighborhood of the maximum can be
performed with the use of the approximate equations obtained
within linear electrostatics (eqs 54-57). These involve the
overpotential and bias voltage in the combination ny = &
+ (y — 0.5)Vhias, where the quantities & and y depend both
on the position of the redox group z and on the Debye length
Lq (eq 49). Typical &(z) and y(z) curves are shown in Figure
7A. The quantity v quantifies the effect of variation of the
potential of the right electrode on the potential at the site of
the bridge group and therefore increases monotonously with
increasing z. The quantity & quantifies the effect of variation
of the potentials of both electrodes and therefore passes
through a maximum. Typical dependences of the position
of the maximum of the tunneling current on the bias voltage
are shown in Figure 7B. All curves cross at the point 77max
=0, Vbias = 0. The slope is well described by the approximate
eq 56 at small a values whereas it reaches a limiting value
at larger bias voltages when a is large.

The dependence of the slope on the position of the redox
group is shown in Figure 8A. The slope is close to 1/2 for
small values of the Debye length (strong screening) and
practically independent of the position of the redox group
within the interval between 0.3L and 0.7L. The dependence
is stronger at larger values of the Debye length. The slope
is also larger if the redox group is located closer to the left
electrode. This asymmetry is caused by the choice of the

B 20-

/
/5
20—
20 15 10 5 0 5

10 15 20
eVias 12K, T

Figure 7. (A) Dependence of the coefficients y(z) (solid lines) and &(z) (dashed lines) on the position of the redox group in the tunneling
gap at different values of the Debye length Lq.1: Lo/L = 1.5, 2: Lo/L = 0.3. (B) Dependence of the position of the maximum of the tunneling
current/overpotential relation on the bias voltage at different positions of the redox group z and the parameter a calculated according to eq
53 (solid lines). Dashed lines calculated according to eq 54 at corresponding positions of the redox group and @ = 0. Ly/L = 0.5. (1) z/L
=03,a=02,2zZL=07,a=—-02;,3)z/L=03,a=5;4) zZL=0.7,a = —5.
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Figure 8. (A) Dependence of the slope of the line 7,.x (Vpias) On the position of the redox group at different values of the Debye length.
Ly/L =0.1(1); 0.5 (2); 1 (3); 1.5 (4). (B) Dependence of the width of the tunneling current/overpotential maximum on the position of the
redox group at different values of the Debye length. Ly/L = 0.2 (1); 0.3 (2); 0.4 (3); 0.5 (4).

left electrode as the substrate (with corresponding conse-
quences for the potential variations).

The slope depends on two quantities, y(z; Lg) and y(L —
z; Lq), eq 56. In order to determine these separately from
experimental data we need an additional relationship, de-
termined by the width of the maximum A,, eq 57, Figure
8B. As seen from Figure 8B, the width increases with
increasing Debye length. Within the approximations used
the width is independent of the bias voltage and determined
by the same quantities as the slope. The use of experimental
data for the slope and the width of the maximum therefore
allows determining y(z; Lg) and y(L — z; Lg)

48
y(z,Ly) = E_A_ arccosh2; y(L—2z, Ly =
1
1= 5g (1 )y(z,Ld) (58)

The use of the y(z; Lqg) and y(L — z; Lg) dependence on z
and Lq (eq 49) allows in turn in principle estimating the
position of the redox group in the tunneling gap.

3.4.3. The Strong-Coupling Limit and Coherent
Transitions in Electrochemical in Situ STM

When the interaction of the redox group with both metals
is strong the mechanism of the electronic transition changes
its character entirely. A “boost” of a large number of
electrons n now tunnel through the energy level of the redox
group as it relaxes through the energy window between the
Fermi levels of two metals at each reaction step (reduction
and oxidation), cf. above and refs 216, 268, 269, and 278.
The exact expression for the current can be obtained by
averaging the partial tunneling current (at a given position
of electronic energy of the redox group) over the thermal
distribution of the vibrational coordinates in the adiabatic
double-well potential.>”* The derivation is based on the Born
- Oppenheimer scheme: a partial tunneling current, j(qx) at
fixed position gy of the nuclei constituting the slow vibra-
tional subsystem may first be calculated. This current is then
averaged over the distribution of the coordinates gx in the

potential formed by the adiabatic free energy surface
U (g)?15:223:226271.278
ad.

1

where E({q«}) is the ground-state energy of the electronic
subsystem including the electrons of both electrodes and the
electrons in the valence orbital of the bridge group.

The dependence of E({qx}) on the vibrational coordinates
is due to the electronic energy level dependence in the redox

group

Z Vi

el —P(zdy — ¢ sdr — R ] (60)

where y; are the coupling constants and the energy level of
the redox group is counted from the Fermi level of the left
electrode.

Since eq 60 (and hence the energy E({qi}) involves the
vibrational coordinates only in the combination Y Vg, a
single dimensionless coordinate may be introduced

eg{q ) =

2
I Vi
4= 2 74d2Es =30 h 1)

The averaging over the vibrational coordinates may be then
reduced to*”!

j(AL’ AR’ n, Vbias) =
f_wooj(q’ AL Ag, 17, Viiag) Xpl—Upa(q; Ar, Ag, 17, Vi )k T dg

S expl=Usu(q. Ar. Ag. 1. Vigo J/ks T dg

(62)
where for the spin-less model
Uad(q’ AL’ AR’ 7, Vbias) =

A 2 2
27 Inlep™(@) + AT+ [ep(q) T eVigg ng(q) +

EB(C])nL(CI) +

S In{[eg(q) + eV, J  + AV +Eq"  (63)
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.](q’ A]_; AR7 777 Vbias) =

ZeALAtR[ . Voias T (015 Viiad)
TRA|arctan A
& ( s 1f» V ias)
arctan w] (64)
A
A &r(q)
n(q)= KL[% - % arctan BAq ] (65)
A 1 1 € (q) +eV, ias
nR(q) = KR[E - E arctan % (66)

Ar and Ag are here the widths of the electronic energy
level of the redox group due to the interaction with the
corresponding electrode (A = A, + Ag) and

€B(q, 17, Vbias) = Er - ZErq - 5677 - erbias =
E.—2Eq—eny—eV,,/2 (67)

It can be shown that if at Ax = A/2 and »y = 0 the AGES
has two potential wells then their depths are the same even
under the condition when the stationary tunneling current
flows across the contact electrode-redox molecule-tip of the
STM. The parameter 1y defined by eq 67 therefore has the
physical meaning of the effective overpotential.?”!

In the limit of small A, bias voltage and overpotential (A
< eVbias, €Vbias, €] < E}) eq 62 is reduced to the approximate
equations similar to those in the foregoing section. This
equation can also be obtained using the simple kinetic model.
The reverse transitions may be neglected in the adiabatic
limit when eV > kgT and the current given by eq 62 is’

ky gkgr
j=2en——m— (68)
ky g+ kgg
where
1 1 \-!
n=eVgl=——* (69)
° (ZKLPL KRPR)

We note that the degeneracy of the energy levels in the metal
affects the number of electrons transferred in each reduction or
oxidation step in this limit. The origin of the factor 2 in the
first term in the parenthesis is due the fact that the energy
interval for the transition of one electron from the left metal to
the redox group, AeLg ~ 1/(2kLpL) is one-half of the corre-
sponding energy interval calculated with the neglect of double
occupation of a given electronic state in the metal by electrons
with opposite spin. In the case of negative bias voltage (opposite
direction of the current) the factor 2 is moved from the first to
the second term in the parenthesis.

An expression for the current similar to eq 52 can be
derived using eq 68 at small overpotential and bias voltage.
The expression differs from eq 52 by the form of the
constants jo and a. A quite simple current expression is
obtained, if a weak dependence of the reorganization energy
on the position of the redox group within the tunnel gap may
be neglected®®®

. . exp(el Vi, l/4kyT)
Jaa =Jo exp(—E/4kgT) . e(0.5 = Y)Wyis — eén (70)
cos 2kyT

where, in the adiabatic case jo = enwes/27.
With due account of the comment on n above, this
expression is valid for both positive and negative values of
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Figure 9. (A) The total tunneling current j in units of jjy as a
function of the total coupling strength A for A = Ay = A2, 5y
=0, eVpias = 0.1 eV, kgT = 0.025 eV and different values of the
reorganization Gibbs energy of the solvent. (1) E; = 0.25 eV; (2)
E.=0.5¢eV; (3) E.=0.75 eV. (B) The total tunneling current j in
units of jiy, as a function of the total coupling strength A for A, =
Aip = A2, E. = 0.5 eV, Vyis = 0.1 eV, kgT = 0.025 eV and
different values of the effective overvoltage. (1) eny = 0.2 eV; (2)
eny = 0.1 eV; (3) eny = 0.2 eV; (4) eny = 0.5 eV. (C) The total
tunneling current j in units of jj;,, as a function of the bias voltage
for Aq = Awp= A2, E, = 0.5 eV, hy = 0, kgT = 0.025 eV and
different values of the total coupling strength A. (1) A = 0.1 eV;
2)A=03¢eV; 3)A=05¢V.

the bias voltage. The current/overpotential dependence shows
a maximum which is also described by eq 54 at a = 0. It
can be shown with the use of eq 62 that the position of the
maximum obeys eq 54 at arbitrary values of the bias voltage
and A.>”> Equation 70 shows that the slope of the dependence
of 7max Oon V in this approximation is also described by eq
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56. Analysis of eq 62 shows that the same equation is valid
at £, < 0.5 eV, A < eViias, €Viias, en < E.

The effect of spin degeneracy is not in general reduced to
a change of the number of electrons transferred, n. Equation
70 is valid for small values of the overpotential, bias voltage,
and redox group energy level broadening, A, (as compared
with the reorganization energy). If these values are close to
the reorganization energy, the activation free energy becomes
different (explored in*’" for the spin-less model). Electron
spin and the repulsion energy will cause additional effects.

Equation 70 corresponds to the thermally activated regime
when the AGES have two potential wells and one transition
point. With the increase of A or Vs, AGES can have three
potential wells or a single potential well.””! We refer to the
latter case as the adsorption regime of STM. At eViis > E;
(the adsorption region) the first two terms on the rhs of eq
67 can be neglected. The total current is then given by eq
64 ¢p is independent of g and equal to eg = —en — ¥ Vpigs.
It can be shown that, as in the nonadiabatic limit, A, = V
bias 10 this case.

Using eq 62, the tunneling current for intermediate values
of A and Vi, can be calculated.?”! Figure 9A shows the
dependence of the tunneling current on A for the electroni-
cally symmetric case in the small bias limit for y = 0 and
different values of E.. The curves 1—3 indicate clearly the
thermally activated region (the small A region), the crossover
region and the adsorption region (the large A region). Figure
9A rather shows the strong dependence of the tunneling
current on A in the thermally activated region. This
dependence was not taken into account in eq 70. The
tunneling current increases with increasing A in the region
of small A due to the decrease of the activation free energy.
Reaching a rather broad maximum, the current decreases in
the adsorption region with the increase of A due to the
increase of the total width of the redox level and, therefore,
the decrease of the number of resonance states of the redox
level in the energy window of STM

Figure 9A confirms the prediction of eq 70 concerning
the dependence of the tunneling current on E, in the small
bias voltage limit: j decreases with the increase of E; due to
the increase of the activation barrier. However, the depen-
dence of j on E, is almost absent in the adsorption regime
because, at n7v = 0, the redox level has a fixed position in
the middle of the energy window.

Figure 9B shows the dependence of the tunneling current
on A for different values of the effective overvoltage 7y in
the electronically symmetric case and the small bias voltage
limit. Since ny = 5 at vy = 1/2, Figure 9B shows the
expected®>?'® dependence of the tunneling current on the
overpotential in the small A and the small bias voltage limit:
the smaller 7, the higher the tunneling current. This is due
to two reasons. First, eq 67 shows that with the increase of
1y, the redox level leaves the energy window of STM.
Second, in the thermally activated regime, increase of 7y
shifts the potential wells of the AGES with respect to each
other so that the activation Gibbs free energy for transitions
from the lower potential well to the potential barrier top
increases. However, as shown, the partial current j(g) takes
its maximum value just at the point g,y near the position of
the potential barrier.

Figure 9C shows the tunneling current as a function of
the bias voltage for different values of the total coupling
strengths A. Curves 1—3 show the crossover from the small
bias voltage region (discussed in detail in connection with
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Figure 10. Constant-current plots (“diamond plots”) for the
symmetric contact according to eqs 71 and 72. y = 1/2; E.[2kgT =
10; A = 0.5.

Figure 9A) to the large bias voltage region. As follows from
Figures 1, 3, and 4 in ref 271, the large bias voltage region
is identical to the adsorption region for 7y = 0 so that curves
1—3 are arranged according to values of A in this region.

An approximate equation similar to eq 70 can be obtained
also in the nonadiabatic limit with j, = \/ 2emicpkpT(wes!
2m) where it is implicitly assumed that the coupling with
both electrodes is approximately the same. Equation 70
allows plotting the lines of constant current (“diamond
plots™). A parametric form is useful

E, s
leVy = 4kgT|In A + T, T +1n COSh(ZkBT) (71)
_ 1 r S
eén=sk (5~ yftkyT|In A+ Wt cosh(ZkBT) (72)

where s is a running variable and A = j/j, = const. The signs
plus and minus correspond to positive and negative values
of the bias voltage respectively. When y = 1/2 the plots are
symmetric (Figure 10).

3.5. Two-Center Molecular Redox Targets

The first theoretical discussion of tunnel contacts with a
two-center molecule confined in the tunneling gap in vacuum
was given by Aviram and Ratner.?’® They showed qualita-
tively that the current/voltage characteristics in a vacuum
system can be asymmetric with respect to the sign of the
bias voltage thus demonstrating a sort of molecular scale
rectification. The suggested mechanism rested on the as-
sumption that the two centers of the bridge molecule are
located in a sequence between the electrodes and each center
possesses a vacant electronic energy level. The asymmetry
of the current/voltage characteristics is based on the specially
designed nonsymmetric location of the electronic energy
levels with respect to the Fermi levels of the electrodes.
Molecular rectification has recently been overviewed.'®!

A bridge molecule with two redox groups in the tunnel gap
of an electrochemical contact has attracted attention due to
advantages of this environment compared to vacuum. Most
important is the possibility to control the position of the energy
levels with the independent variation of two electrode potentials
(overpotential and bias voltage) and the fact that this system
can operate under ambient conditions (in condensed media at
room temperature). This system offers a large variety of physical
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situations related with the fact that each redox group may exist
in two valence states (reduced and oxidized).

Theoretical and experimental studies of these systems have
been reported***** with focus on the nonadiabatic and partially
adiabatic limits.**>~2%> Tunneling through resonance states of
mobile molecular groups at the electrodes were reported in ref
282. In both cases a maximum of the current as a function
of the bias voltage was predicted. A main experimental
result*®* is a sigmoidal curve for the current/bias voltage
characteristics and a maximum of the current/overpotential
relation in the neighborhood of the equilibrium electrode
potential. Calculations of sequential stepwise electronic
transitions between redox groups with full relaxation of the
intermediate states result in both diode-like and transistor-
like effect.”**

3.6. Low-Temperature Behavior of a Multilevel
Molecular-Scale Bridge

An interesting system representing a variety of physical
situations is represented by a single center redox bridge
molecule with two closely located electronic energy levels
& and £,.°° This is a particular case of multivalent molecules
with several redox states. The limit of strong coupling of
the redox group with both electrodes and with the bath
phonons (g,) was considered in*® neglecting interaction
between the electronic states. A simple adiabatic free energy
profile form along a single reaction coordinate ¢ is

U@ = Shod’ —hoyf) dgin@g + @l T3

where g, and g, are the electron—phonon coupling constants
and we the effective phonon frequency. The occupation
numbers of the electron energy levels n,(g) and ny(g) that
depend explicitly on g and are calculated with the use of
the Anderson-like model, eqs 65 and 66. The tunneling
current at each given g value is given by

2

f@=ey T,
b=1
Eg — &g, — hg,g — eEn(t) + e(1 = y)Vy,, (O
arctan A —
b
Eg — &g, — Mo gyq — e81(1) — ey Vi (1)
arctan A
b

74

where & and y quantify the effect of the overpotential and
bias voltage at the site of the redox group and

T — iALbAbR
VT AR A,
where Ay, and Ay, are the couplings of the electronic states
of the redox group with the left and right electrodes,
respectively.

The steady-state current at room temperature is obtained
by averaging eq 74 over the equilibrium distribution for the
g coordinate, cf. section 4.2’" Computer simulations with
stochastic motion along the adiabatic free energy surface can
also be undertaken.>’> An interesting behavior may be
observed at low temperature where the activation processes
are strongly suppressed and only relaxation along the ¢
coordinate allowed.”® Peaks and steps in the current/time
dependences can appear depending on the relationships

(75)
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between the physical system parameters due to the sequential
passage of the electronic energy levels through the energy
window between the Fermi levels of the electrodes in the
relaxation process along the ¢ coordinate.>® The peaks may
be highly asymmetric if the variation of the overpotential or
bias voltage is much slower than the characteristic relaxation
time along the ¢ coordinate.***%

A sort of avalanche mechanism may operate when several
closely located electronic levels interact with the same
vibrational coordinate. The relaxation of the lowest energy
level toward the reduced (occupied state) will then “draw”
excited energy levels sequentially through the energy window
with transition of a large number of electrons in a single
relaxation step. This multilevel mechanism is different from
the avalanche caused by vibrational excitation in the bridge
group by sequential passage of several electrons through a
single bridge group energy level.”®® The latter crucially
depends on the vibrational relaxation time and appears as a
random process. The multilevel avalanche is, however,
independent of the vibrational relaxation time and appears
at each reduction and oxidation step.

The relaxation along the g coordinate (if not observed
directly in the current/time measurements) can be reflected
in the steady state current as hysteresis in forward and reverse
cyclic potential scans.>® Some qualitatively similar observa-
tions were subsequently reported.”

3.7. Redox Switching of the Bridge Molecule

A different dependence of the tunneling current compared
to that described in sections 3.4.1 and 3.4.2 is expected if
dramatic changes in the electronic or conformational states
of the bridge molecule accompany the reduction/oxidation
process.”'~7*!8¢ This may result in a change of the average
conductivity due to the change of the redox state of the bridge
molecule with the variation of the potentials’'~"> Spontane-
ous transitions between two redox states of the bridge
molecule may then take place, resulting in random spontane-
ous increase and decrease of the conductivity in time at fixed
overpotential and bias voltage.”>"?

A change of the conformation of the bridge molecule
caused by reduction or oxidation is often considered as one
of the reasons for the change of its conductivity. This may
lead to a change of the electronic properties of the molecule
itself or to a change of its contacts with the leads. In any
case the change of the conformation (if any) is a considerable
intramolecular reorganization which affects also the rate of
the transition between the oxidized and reduced states. In
the harmonic approximation this effect is reduced to a change
of the reorganization energy. Methods of incorporating
anharmonic modes have also been developed.?®® If the
conductivity of the bridge molecule is different in two redox
states the average steady-state current through such a
molecule will be described by*¢*%’

jt :joxcox +jredCred (76)

jox and Cox and jq and Crq are the currents and
“concentrations” of oxidized and reduced forms.
Under steady-state conditions the concentrations are

kredﬂox k

Cox = k +k ; Cred =

red_ox ox_.red

ox_red

+k

ox_.red

T (77)

red_ox

Using approximate expressions for the rate constants at
small overpotential and bias voltage and neglecting a possible



ET in Electrochemical Environments

s sl

. 1 . 1 " i " }
-10 -5 0 5 10

esnlk T

Figure 11. Dependence of the tunneling current on the overpo-
tential according to eq 78. eViias = 4kgT = 0.1 eV, jred(Viias)/jox(V)
=6.1:y=03;2:y=0.7.

difference in the reorganization energies for the electron
exhange at the left and right electrodes the following current
form is obtained®®’
! +
e&n+e(y — 0.5V,
kgT

jt :jox(vbias)

1+Zexp[

1
ekn+te(y— O.S)Vbias]

jred(vbias) (78)

1+0.5 exp[— T
B

A possible dependence of the currents jox and jiq on the
overpotential is neglected. Equation 78 describes a sigmoidal
dependence of the current as a function of overpotential,
Figure 11. The derivative of the current/overpotential cor-
relation discloses a maximum in the vicinity of the equilib-
rium potential. Correlations of this type have been observed.®”-'%¢
Figure 11 demonstrates switching between two conductivity
levels in a narrow potential range.

3.8. Noise in Bridge Molecular Tunneling
Contacts

The study of noise effects offers other information about
molecular junctions.”* The total number of theoretical reports
on noise in tunnel junctions is large. The number of studies
of bridged and quantum dot contacts with interaction of the
bridge group or quantum dot electronic states with phonons
is, however, much smaller”> and with the low-temperature
limit and inelastic effects related to the excitation of phonons
usually in focus.

At the present level of experimental techniques the zero-
frequency noise S is the most promising. The noise is usually
proportional to the current /

S=2elF (79)

where F is the so-called Fano factor. Theoretical calculations
of the noise are usually based on numerical approaches.”
The cases of weak and strong coupling with phonons have
been analyzed. Opening of inelastic resonant tunneling
channels for the weak-coupling limit were found either to
increase or decrease the Fano factor depending on the
symmetry properties of the contact.”” As a rule results for
strong electron—phonon coupling were obtained for weak
interactions of the bridge molecule with the leads.”> A main
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phonon peak and sidebands in the noise dependence on the
bridge energy are predicted.

3.8.1. Shot Noise

Simple analytical expressions are available for the shot
noise of quantum dot contacts.”®” The method in ref 287
was used in** to calculate the shot noise of the redox-
mediated contact. Simple expressions were obtained for
sequential ET>%°

2 2

keg” tk
Seql@ = 0) = 2l ———=— (80)
(ksg + kpp)
which operates both for weak electronic coupling with the
source (S) and drain (D) electrodes, and for the coherent
mechanism

2 2

ksg” Tk
S (@ =0) = dnel—2—L2_

(ks + kpp)’

that operates when the coupling is strong. ksg and kgp are
the rate constants for ET between the molecular bridge group
and the source and drain electrode, respectively.

Equation 80 reduces to the Schottky formula if one of the
rate constant is much larger than the other (then F = 1) while
the same limit in eq 81 gives a twice as large result. This is
related to the different physical mechanism of the transition
in the two cases.”® In the first case this limit corresponds
to a Poisson process where the reduction and oxidation steps
occur in pairs resulting in the transition of one electron from
the source to the drain. In the second case the same process
leads to the transition of a large number of electrons in each
step (reduction and oxidation).

Figure 12A shows the dependence of the Fano factor on
the overpotential caused by the corresponding dependences
of the rate constants.

(81)

3.8.2. Telegraphic Noise

If two redox states are characterized by different values
of the conductivity of the contact, the transitions between
these states will produce so-called telegraphic noise.”* The
expression for the zero-frequency telegraphic noise of the
redox-mediated contact is**>

S(w=0)= 4COxCRed(6j)2/(ko/r +k,)=
ko/rkr/o

(ko/r + k1/0)3

where (SJ = jred(Vbias) - jox(vbias) = 5OV ko/r and kr/o are the
rate constants for redox group reduction from the source
electrode and for reoxidation of the reduced level by the drain
electrode, respectively. It is assumed that the difference of
the conductivities 0o is independent of the overpotential and
bias voltage. Equation 82 describes a curve with a maximum
in the overpotential dependence, Figure 12B. It is seen that
the effect of the bias voltage is nonmonotonous. Small bias
voltage enhances the noise whereas large values suppress
it. It follows from eq 82 that the noise increases with
increasing reorganization energy, i.e., with increasing “phonon”
coupling strength.

40j)° (82)
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3.9. Double Tunneling Contact with a Redox
Group (Redox Molecule/NP Hybrids)

Double tunneling contacts in vacuum are most frequently
used for the study of the Coulomb blockade.”®® The first
experimental study of in situ double tunneling contacts of a
new type was reported in.'*® One of the contacts represented
an ordinary tunneling contact between a nanoparticle and
an STM-tip while the other one was a redox-mediated contact
between the Au-nanoparticle and a substrate electrode. A
theory of the operation of such a contact when the nano-
particle is large enough to avoid Coulomb blockade effects
was offered in ref 289. The current/voltage characteristics
is calculated according to

I(Viia) =H(VD=0(Vy); Vs =Vt V, (83)

where i; and i, and V; and V; are the currents and potential
drops across each contact.

The following features were disclosed: (1) a resonance in
the differential conductance as a function of the bias voltage,
(2) dependence of the resonance position on the overpotential
(gate voltage), (3) a maximum in the current/overpotential
relation, and (4) a bias voltage effect on logarithmic slopes
of the current dependence on the tunneling distance.

Coulomb blockade effects appear when the nanoparticles
are small. However, both the effect itself and the conditions
for its observation are different from vacuum contacts.**
The effect appears as steps in the logarithm of the current
as a function of the voltage rather than directly in the current/

voltage dependence.”*® An approximate current form is**°
. W g E —eV
.adiab eff T 1
i =en(eV, )= exp ——)
tunn ext 2.7-[ 4kBT
1
(5 - )eV1 — ey
cosh™! (84)

2kgT
where V.. is the applied potential and V| = Vi Co/C, the
potential drop across the first, redox mediated contact

C
Vo)=Y OV 2= (4] (89)

C, is the capacitance of the second contact, C;, = C; + C,

and 6(x) the step function. Another recent case of single-
246

particle in situ Coulomb blockade™™ will be discussed in

section 5.
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3.10. Some Concluding Observations on Redox
Mediated Single-molecule Contacts

The expressions for the current in the nonadiabatic limit
take into account only sequential electronic transitions with
the probabilities calculated in first order in the interactions
with the metals. The adiabatic tunneling current involves both
resonance and off-resonance electron tunneling, the latter
commonly denoted as superexchange. This notion goes back
to the early theory of bridge-assisted ET in bulk solution.**®
Similar processes in solid state contacts have been denoted
“co-tunneling”.?%°

As noted, section 3.1 reports of experimental work on in
situ tunneling through a redox molecule have appeared
recently,® % in some cases showing a strong tunneling
current maximum close to the equilibrium potential. The
dependence of the position of the maximum on the bias
voltage was studied in refs 124, 125, 269, and 280. The
dependence of the maximum tunneling current position on
the bias voltage was linear with a slope close to —0.5 for
the osmium complexes.”*® Taking into account that the data
were plotted with the use of the overpotential 7, = ¢ —
@f, the sign of the slope must be changed when eq 54 is
used. As noted, the slope 0.5 is typical for a symmetric
contact where y(z; Ly) = v(L — z; Lq) = y(L/2; Lg). Unfor-
tunately there were not enough data to determine the absolute
value of y(L/2; Lyg). The Os-based system also showed the
“boost” of a large number of electrons expected when the
electronic interaction between the redox molecule and the
enclosing electrodes is strong.2¢%:2¢?

The tunneling current through a single azurin molecule
attached to a gold electrode also showed an approximately
linear dependence of the maximum position on the bias
voltage with the slope approximately equal to —0.5.'>*12
This would correspond to a redox center located sym-
metrically within the tunneling gap (S = 1/2 in our present
notation) or to another location in the case of strong screening
(8§ & 1/2). In spite of the scatter of the data some observations
concerning the width and the height of the maximum are
appropriate. The width of the maximum increases with
increasing bias voltage (from 50 to 300 mV). The height of
the maximum also increases which is in keeping with general
predictions of the theory. These results were fitted in'*> with
the use of the approximate eq 52 (with @ = 0) within the
sequential stepwise mechanism. The electronic coupling
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Figure 12. (A) Dependence of the Fano factor on the overpotential according to eqs 80 and 81. y = 0.3, (1) eViias = 2kgT, (2) €Viias =
8ksT, (3) eViias = 20kgT. (B) Dependence of the telegraph noise on the overpotential according to eq 82.
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Figure 13. Left: Dependence of the tunneling current on overpotential in the totally nonadiabatic regime calculated according to eqs 1, 20,
and 22 with E, = 0.1 eV, y =~ 0, § ~ 1 for different values of the bias voltage normalized to j,, = K, kY = kR: (1) Viias= 50 mV; (2) 100
mV; (3) 200 mV; (4) 300 mV. Right: Dependence of the tunneling current on overpotential in the totally adiabatic regime calculated

according to eqs 62-68 with E, = 0.1 eV, y = 0,

&~ 1, A = 0.025 eV for different values of the bias voltage normalized to j, =

2eAL AR/t AA, AL = Ag: Viies = 50 mV; (2) 100 mV; (3) 200 mV; (4) 300 mV.

matrix element was also used as a fitting parameter.
However, there are no reasons to assume that the matrix
element depends significantly on the bias voltage.

The current/overpotential dependences were calculated in®®
at different values of the bias voltage with the use of exact
equations for the strong and weak coupling limits (eqgs 1, 5,
20, 21, 23, and 60-67) keeping the electronic matrix element
(and therefore A) constant. Figure 13 shows that the
experimental data in'*> are reproduced rather well with
respect to the width of the current/overpotential maximum.
It was assumed that the Debye screening is strong so that y
~ (0 and & ~ 1. The reorganization energy was chosen to be
0.1 eV in both limits. However, the ratio of the current
maximum values for the values of the bias voltage 300 and
50 mV are about twice as large as the experimental value in
both cases. These calculations thus do not allow discriminat-
ing between the weak and strong coupling limits for the data
in ref 125.

4. A Primary Target Class: Small Nonredox
Molecules

4.1. Self-Assembled Molecular Monolayers:
Nonredox Paradigms

In addition to surface structural mapping, surface func-
tionalization by self-assembled molecular monolayers (SAMs)
of molecules with systematically variable surface groups is
extremely important. This perspective can be linked with
comprehensive surface studies by UHV methods (ex situ
methods). Electrochemical SAM formation is not restricted
to surface structure characterization but extends to the
electrochemically controlled dynamics of molecular SAMs
where, e.g., two-dimensional phase transitions have been
studied.>*"**? The evolution of SAM formation in real time
with molecular-scale identification of several kinetic phases
and intermediate states®>?%* is another aspect of electro-
chemical SAM dynamics.

The perspectives of UHV or electrochemically controlled
SAMs are often related to surface technology in contexts of
analytical chemical devices (chemical “sensing’), corrosion
protection, nanoscale “electronic devices”, etc.'07-168 we
address here instead fundamental properties of electrochemi-
cal SAMs which are in some way “functionalized”. Func-

tional groups can be nonredox groups but electrochemically
active surface group properties such as capacitive voltam-
metric properties®* are indicative of subtle surface molecular
dynamics. Functionalized SAMs are also important as
supports for other immobilized active molecules such as
redox metalloproteins and metalloenzymes with highly
surface sensitive ET and enzyme function. In a second major
SAM class the SAM molecules themselves contain an
electrochemically active redox center that arouses other
electronic properties addressed in Section 5. In view of the
voluminous literature on nonredox molecular SAMs in UHV
(e.g., see refs 167 and 168) our focus is on electrochemical
SAMs where the well-defined SAM-structure can be cor-
related with dynamic electrochemical features such as
potential induced molecular configuration changes or the
SAM formation process itself.

In the still few cases where given molecular adsorbate
molecules under both UHV and electrochemically in situ
conditions can be directly compared, strong environmental
effects have been observed. Solvation effects on electrostati-
cally charged adsorbates can be as strong as the chemisorp-
tion forces such as the Au—S bond in functionalized
alkanethiol surfaces.”® Further, even the identity of given
target molecules, say amino acids cf. section 4.3.1 is quite
different in the two environments.'®>2°>2°® Different elec-
trolyte media also induce different molecular SAM
packings.'®>272%8 The overall structural packing in molec-
ular SAMs and the accompanying, dynamics therefore rests
on a composite interplay between molecular adsorbate
binding, lateral intermolecular interactions, and interactions
between the molecular adsorbates and the solvent or elec-
trolyte ions.

4.2. Electrochemistry and In Situ STM Imaging
and Image Interpretation

High-resolution imaging of intermediate-size molecular
adsorbates in well-defined ordered SAM environments under
electrochemical potential control was introduced particularly
by Kolb,*Nichols,?**>% Wandlowski,>***! Tao,*** Itaya,>**=>%
and their associates. Target molecules include halide ions,
organic molecules, aromatic heterocycles such as pyridine
and bipyridine, nucleobases such as adenine and uracil, and
macrocyclic transition metal complexes**®—°° In addition to
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Figure 14. Overview of molecular structures and in situ STM images on Au(111)-electrode surfaces in aqueous buffer solution discussed
in the text. The images show: cysteamine,** cysteine,'®>-*° 1-propanethiol®*® and tert-butanethiol,>'® and homocysteine.?** Details in these

references.

image resolution at an amazing submolecular level, details
of lateral bonding, say hydrogen bonding networks, and
surface dynamics focused on two-dimensional phase transi-
tions could be mapped. Other electrochemical molecular
interfacial ET phenomena were also observed. Depending
on the electrochemical potential, in situ STM of porphyrin-
based molecules adsorbed on Au(111)-electrode surfaces
pretreated by iodide adsorption could, for example be brought
to show either the porphyrin molecules or the (iodide-
modified) Au(111)-electrode surface.>**

As (electrochemical) in situ STM rests on the electronic
conductivity of the molecules and not directly on surface
topography (“shape”), image interpretation must involve
electronic structure notions. Such understanding is quite
advanced for pure surfaces’*®3°” and for small molecular
adsorbates.??%93% However, extension of such computa-
tions to whole unit cells in ordered molecular SAMs, not to
say electrochemically controlled aqueous electrolyte poses
prodigious challenges.”® The case studies addressed below
illuminate openings and limitations along these lines. These
studies are based on variably functionalized alkanethiol
SAMs directed by the strong chemisorptive Au—S bond,
functional variability, and relative ease of preparation.
Alkanethiol-based SAM surface chemistry and physics under
UHV conditions has been reviewed.'®”-108:396397 The cases
below focus on functionalized alkanethiol SAMs in aqueous
electrolyte solution and under electrochemical potential
control.

4.3. Electrochemistry and In Situ STM of
Nonredox Alkanethiol-Based Molecules

The following alkanethiol derived adsorbates on well-
defined electrochemical Au(111)-electrode surfaces illustrate
aspects of surface structure reflected in molecular packing,
potential-induced configurational changes, and correlations

between molecular adsorbate structures and molecular con-
ductivity, Figure 14.

4.3.1. Packing Modes and Image Interpretation of Straight
and Branched Alkanethiols

Straight alkanethiols with no other functional end group
than the terminal methyl group constitute a prototype SAM-
forming molecular class. Comprehensive studies, mostly
relating to UHV have addressed the Au-binding sites
primarily on Au(111) and other low-index Au surfaces (3-
fold hollow, bridge, and atop as well as deviations from these
sites), tilt angle, and variable-length alkyl group packing
features.'®-'%396397 Iy view of the weakly solvated terminal
alkyl group facing the solution at aqueous electrochemical
electrolyte interfaces, much of this may carry over to
electrochemical aqueous electrolyte environment. Recent
studies of more composite alkanethiols with branched or
adamantane-based thiols illustrate, however, other aspects
of straight- and branched-chain molecular packing.***-'°
Two recent reports illuminate aspects of the subtle packing
features at the single-molecule level, Figure 15.%'°2!! zerz-
Butanethiol immobilized on electrochemical Au(111)-
surfaces, with 1-propanethiol and 1-decanethiol monolayers
as straight-chain references were studied by a combination
of electrochemistry, in situ STM, and theoretical and
computational methods.

Electrochemical reductive desorption of pure and func-
tionalized alkanethiols, i.e., the process

Au-SR+e —Au+RS" (86)

is a basic feature of alkanethiol-based voltammetry,'**'>

Figure 15 and below. The reductive desorption potential
reflects features of the Au—S bond strength. The peak shape
is at the same time a fingerprint of the SAM structural
homogeneity. The corresponding charge is a direct measure
of the surface coverage and a crucial factor in the in situ
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Figure 15. Top: In situ STM image, left, and reductive desorption
voltammogram, right of fert-butanethiol. Bottom: Similar in situ
STM image and reductive desorption voltammogram for 1-pro-
panethiol. Imaging in 5 mM ammonium acetate buffer, voltam-
mograms in 0.1 M NaOH. Reprinted with permission from ref 310.
Copyright 2006 American Chemical Society.

STM image interpretation.

Although fixed by the same fundamental Au—S chemi-
sorption base, branching of the alkanethiol leads to drastic
changes in the surface packing on electrochemical Au(111)-
electrode surfaces. Straight-chain alkanethiols adsorb in a
relatively simple (v/3 x +/3)R30° lattice, or as for the
reference molecule, 1-propanethiol, in a (2¢/3 x +/3)R30°-4
lattice.*'® Each unit cell holds one strong and three weaker
in situ STM contrasts, Figure 15. Such a pattern is indicative
of target molecules in different surface orientations. In
comparison the branched fert-butanethiol of roughly the same
structural length shows a (24/7 x +/7)R19° unit cell with
just a single molecule per unit cell, Figure 15. The purple
circles show missing single molecules. Interestingly, the
individual molecular rows are not strictly aligned but display
a slight zigzag packing feature indicative of two molecules
per unit cell. Another difference is that no pitting of the Au-
surface was observed, whereas extensive pitting is common
for linear alkanethiols.

The expectedly weak solvent interaction for these hydro-
phobic molecules has warranted electronic structural com-
putational analyses that disregard solvation effects.®'! This
has provided detailed understanding of the packing of the
branched alkanethiol and illuminated the difference from
linear analogues. The adsorption sites are different and the
Au—S bond on flat surfaces stronger than for linear al-
kanethiols, according with the more negative reductive
desorption potential. The stronger bond also bypasses al-
kanethiol adsorption to “mined” Au-atoms according with
the much less pronounced pitting. The more sparsely
populated (V7 x ~/T)R19° lattice compared with (V3 x
V/3)R30° for linear alkanethiol adsorption is understandable
from the steric repulsion among the terminal methyl groups.
The prevalence of a (2v/7 x ~/T)R19° lattice with two
molecules in the unit cell over a (\/ 7 x A/ 7)R19° lattice
with a single molecule as the origin of the observed zigzag
superstructure could finally be assigned to two almost iso-
energetic surface orientations with all the methyl groups in

Chemical Reviews, 2008, Vol. 108, No. 7 2763

staggered conformations but surface site and the S—C bond
orientations slightly different. This supports at the same time
the slightly different STM contrasts and the observation of
only a single sharp electrochemical reductive desorption
peak.

Comparative studies such as these based on both experi-
mental and theoretical single-molecule approaches have thus
disclosed a wealth of molecular-scale information. As a final
note of difference between similar-sized molecular mono-
layers of straight (1-propanethiol) and branched (tert-
butanethiol) alkanethiols, simple electrochemical ET reac-
tions ([Fe(CN)]*"*, [Co(phen);]****, phen = 1,10-
phenanthroline) at Au(l11)-electrodes modified by short
straight alkanethiol (1-propanethiol) SAM’s display almost
ideal diffusion controlled voltammetry.>'® The same pro-
cesses at Au(ll1)-electrode surfaces modified by ftert-
butanethiol display an intriguing asymmetry with the anodic
process notably favored. Electronic Au—S-based surface
states were invoked as a clue but the nature of these states
and their different appearance in straight and branched
alkanethiol-modified Au(111)-electrode environments remain
elusive.

4.3.2. Structural and Electronic In Situ STM Interpretation:
Cysteine, Cystine, and Homocysteine

Sulfur in the form of a thiol or a disulfide group is the
common feature of this amino acid family and leads these
molecules to bind strongly to Au- and other electronically
“soft” metal surfaces (such as mercury).*'*3'> At the same
time the other two functional groups, the ammonium and
the carboxylate groups lead to specific binding or surface
organization that depends sensitively on the environment
(UHV vs electrolyte medium, different electrolyte media, pH)
and on the structural homology of the molecules (cysteine
vs homocysteine).

Cysteine monolayers on metal/UHV and metal/liquid
surfaces have long been studied using a variety of surface
techniques.”®® By its composite surface (with both positive
and negative charges), cysteine (and its dimer cystine) has
also emerged as supporting linkers to immobilize redox
metalloproteins that retain their subtle functional activity in
the immobilized state.>***'?3 Recent studies have focused
on cysteine adsorption on single-crystal Au(111) surfaces
in different aqueous electrolyte media.>*>**’**® An interest-
ing observation is that voltammetry and in situ STM images
of cysteine and its dimer homologue, cystine appear indis-
tinguishable.?*> This suggests that cystine is dissociatively
adsorbed with the disulfide bond broken but conclusive proof
that this is in general the case has not been offered. The
attractive properties of the cysteine/cystine couple as core
targets in single-crystal adsorption and imaging to molecular
resolution have also warranted theoretical and computational
efforts that have helped to understand binding modes,
molecular surface orientation and other adsorption and
conductivity patterns of the molecules, 6296316317

While cysteine and cystine show largely similar voltam-
metry and in situ STM images on Au(111)-electrode surfaces,
the higher cysteine homologue, homocysteine, with one
additional —CH, group in the molecular backbone, Figure
14 behaves quite differently.”** Homocysteine has other
important roles in biology and clinical medicine associated
with its appearance in metabolic branching points. In
comparison with the many reported studies of cysteine
surface chemistry and physics, and corresponding reports
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Figure 16. Left: In situ STM image of cysteine on a Au(l11)-electrode surface. Five mM ammonium acetate, pH 4.6. Right; Linear
voltammetric reductive scan of cysteine monolayer on Au(111)-electrode surface. 0.1 M NaOH. Reprinted with permission from refs 165

and 295. Copyright 2000 and 2006 American Chemical Society.

relating to homocysteine are few.?** At the same time, the
structural flexibility caused by the additional —CH, group
evokes a completely different dynamic adsorption pattern
in which either the negatively charged carboxylate group or
the positively charged ammonium group can be brought to
approach the Au(111)-electrode surface.

4.3.2.1. Cysteine/Cystine Adsorption on Electrochemi-
cal Au(111) Surfaces. In situ STM of cysteine adsorbed on
Au(111)-electrode surfaces was introduced by Dakkouri et
al.>*” who observed («/ 3 x 3)R30° adlayer structures and
surface reconstruction lifting in perchloric acid solution. Xu
et al. observed (4 x +/7)R19° packing in the same perchloric
acid medium.?”® However, as cysteine in aqueous media is
a zwitterionic molecule, both the amine and carboxylic acid
groups can assume different charge states, sensitive also to
the composition of the ionic medium. A rather different
packing mode, i.e., a (3+/3 x +/6)R30° surface structure with
six cysteine or three cystine molecules packed by hydrogen
bonds and electrostatic forces was observed by in situ STM
in aqueous acetate buffer, pH 4.6."°2 Later UHV studies
of cysteine on Au(110) at cryogenic temperatures showed
individual clusters at the reconstructed (2 x 1) Au(110)
surface.’’® The reports in'®>**> illuminate multifarious
surface binding interactions of a multiply charged adsorbate
molecule and emphasize the importance of combining in situ
STM with voltammetry to obtain the overall surface coverage
as an important tool in the in situ STM interpretation.

Cysteine and cystine on Au(111)-electrode surfaces give
a sharp reductive desorption voltammogram that testifies to
highly ordered SAMs, Figure 16. In situ STM shows a highly
organized pattern, very different from those of nonfunction-
alized alkanethiols. By comparison with the voltammetrically
determined surface coverage, each superstructural element
is found to contain six cysteine molecules. The dark spots
in Figure 16 show single missing cysteine molecules.

Computational DFT-based analysis has illuminated the
cysteine binding modes and supported that the surface order
is controlled by electrostatic and hydrogen bonding inter-
actions. ®%316317 A_top adsorption of the approximately
electrostatically neutral Au—S cysteine radical state with the
carboxyl group facing the Au(111) surface both gives the
most stable configuration and accords best with the observed

images. Most configurations give a single, sulfur-dominated
STM image with significant contributions from nitrogen.
Detailed representations of the (strong) solvation effects were
not achieved but analysis showed that the attractive lateral
dipolar interactions screened by a continuous dielectric
medium stabilizes around a cluster size of six cysteine
molecules according with the images. This combined ap-
proach has therefore offered new insight into the composite
adsorption patterns of an intermediate-sized molecule in real
chemical or biological environments.

4.3.2.2. Potential Controlled Dynamics of Homocysteine
on Au(111) Surfaces. The cysteine homologue, homocys-
teine, shows intriguing differences from cysteine. The
additional —CH, group makes the molecule long enough that
it can “bend over” and either the carboxylate or the
ammonium group of the Au—S fixed molecule contact the
Au(l11)-electrode surface. At the same time, a pair of
reversible very sharp voltammetric peaks strongly suggests
that interconversion among such configurations close to the
potential of zero charge occurs.>** The peaks are capacitive
and sharp enough to resemble those of a phase transition. In
situ STM has mapped the conversion in real time. Ordered
domains appear close to the peak potential while complete
disorder prevails on either side of this potential, Figure 17.
Modeling based on these structural views indeed gives a
capacitive peak at the potential of zero charge but the very
narrow peak width can only be reconciled with the data if
phenomenological “cooperative” parameters are also in-
cluded.?** Electrochemically controlled homocysteine surface
dynamics therefore offer this molecule as a novel target for
molecular surface “switching” which may, for example be
combined with protein immobilization and configurational
control of metalloprotein surface function.

4.3.3. The SAM-Formation Process in Real Time:
Cysteamine and 1-Propanethiol

Other recent combined voltammetric, spectroscopic and
in situ STM studies have mapped, namely the whole SAM
formation process in real time to single-molecule resolution.
Several kinetic phases in the two-dimensional surface layers
of cysteamine could be followed directly in great detail from
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Figure 17. Left: Homocysteine molecular structure. Middle: Ordered homocysteine domains close to the potential of zero charge (pzc)
and disordered layers on either side of the pzc. Right: Cyclic voltammetry peaks of homocysteine SAM. Five mM ammonium acetate, pH

4.6. Details in ref 294.
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Figure 18. Left: Molecular structure of cysteamine. Middle: Cyclic voltammogram of cysteamine on Au(l11)-electrode surface. The
cathodic peak at —0.70 V (vs SCE) is caused by reductive desorption. The doublet around —0.40 V was assigned to catalytic proton
reduction.®® Right: In situ STM image of full cysteamine monolayer on Au(111). Five mM ammonium acetate, pH 4.6. Ar-atmosphere.
Reprinted with permission from ref 33. Copyright 2005 American Chemical Society.

the pure reconstructed (+/3 x 22)R30° Au(111)-surface right
up to the fully formed ordered (+/3 x 4)R30° cysteamine
adlayer in an overall approximately 30 min’ process.
Reconstruction lifting, random cellular networks, disordered
monolayers, pit formation and erosion, step edge dynamics
and island formation are all intermediate states that could
be imaged along the way to full monolayer formation.

Cysteamine, Figure 18, is a simpler functionalized al-
kanethiol than cysteine, with the ammonium group as a single
terminal functional group opposite the linking thiol group.
Like cysteine, cysteamine is an efficient linker for metallo-
protein and metalloenzyme voltammetry and has been a
target molecule in biofuel cell and biosensor contexts.®'®
Cysteamine on polycrystalline and single-crystal Au-
electrode surfaces has been addressed by a variety of surface
spectroscopy.’'?2?® Cysteamine is also an example that
nonredox molecules display strong voltammetric signals other
than reductive desorption, cf. homocysteine. It is probably
the first case where the in situ STM images have been
supported by state-of-the-art theoretical computations that
include both DFT and molecular dynamics computations with
an adequate number of solvent water molecules included.>
These efforts have pointed to the importance of solvation
forces comparable in strength to the central Au—S bond
immobilizing the solvated electrostatically charged alkanethiol-
based molecule.

Figure 18 shows a voltammogram of cysteamine on a
Au(l11)-electrode surface. The cathodic peak at —0.70 V

(vs SCE) is the reductive desorption. The peak around —0.40
V was assigned to catalytic proton reduction. The doublet
nature of the peak is indicative of the coexistence of two
cysteamine conformations, Figure 19 supported by both in
situ STM and the theoretical computations.*

The equilibrated monolayer, Figure 18 shows a strong and
a weak in situ STM spot in the unit cell. Each represents a
single cysteamine molecule, indicative of two differently
conducting molecular surface conformations. The stronger
contrast accords with through-bond conductivity of a mol-
ecule in an upright orientation. The weaker contrast may
involve partial through-space or through-solvent conductivity.
This expectation was notably borne out by the combined
molecular dynamics and structure optimized DFT computa-
tions,® Figure 19. Out of a large number of molecular
conformations, a single one accorded with the in situ STM
images. Most others showed no resemblance at all. Two
different contrasts were computed. The large assembly of
water molecules were moreover found to determine crucially
the packing. The two contrasts indeed reflect cysteamine in
upright and slightly more tilted orientations. The contrasts
are at the site of the ammonium group which is the molecular
fragment closest to the STM tip but with significant electronic
density contributions from the bound sulfur atom laterally
displaced from the ammonium group. The apparent height
difference of the protonated nitrogen atoms above the surface
was found as 0.6 A which could be reconciled with the
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Figure 19. Left: Cysteamine in two surface orientations. Right: Combined molecular dynamics and structure optimized DFT computation
of a full cysteamine unit cell and a large number of water molecules. A single one of the unit cell structures addressed accords with the in
situ STM images. Reprinted with permission from ref 33. Copyright 2005 American Chemical Society.

voltammetric splitting of the —0.40 V peak from correspond-
ing electrostatic image forces.

Comparable detail in real time molecular-scale SAM
formation mapping by in situ STM was observed for
1-propanethiol*”® Physi- and chemisorption, pit formation
and evolution, and domain growth were identified intermedi-
ate steps and represented as real time movies toward full
SAM formation. Four 1-propanethiol molecules per (2+/3
x 3)R30° unit cell could be identified, each giving a different
in situ STM contrast. Cysteamine and 1-propanethiol have
thus pointed to the feasibility of mapping structural and
dynamic detail of intermediate-size molecular SAM’s to
atomic or molecular resolution directly in aqueous solution
under electrochemical potential control. Cysteamine is prob-
ably so far the only case for which the whole variability of
voltammetry, in situ STM, and other spectroscopic techniques
have been combined with large computations to disclose all
the structural details of the electrochemical in situ adlayer
as well as mapping the adlayer formation process.

4.3.4. Thermally Gated Single-molecule Conductivity of
Nonredox Molecules

Electronic conductivity and STM of nonredox molecules
involves still another aspect, i.e. the role of the conforma-
tional and other intramolecular dynamics in the conduction
process. The molecular conductivity is determined not only
by the equilibrium molecular structures but also by the
instantaneous, nonequilibrium conformation caused by ther-
mal fluctutations induced by interactions with the solvent,
gas ambient or even phonons of the enclosing electrodes.
“Gating” is a common notion assigned to these phenomena,
long known in molecular charge transfer (ET and proton
transfer) science.?’>?%® “Gating” implies that a structural
nuclear equilibrium configuration exists along with a distri-
bution of other configurations of higher but thermally
accessible energies. Tunneling through the minimum energy
configuration is unfavorable compared to the higher energy
conformations which offer more facile tunnelling in return
for thermal activation due to better electronic overlap or
smaller energy gaps between the Fermi levels of the
electrodes and appropriate molecular HOMOs and LUMOs,
section 3.'°17167 Apparent thermal activation energy of the
conduction process is a crucial reflection of gated molecular
conductivity of nonredox molecules. “Apparent” means that
the conducting structural molecular entity itself, i.e. the
molecular conformer(s) change with temperature. These
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Figure 20. The Iyn(?) and [yn.(z) principle, schematically.
Reprinted with permission from ref 163. Copyright 2007 American
Chemical Society.

features resemble a separate “chemical reaction step” prior
to the tunneling conductivity step.

Thermally controlled gating of single-molecule conduc-
tance has been explored by Haiss, Nichols, and their
associates'®"'®* Accompanying theoretical frames have been
offered in refs 272 and 277. Haiss, Nichols, and associates
developed single-molecule techniques where the tunneling
current through a single molecule (or a few molecules) are
followed in time or by vertical retraction of the tip from the
surface.'®12 An STM Au tip was brought to approach a
(well-defined) Au surface onto which sulfur-linked molecular
targets are immobilized. An exposed sulfur-based second
molecular linker unit would then catch the approaching tip.
This process could be followed either in real time, #, or once
(a) molecule(s) caught, other features such as tunnelling
current/distance (z) or current/voltage spectroscopy could be
recorded, Figure 20. An important point is that a single or a
few molecules at a time are caught. Stochastic features of a
single- or few-molecule system are therefore recorded. This
issue is important in comparison with single-molecule
patterns of molecules in ordered monolayers where conduc-
tivity and thermally induced gating features are different.

As an illustration, Figure 21 shows apparent Arrhenius
plots of variable-length single-molecule conductivity. The
apparent activation energy increases conspicuously with
increasing chain length, all merging into a single point close
to zero at the y-axis of a chain length correlation. This pattern
is closely in keeping with thermal gating notions. Other
recent data by Haiss, Nichols, and associates have supported
these views by studies of structurally more rigid dithiol-based
molecules which show much weaker temperature effects.*!



ET in Electrochemical Environments

25 v T T

20}

15

~e>a>'~ H-a-wo;gH
;}4

-
[=]
T

o
C)
T

%
'%

In(s,,/nS)

‘é
"%
%

o
o
T

POT

HOT j
i %
00030 0.0032 0.0034

TYK'

Figure 21. Logarithmic plot of the single-molecule conductance
of several alkane dithiols against the inverse temperature. PDT =
1,5-pentanedithiol, HDT = 1,6-hexanedithiol, ODT = octanedithiol,

NDT = nonanedithiol. Reprinted with permission from ref 248.
Copyright 2006 The Royal Society of Chemistry.
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5. Redox Molecules and New Electrochemical
Molecular Tunneling Paradigms

5.1. Single-Molecule Electrochemical Tunneling
Spectroscopy of Redox Molecules

The importance of accessible redox levels in the tunneling
current/voltage patterns of molecular-scale contacts is rec-
ognized in solid state molecular electronics, section 2. The
charge state of the redox molecules is, however, hard to
assess when charge transport through the molecule is
controlled solely by two enclosing electrodes. Such configu-
rations have mostly been in the focus of solid state molecular
contacts but solid state three-clectrode field effect (FET)
devices with a controlling gate electrode have also been
constructed.

As noted, three-electrode electrochemical configurations
with a reference electrode hold close analogies to the FET.
Miniaturization to the molecular scale is offered by electro-
chemical in situ STM and by nanogap electrode configura-
tions, Figure 1. Electrochemically controlled molecular
conductivity implies that a conducting, usually strongly polar
medium is the environment. This would be a challenge but
is not prohibitive in perspectives for electronic devices. With
this analogy, the two key correlations in single-molecule
electrochemically controlled molecular conductivity, are then,
cf. section 3: (a) The tunneling current/overpotential cor-
relation at fixed bias voltage; this is the correlation closest
to interfacial electrochemical ET and equivalent to the FET
current/gate potential correlation. (b) The tunneling current/
bias voltage relation at fixed electrochemical overpotential,
equivalent to the current/bias voltage relation at fixed gate
potential in the FET.

In the present Section we overview some molecular-scale
systems that accord broadly with the notions of two-step
single-molecule interfacial electrochemical ET. The systems
display, however, “non-traditional” features associated ex-
plicitly with the single-molecule nature and electrochemical
nanogap configurations with no immediate analogues in
macroscopic interfacial electrochemistry. Electrochemical
tunneling spectroscopy in the sense of single-molecule
tunneling current/overpotential correlations was pioneered
by Tao’s report on Fe-protoporpyrin IX,** followed by other
studies addressing a variety of molecular organic and
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inorganic systems and accompanied by increasingly precise
theoretical frames. Reported systems that follow the basic
views of single-molecule interfacial electrochemical ET
include (1) metalloporphyrins,®*-***=3% (2) organic aniline-
and polyaniline-based molecules,®2*3%? (3) other organic
molecules, the viologens in particular,®”**'%3 and (4) transi-
tion metal complexes in different binding modes and
microenvironments,*~8>-112:113. 1797181219 yye address these
system classes below. The evolving area of single-molecule
metalloprotein electrochemistry is addressed in section 6.

5.2. Metalloporphyrins and
Metallophthalocyanines

Tao’s study of Fe-protoporphyrin IX on HOPG electrodes
under electrochemical potential control®? showed, first in situ
STM images with single-molecule resolution. In situ STM
contrasts of the Fe-free ligand molecule far from the
equilibrium redox potential were indistinguishable from those
of the Fe-complex. As the electrochemical overpotential was
scanned across the equilibrium potential, at fixed bias voltage,
a clear spectroscopic feature in the form of a five times
current rise followed by a corresponding current decrease
was observed. The current was recorded as the apparent
molecular “height” of the in situ STM contrasts. The data
have been framed by a view of the process as coherent
resonant tunneling via the molecular redox center.”'” How-
ever, the whole pattern, particularly the maximum at the
equilibrium potential is in fact in keeping with the sequential
two-step ET view with no need for additional assumptions,
cf. section 3.

Lindsay and associates,'®* and Itaya and associates’
have reported in situ STM imaging of metalloporphyrins and
- phthalocyanines with different metal centers, sometimes
to amazing submolecular resolution. Similar resolution for
metallophthalocyanin complexes by ex situ STM were
reported by Hipps and associates.'%!8! Metalloporphyrins
are robust metal complexes stable in a variety of environ-
ments and offer a multitude of metal- and ligand-based redox
processes. The metalloporpyrins may be expected to come
forward as a prototype molecular-scale “switching elements”
in electrochemically controlled molecular electronics. In situ
STM image interpretation, conductivity, and general elec-
tronic functionality of the metalloporphyrins are, however,
complicated by electronic spin changes and molecular
structural changes, say from four- to five-coordinate struc-
tures of the macrocycle that accompany the redox process.
While such features may complicate molecular electronics
considerations, they hold perspectives for understanding other
single-molecule electronic properties under well-defined
conditions.

303-305

5.3. Organic Redox Molecules in Electrochemical
Break-junctions

Tao, Lindsay, and associates, 39 92101,103.141,322.323 aqq
Nichols, and associates,3®'171%3 and Wandlowski and as-
sociates®” have developed “break-junction” technology where
nonredox and redox molecular conductivity at the level of
the single molecule can be obtained, Figure 20. The break-
junction appellation implies that a direct contact between a
STM substrate and tip or between nanoelectrodes via the
target molecules is established in a liquid environment by
mechanical interaction or by electrochemical metal deposi-
tion. The metallic or molecular contact is gradually weakened
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by tip retraction or electrochemical metal dissolution. In the
former case, just as the metallic contact is broken, target
molecules fill the molecular-scale opened gap. Tip retraction
when the molecular contact has been established can then
control sequential decreasing conductivity steps from mul-
tiple molecular contacts right down to a single-molecule
contact. Once this level is reached, tunneling conductivity
in two- or three-terminal STM or nanogap electrode modes
can be recorded.

Organic nonredox and redox molecules have been char-
acterized. Benzene dithiols and 4,4'-bipyridine have been
among the former.*®°° Perylene tetracarboxylic diimide
(PTCDT) and oligoanilines have been specific organic redox
target molecules.”’*>%?? There are some common features
that testify both to true single-molecule conductivity and that
the redox molecules follow the notions of sequential two-
step ET, but the precise understanding of other features
relating particularly to the notion of negative differential
resistance are more elusive:

(a) Tip retraction in liquid state STM showed a stepwise
conductivity decrease reflecting successive single-molecule
release from the tunnelling gap. The emerging single-
molecule conductance assumed much smaller values, say a
fraction of a nS than the fundamental quantum conductivity,
2¢*/h (=77 uS) where e is the electronic charge and 4 is
Planck’s constant. These features were also observed by
Haiss, Nichols, and associates.3%:101-163

(b) Single-molecule tunneling current/overpotential cor-
relations of redox molecules showed a maximum (oligoa-
nilines) or strong rise (PTCDT) around the equilibrium redox
potential 39232323 Thjs is understandable from the elec-
trochemical two-step ET notion but no detailed analysis is
available. Conspicuous noise reflecting the stochastic nature
of the single-molecule process was also observed.

(c) A negative differential resistance feature in the
conductivity/bias voltage around the equilibrium redox
potential is expected for electrochemical two-step ET. The
corresponding feature in the current/bias voltage correlation
is an inflection point, section 3. The different redox molecules
probed show, however, different patterns that can only claim
to be partly understood. The current/bias voltage relations
under electrochemical potential control are smooth and
nonlinear but with asymmetric rectification around zero bias
voltage.*** Such effects are expected when a low-lying redox
state controls the molecular conductivity process whether in
the sequential ET mode or by superexchange. A peak in the
current/bias voltage relation was, however, also reported for
the oligoanilines.>** This effect cannot be directly reconciled
with the electrochemically controlled two-step ET. This
discrepancy was noted.’”> Together with other reports,
section 5.5, these studies have opened a new area of single-
molecule interfacial electrochemistry. In some way these
observations have been preceded by theoretical recognition
and followed by other evolution of theoretical frames.

Single-molecule redox systems have opened another
perspective, i.e., the importance of fluctuations of observable
molecular properties, reflected in distributions of current/
overpotential and current/bias voltage correlations.®’-'83-273
A different kind of fluctuations is associated with random
electronic level population and depopulation sometimes
denoted as “telegraphic noise”, cf. section 3.8, known in
nanoscale metal-oxide-metal and semiconductor junctions’"’?
and in a polyaniline junction between a pair of nanoscale
Au-electrodes.”® This feature is directly associated with

Zhang et al.
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Figure 22. The core viologen redox unit MV>*"*,

stochastic forward and reverse interfacial ET between the
electrodes and the molecular redox states.

The following data are illustrative.”® Two-level electronic
switching between polyaniliine conducting (oxidizing “on”)
and nonconducting (reduced “off”) states was controlled by
the electrochemical potential. The system displays random
transitions between “on” and “off” states with millisecond
lifetimes at the small bias voltage of 20 mV. The amplitudes
depend on the electrode potential, ranging from a fraction
of a nA at low potentials to several tens of nA at high
potentials. This accords with sequential two-step ET when
the redox levels are close to the Fermi levels and the nuclear
reorganization free energy does not exceed a few multiples
of kgT. The average lifetimes of the “on” state and the “off”
states are

Ton = (ko/r)il; Toffz (kr/o)71 (87)

The current amplitudes at the single-molecule level is,
however, different from the steady state current given in
section 3.4 and given instead by

I z—rzﬁ
ampl ™ AL Ay A

Q

(88)

with the broadening following roughly the superexchange
energy dependence

|T£L”TA£R|
A= ——— (89)
(SF — Eox
An inverse relation between lifetime and amplitude is thus

expected.

Observation of the vacant “on” state entails that &,y is close
to the Fermi levels, at a given negative overpotential. If the
levels are too close the lifetime is too short to observe
fluctuations. Asymmetry arises as the occupied level is
trapped further below the Fermi levels than the vacant level
above the Fermi levels. The lifetime is therefore shortest for
the “on” state. The amplitude increases with increasing
negative overpotential due to the decreasing energy denomi-
nator in eq 89. These expectations are broadly as observed.

5.4. The Viologens

Viologens, Figure 22, are a class of quaternary aromatic
redox active pyridine molecules which have acquired a status
as targets in the electrochemical mapping of single-molecule
redox molecular conductivity.®”'°'~'%3 The viologen unit can
be reduced electrochemically in two steps of which the V2"
= V™ transition is the important one. Two variable-length
straight-chain pure or thiol terminated alkyl radicals conclude
the N coordination.

The viologens can be linked to a Au-electrode surface via
one of the thiol linkers. Several surface phases can form
including a low-coverage disordered phase and a high-
coverage, ordered but fragile monolayer phase. The adlayers
have been characterized by voltammetry, surface enhanced
infrared spectroscopy (SEIRAS) and in situ STM.87:161-163
The latter has been applied to single-molecule resolution for
both the isolated or highly dilute monolayer and of an ordered
adlayer at high coverage.
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Pt(111) or Au(111) substrate

Figure 23. Os and Co complexes on single-crystal Au(111)- and Pt(111)-electrode surfaces (schematic) as transition metal complex based
target molecules in single-molecule in situ STM and STS.

Single-molecule viologen conductivity was studied by
Haiss, Nichols, Van Zalinge, and associates'®!'~1%3 and by
Wandlowski and associates®’ using closely related Zyna(f) and
Lunn(z) modes of in situ STM, Figure 20. The viologen
molecule was linked to the Au-substrate via one of the
alkylthiol linkers. The second linker could either be an
identical alkylthiol group chemisorbed to the Au-tip giving
a symmetric molecule or a nonfunctionalized alkyl residue
with different conductivity patterns emerged.

Haiss, Nichols and associates further incorporated Au-
nanoparticles as a conducting intermediate between the
viologen probe molecule and the STM tip,'¢ as also
exploited by Lindsay and associates.** The different in situ
and ex situ STM current/voltage patterns disclosed conspicu-
ously different features depending on the microenvironment
(ambient gas, nonconducting solvent, or aqueous electrolyte)
and electrical circuitry (in situ three-electrode or two-
electrode Au-nanoparticle configurations).

Electrochemical in situ STM addressing isolated single,
doubly thiol-bound viologen molecules disclosed a pro-
nounced tunneling current rise as the equilibrium redox
potential was approached. However, both substantial inho-
mogeneous broadening and no direct resonance in the
tunnelling spectroscopic features were observed.'®® At the
same time, in an earlier study of the same molecule using
two-electrode STM technology and an inert solvent, and via
the Au-nanoparticle contact a pronounced resonance in the
tunneling conductivity/bias voltage relation was found,'®
almost certain to reflect a transition between the oxidized
and reduced viologen forms. Mechanistic details were
suggested but the two-electrode nature of the experiment
precluded a closer analysis. The data point to the hypersen-
sitivity of the conductivity of large and conformationally
flexible single molecules to the local environments, even
when the molecule is hooked on to the enclosing electrodes
by strong chemisorption.

Wandlowski and associates addressed several viologen-
based molecules®’ that included both the symmetric doubly
thiol-linked viologen molecule and the asymmetric analogue
chemisorbed only to the Au-electrode. Their observations
on the doubly linked molecule followed broadly those of
Haiss, Nichols and associates but also with some differences.
They observed for example a plateau in the current/
overpotential relation whereas no such plateau was reached

in the studies of Haiss, Nichols and associates. More
importantly, the asymmetric singly thiol-bound viologen
showed a quite different pattern with a pronounced maximum
near the equilibrium redox potential in the current/overpo-
tential correlation, following closely expectations for se-
quential two-step ET, section 3. Reasons for the difference
between the closely similar symmetric and asymmetric
molecules, and between the different environments (aqueous
electrolyte, organic solvent/nanoparticle) are presently
unsettled.

5.5. Transition Metal Complexes

Other transition metal complexes than metalloporphyrins
have emerged as tunneling spectroscopic targets. A class of
Os- and Cocomplexes, Figure 23 illustrates systematically
electrochemical single-molecule ET and in situ STM
spectroscopy.®+83:113:219.269 Complexes such as these are
attractive single-molecule ET probes. They are robust in at
least two electrochemically accessible oxidation states and
the ligand spheres offer a broad versatility for tuning redox
potentials over wide ranges. Chemical synthesis as well as
comprehensive other coordination chemistry support further
the availability of these molecular target systems. They have,
finally been addressed to the level of the single molecule in
different environments including UHV,''" aqueous
electrolyte®*#3-219-29 and ionic liquid media.'"?

The complexes adsorb in monolayers on Au(l111)- and
Pt(111)-electrode surface via N- or S-linker units. Ordered
domains among largely disordered areas are formed under
the conditions used but long-range order is not a prerequisite
for addressing these rigid molecules. The complexes show
monolayer voltammetry with features suggestive of coun-
terion and other specific effects. As a key issue, the
electrochemical kinetics of the Os-complexes is much faster
than for the Co complex with standard interfacial electro-
chemical ET rate constants >10° s™' vs &~ 10° s™'. This
follows patterns for electron exchange in homogeneous
solution and can be ascribed to significant intramolecular
nuclear reorganization and less favorable electronic coupling
of the Co complex to the enclosing electrodes. No significant
structural changes thus accompany the ET processes of the
Os-complexes, although intriguing metal-to-ligand charge
relocation does appear to do so*%
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Voltammetric patterns and kinetic analysis®®
are offered elsewhere. Figure 24, left shows an in situ STM
image of an ordered domain of the complex of the
[Os(bpy)a(p2p)2]>T*" complex (bpy = 2,2"-bipyridine, p2p
= 1,2-bis(4-pyridyl)ethane). The molecules seem, interest-
ingly to “stand on one leg” (linked via one of the two
equivalent monodentate ligands). Figure 24, right shows an
in situ STM tunnelling current/overpotential correlation under
conditions where the notion of small bias voltage applies,
section 3. This correlation shows the features expected for
two-step sequential electrochemical ET, particularly (a) there
is a strong maximum with close to 2 orders of magnitude
tunneling current on—off ratio, close to the equilibrium
potential; the width of the feature (200—300 mV) accords
with a value in the range expected in the confined space
between the substrate and tip. (b) There is a systematic, close
to linear variation between the peak maximum in the
tunneling current/overpotential relation and the bias voltage.
A systematic variation is expected as the molecular redox
center is exposed to part of the bias voltage drop. (c) Similar
spectroscopic tunneling current/overpotential relations are
obtained for two different Os-complexes, i.e.,
[Os(bpy)a(p2p)2]>*"*" and [Os(bpy)a(pOp)CII** (pOp =
4,4'-bipyridine) with widely different equilibrium redox
potentials, +0.62 and +0.23 V (SCE). The peaks are
displaced exactly by this amount along the overpotential axis,

Figure 24. (d) A Co complex that closely resembles the Os
complexes displays a STS feature of similar origin as for
the Os complexes but much weaker.?'® This can be assigned
to much slower interfacial electrochemical ET of the Co
complex compared with the Os complexes, cf. above. (e)
The latter correspondence has, finally a bearing on still
another issue of interfacial electrochemical ET in electro-
chemical in situ STM. The strong electronic coupling
between the Os complexes and the enclosing substrate and
tip electrode offers a case for coherent multi-ET in the
vibrational relaxation process of the intermediate molecular
electronic state, section 3.

A recent analysis could isolate the tunneling peak con-
ductivity of a single Os-complex molecule as for the
viologens, Figure 24.°%° At the same time, subject to
objective assumptions, the number of electrons transferred
in a single two-step in situ STM tunneling event was
estimated to several hundred electrons. The Os-complexes
therefore offer a case where a “boost” of electrons amplifies
the tunneling current switch effects by orders of magnitude.

The Os-complexes offer a probe system for highly efficient
tunneling current amplification based on single-molecule
interfacial electrochemical ET, operating at room temperature
in condensed matter environment. The latter has been
extended to ionic liquids closer to putative or real forthcom-
ing molecular-scale electronic components, Figure 25. Both
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amplification and strong overpotential dependent molecular
rectification, with up to 2 orders of magnitude rectification
ratios were observed.''® Current amplification induced by
electrochemical current/overpotential switching was also
studied for a ferrocene derivative,'®* and for electrochemical
current/overpotential relations of two closely spaced mercury
electrodes at which ([Ru(NHz)e]*T?" is successively oxi-
dized.*?® The latter effects do not refer to the single-molecule
level but do relate to nanoscopic and single-molecule redox
cycling as pioneered by Bard®*” and with recent contributions
by other groups.*?®3%°

6. Bioelectrochemistry at Molecular Levels of
Structural and Functional Resolution

Imaging of single biological macromolecules such as DNA
and proteins by STM was an early vision of the scanning
probe microscopies.'** Phosphorylase kinase and phospho-
rylase b,33° serum albumin,>3! immunoglobin G,>* vicilin,>*?
cytochromes,*** hemoglobin,®** catalase,®*® glucose oxi-
dase,>’ lysozyme,338 and the multicenter metalloproteins
nitrogenase®*® and photosynthetic reaction centers**° were
early cases for molecular resolution. This was, however, for
air ambient and often large bias voltages or, if in aqueous
solution then without electrochemical potential control.
Imaging of metalloproteins by electrochemical in situ STM
in aqueous buffer dates from the mid-1990s. Immobilization
of proteins in a functional state on the electrode/electrolyte
interface poses recognized challenges. The “soft” nature of
the biological macromolecules for which image resolution
cannot be expected to compare with that of small rigid
molecules is another important issue. As the molecules are
“large”, electric fields and pressure from the probing tip can
be detrimental to the protein. Large bias voltages as often
applied in early reports also means that multiple, little
selective tunneling routes through the protein molecules
compete with resulting congestion of the electronic conduc-
tivity-based STM contrasts.

Horse heart cyt ¢ on glassy carbon'?® and horseradish
peroxidase on electrochemically activated HOPG electrode
surfaces'* were the first cases for in situ STM of a
metalloprotein with molecular resolution. Target molecules
in other early reports of in situ STM of (metallo)proteins
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were covalently immobilized horse heart cyt ¢ on Au- and
Pt-electrode surfaces*' and P. aeruginosa azurin chemi-
sorbed on Au(111)-electrode surfaces.''® Other early reports
on metallothionin (rabbit liver),>*? rubredoxin (Clostridium
pasteurianum),343 and a thiolated cyt P-450 mutant on Au
surfaces®** although with molecular resolution, did not
address electrochemically controlled systems and do not
qualify for the notions of electrochemical in situ STM.

Proteins with given surface groups suitable for direct
chemisorption such as the thiolate and disulfide group
naturally present or introduced offer an attractive approach
to protein immobilization in well-defined orientations. Com-
promises may, however, be needed. The covalent, electro-
static, or hydrophobic surface linking group may be close
to the electrochemical redox center and this would support
facile electrochemical ET but is not necessarily favorable in
situ STM contrast. The latter may instead be achieved if the
linker group is more remote from the redox center which is
in return closer to the in situ STM tip.

6.1. Protein Film Voltammetry and Ordered
Surface Structures of Linker Molecules

Dynamic electrochemistry as a strong notion in adsorption
and interfacial ET of redox metalloproteins and metalloen-
zymes was introduced by Kuwana,>** Niki**® and Hill**’
about 30 years ago. Focus at first was on the three major
classes of the smaller ET proteins, the heme, blue copper,
and iron—sulfur proteins.””** Focus lately has been on
interfacial electrochemistry and electrocatalysis of more
composite redox metallo- and nonmetalloenzymes im-
mobilized in monolayers on pure and functionalized graphite,
gold, and other electrodes. Development of enzyme mono-
layer film voltammetry has followed several lines. Arm-
strong, Butt, Hirst and their associates*O#1:348-357 have
addressed comprehensibly the electrocatalysis of a number
of enzymes based on fast scan voltammetry and spectroscopic
methods. Target enzymes have been peroxidases,>" and the
multicenter redox enzymes hydrogenases,*®*' multiheme
nitrite reductase,'?”-3? and large membrane-bound enzymes
including fumarate reductase®> and succinate dehydroge-
nase,* Mo-containing nitrate reductases®> and sulfite
oxidase,*>® and beef heart complex 1.**7 Sequential ET steps,
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accompanying proton transfer, intermediates such as Mo(V),
and branched or bidirectional catalysis are features identified.
Other reports along these lines relate to mechanistic studies
of successive ET in laccase on gold electrodes,*® carbon
nanoparticle structures in the electrochemical contact between
laccase and pyrolytic graphite electrodes®>® and mechanisms
of the Mo-enzyme xanthine oxidase®*® Many studies on
redox metalloenzyme film voltammetry have been reported
by Gorton and associates®®'**? and by Scheller, Wollen-
berger, and associates.3033%4

In another direction Gilardi and associates have combined
metalloprotein and metalloenzyme voltammetry with bio-
technological approaches to electrochemically supported
biological ET chains.>®>3% Willner, Katz, and their associates
have developed protein and large enzyme immobilization by
other linking units that vary in size from the molecular to
mesoscopic levels such as metallic or semiconductor nano-
particles, and nanotubes.>>3%7-3%% The molecular linker func-
tion can be tuned to on—off function by optical interception
or by redox controlled charge states, and brought to control
electrochemical charge relay through biological electron
transport chain fragments such as a cytochrome c/cytochrome
c oxidase complex. Conjugation of ET signals in “hybrids”
between nanoparticles and the biomolecules holds other
perspectives for controlling the contacts between the external
circuit and broader biomolecular function including both
electron transport chains®-*%® and biomolecular “recogni-
tion”, protein based “nanocircuitry” and immunosensing.>®’
Gooding and associates have addressed aspects of this
comprehensive area focusing on electrode-protein contacts
via carbon nanotubes.>’® Still another novel aspect of
bioelectrochemistry and protein film voltammetry is related
to interfacial electrochemistry of totally synthetic proteins,
as developed by Dutton,*® Willner,*” Haehnel,”® Degrado,*”"
Jensen,>’* and their associates. This area of design and
synthesis of functional ET and catalytic proteins parallels
the introduction of novel physical electrochemistry particu-
larly in situ STM in bioelectrochemistry.

With a few exceptions, redox metalloprotein voltammetry
on gold surfaces is unstable or absent unless the electrode is
modified by chemisorbed monolayers of linker or promoter
molecules. The linker molecules are usually thiol-containing
molecules which adsorb strongly on the Au surface, Figure
14. The opposite end holds a functional group that interacts
“gently” with the protein, ascertaining that the protein is
immobilized in a well-defined orientation retaining full ET
or enzyme functional integrity. Strategies for specific linker/
protein interactions are broadly available but the interactions
are often subtle. Closely related linker molecules can induce
widely different protein voltammetric responses, and linker
groups with no immediate expectable protein compatibility
can arouse strong voltammetric signals (e.g., ref 136).
Surfaces of commonly used polycrystalline pure or func-
tionalized gold or edge plane pyrolytic graphite electrodes
obviously enable extracting molecular mechanistic informa-
tion far beyond redox potentials. The surfaces are, however,
inherently structurally ill-defined and restrict the use of other
surface techniques, particularly the scanning probe mi-
croscopies. Single-crystal electrode surfaces offer at the same
time improved voltammetric resolution and enable surface
structural characterization at the atomic or molecular level
directly in aqueous buffer solution.

Figure 14 showed in situ STM images of Au(111) surfaces
modified by a variety of thiol-based linker molecules, all
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Figure 26. Redox metalloproteins characterized by protein vol-
tammetry at single-crystal Au(111)-electrode surfaces and by
electrochemical in situ STM. Origin of three-dimensional structures
given as PDB file numbers. Reference numbers refer to the single-
molecule studies. Top row: The blue copper protein P. aeruginosa
azurin (PDB 4AZU, left),"'®'2° yeast (Saccharomyces cerevisiae)
cytochrome ¢ (PDB 1YCC, middle),"*"'*? and Pyrococcus furiosus
ferredoxin (PDB 18J1, right).'** Bottom row: A. xylosoxidans Cu-
nitrite reductase (PDB 1UAU, left)!*> and Escherischia coli deca-
heme nitrite reductase (PDB1GUS6 right).'”

forming highly ordered monolayers analyzed in structural
detail. By their different positively and negatively charged,
or hydrophobic and hydrophilic terminal functional groups
the molecules have been efficient promoters in protein and
enzyme voltammetry. Most of the linker molecules are stable
over broad potential ranges limited by reductive and oxidative
cleavage of the Au—S bond. High sensitivity to even traces
of molecular dioxygen is, however, frequently encoun-
tered.’’® In situ STM images such as these offer an
impression of the microenvironment in which immobilized
redox metalloproteins and metalloenzymes “in action”
operate.

6.2. Redox Metalloproteins at Bare and Modified
Au(111) Electrodes

Interfacial electrochemical ET of metalloproteins has been
reviewed extensively.*****?-*3! Figure 26 shows an over-
view of redox metalloproteins and metalloenzymes that have
been characterized by protein film voltammetry at pure and
modified single-crystal Au(l11)-electrode surfaces, and
further addressed by spectroscopic and other surface tech-
nique including particularly in situ STM under electrochemi-
cal potential control. Single-molecule focus has mostly been
on imaging but tunneling spectroscopy in both ex situ and
in situ STM or conducting AFM have also been reported,
cf. below. We attend to these systems in turn.

6.2.1. Pyrococcus furiosus Ferredoxin

Pyrococcus furiosus ferredoxin (PfFd) is a representative
of the iron—sulfur proteins as one of the three major classes
of ET metalloproteins, with the molecular mass 7.5 kDa and
a single [3Fe-4S]*" redox center, Figure 26. The thermo-
philic bacterial protein is stable in anaerobic environments
and retains biological activity even at 80 °C. The X-ray
crystal structure at 1.5 A resolution has become available.>”*
The protein is strongly negatively charged except for a
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Figure 27. PfFd on single-crystal Au(111)-electrode surface modified by a highly ordered mercaptopropionic acid monolayer. 5 mM
phosphate buffer, pH 7.0."**Left: Cyclic voltammogram corresponding to the [3Fe4S]”" couple. Middle: In situ STM image of ordered
MPA monolayer. Right: In situ STM image of PfFd molecules on the MPA/Au(111)-electrode surface. Reprinted with permission from ref

133. Copyright 2004 American Chemical Society.

positively charged “spot” around the surface-located [3Fe-
4S] center. Direct electrochemistry of PfFd and other
iron—sulfur proteins both in homogeneous solution and in
the adsorbed state (at polycrystalline electrode surfaces) has
been extensively studied (references in ref 133). Here we
focus on monolayer voltammetry, surface organization, and
in situ STM of PfFd at modified Au(111)-electrode surfaces.

Surface linking of fully active PfFd on a highly ordered
monolayer of mercaptopropionic acid, MPA is achieved,
Figure 27.'% The PfFd/MPA/Au(111) electrode gives a
single pair of redox peaks corresponding to the [3Fe-4S]%*
couple, Figure 27. Modification by binding to neomycin in
solution induces a second pair of one-electron peaks probably
corresponding to the [3Fe-4S]”~! transition. Linking of the
negatively charged protein to the negatively charged MPA/
Au(111)-surface points to local positive charges around the
surface [3Fe-4S] cluster and perhaps MPA-protonation as
determining factors.

Figure 27 also shows an in situ STM image of the PfFd
adlayer. As for PfFd voltammetry, in situ STM of this protein
requires strict anaerobic conditions. Electron transferring
protein molecules cover the whole surface, as seen by the
high density of bright spots. The 3.0—3.5 nm diameter
corresponds to the crystallographic dimensions of the PfFd
molecule and the structural surface density accords with the
coverage determined by voltammetry. The combination of
high-resolution voltammetry and in situ STM thus points to
a standing issue in protein film voltammetry, namely the
fraction of adsorbed protein molecules that retains voltam-
metric activity in the adsorbed state. This fraction is about
60% for PfFd/MPA/Au(111). A small part of the surface-
confined PfFd molecules appears as dimers, according with
the existence of similar dimer structures in the crystal lattice
of PfFd.>"

The single-crystal voltammetry, surface promoter sensitiv-
ity, and in situ STM of PfFd illuminate the highly increased
resolution in bioelectrochemical mapping of redox metallo-
proteins now available. In another recent study of the [4Fe-
48] form of PfFd, Heering and associates extended the single-
molecule aspect of this protein toward a biosensor
perspective.®’> The native and several mutant proteins were
immobilized in electrochemically functional states via surface-
exposed thiols on evaporated gold surfaces and were
characterized by voltammetry, XPS and AFM. While com-
plicated by nonelectrochemical gating and inhomogeneous

broadening features addressed in the report, the protein
largely retained functional integrity in the immobilized state
as reflected in observed equilibrium potentials close to those
of the protein in bulk solution. The AFM mode used was
air ambient that raises issues as to the redox state and the
compatibility with the anaerobic working aqueous environ-
ment of the protein. The monolayer stability was, however,
checked by voltammetric sampling before and after drying.
The AFM protocol is therefore perhaps at most “reversibly
compromised” and the images representative of the protein
in solution.

6.2.2. The Heme Proteins: Horse Heart and Yeast
Cytochrome ¢, De Novo Designed Synthetic 4-Alpha
Helix Bundle Heme Protein and Two-Center Cytochrome
C4

The group of small (MW ~ 12 kDa) heme proteins, the
cytochromes ¢ have emerged as prime target metalloproteins
both in the early pioneering studies of protein electro-
chemistry**>*7 and in many later studies of interfacial
bioelectrochemistry at multifariously modified metal
electrodes.>’®%" To this adds a wealth of studies of protein
folding and other biophysical properties of cyt c-based
molecules. !>

Surface residues suitable for linking the protein to the
electrode surface in orientations favorable for interfacial ET
are noted as crucial. The molecular structures of mammalian,
here horse heart, HHC and yeast cyt ¢, YCC, both important
bioelectrochemical target metalloproteins, illustrate this,
Figure 28. The redox active heme group is located asym-
metrically in the protein structure as common for ET
metalloproteins. The protein surface structure around this site
is therefore crucial. A group of positively charged lysines
around the heme group is a common characteristic of the
cyt ¢’s and has been noted as crucial in the achievement of
facile reversible cyt ¢ voltammetry. The lysines interact with
linker groups on the electrode surface by electrostatic forces
or hydrogen bonding to keep the protein on the surface in
an orientation favorable for electrochemical ET, gently
enough that the protein retains structural and functional
integrity.

The cyt ¢ probe versatility offers another route to produc-
tive surface immobilization. As a difference from HHC, YCC
has a Cysteine-based (Cys102) thiol group close to but not
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Figure 28. Three-dimensional structures of cyt c-based molecules addressed. Top left: horse heart cyt ¢ (PDB 1HRC)**!-*% (regarded
here as a “reference” molecule). Top right: yeast (Saccharomyces cerevisiae) cyt ¢ (PDB 1YCC)."*"'32 Bottom left: De novo totally

synthetic b-type cyt ¢.>® Bottom right: Two-center cyt ¢, (Pseudomonas stutzeri) (PDB 1EPT).

directly at the protein surface, Figure 28. The Cys102 surface
group is potentially a suitable linker for binding to electro-
chemical Au-surfaces. In spite of the Cys102 remote from
the heme group, YCC binding via this group appears to retain
protein ET function, although with different reported
stability.'*!"!32 The Cys102 linking mode has also offered a
route to AFM'*? and in situ STM imaging'?" at the level of
the single molecule (see also ref 383).

6.2.2.1. Horse Heart Cytochrome c. As a key target,
HHC is probably electrochemically the most comprehen-
sively addressed metalloprotein. Focus in recent cyt ¢
monolayer voltammetry as studied by Bowden,*”® Niki,**°
Hildebrandtand Murgida,378’3 79 Waldeck and Khoshtariya,377’3 79
and their associates has mapped in great detail structural and
dynamic issues such as spectroscopic interconversions among
different spin and axial ligand states by surface enhanced
resonance Raman (SERS) and infrared spectroscopy (SEI-
RAS). These studies have disclosed the potential dependent
structural and spin variability of surface-confined HHC of
importance for the understanding of the behavior of HHC
in the microenvironments of the bioelectrochemical electrode/
electrolyte interface. Electrostatic and hydrogen bond-
controlled binding of HHC and other mammalian cyt ¢’s to
terminally functionalized thiol-based linker molecules of
variable length and composition on Au-electrode surfaces
has been in other focus. Cyt ¢ is immobilized by electrostatic
forces or axial ligand binding by terminal carboxylate and

391

pyridine groups. Issues disclosed include electron tunneling
across the variable-length linker molecules, viscosity effects
and kinetic deuterium isotope effects.>’%37°

A common observation is a bimodal dependence of the
standard electrochemical rate constant on the length (elec-
trochemical ET distance) of the molecular linkers,?”” " re-
encountered in the binding mode of the blue copper azurin,
cf. below.'?*!21-3%4 Exponential distance decay with decay
factors that clearly reflect electron tunneling, say ~ 1/linker
molecular unit (-CH,-group) is observed above a certain
chain length (4—10 linker units). Distance independence is
consistently observed at shorter chain lengths. Surface
preorganization, or transition from diabatic to relaxational
adiabatic control are rationales offered for this pat-
tern,377-380.384

In spite of the comprehensive studies of interfacial
electrochemical ET dynamics of HHC and related mam-
malian cyt ¢’s, single-molecule in situ STM structural and
functional mapping has been frugal.'®’-*"7-3¥¢ Reported
studies are fraught with reservations regarding the use of
high bias voltage, lack of control of the redox state of the
protein, and pretreatment (Piranha solution) known to leave
the Au-surface in very rough structural surface states.>®’

6.2.2.2. Yeast (Saccharomyces cerevisiae) Cytochrome
¢. Yeast cyt ¢ (Saccharomyces cerevisiae), YCC, Figure 28
has been a target protein in recent reports that have addressed
electrochemical ET at the monolayer and single-molecule
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Figure 29. Left: AFM image of YCC on flame annealed Au-on-mica surface. Middle: In situ STM image of YCC on single-crystal
Au(111)-electrode surface. Ten mM phosphate buffer, pH 7.5. Right: Controlled tip-induced YCC desorption in a rectangular surface area.

Details in refs 131 and 132.

levels."*""'32 The protein surface charge distribution re-
sembles that of HHC and similar patterns of diffusion
controlled cyclic voltammetry have been obtained. As noted,
YCC offers a second surface linking residue, Cys102
structurally almost opposite the heme group. YCC im-
mobilization by Cys102 thiol linking to Au surfaces may
involve conformational adjustment to local electrode surface
structures with variability in voltammetric patterns. These
expectations are strikingly borne out.

As a nanoscale target ET metalloprotein, YCC has been
addressed by protein film voltammetry and other electro-
chemical methods, AFM, in situ STM, XPS and microcan-
tilever technology.'*!13*3%3 Voltammetric behavior of Cys102-
linked YCC in three reports'*!-'3%33 ranges from transient
via signals of partially denatured protein and strongly
inhomogeneous to robust signals of the native protein. The
latter extend to catalytic efficiency toward cyt ¢ peroxidase
and hydrogen peroxide reduction.®®® The conjecture arises
that the Cys102 location slightly below the protein surface
may in fact favor slightly roughened electrode surfaces, while
single-crystal, atomically planar surface microenvironments
may be “too planar” that full structural protein integrity is
retained.

XPS and microcantilever technology testify in other ways
that YCC binds to Au surfaces via a Au—S link."*' The
similar YCC and HHC XPS sulfur signals are, however,
notable. The UHV conditions of XPS are probably detri-
mental to these heme proteins with their o helix based
secondary structures, in contrast to the beta-stranded blue
copper proteins, cf. below. Both YCC and HHC are likely
to unfold completely, exposing all sulfur to the Au surface.
Gold-plated microcantilevers of the same kind as used in
AFM can be brought to register deflections on adsorption
of thiol-linking molecules including Cysteine and YCC."?'
A merit of this technology is that it can register the adsorption
process in real time at the monolayer level. Limitations are
the polycrystalline nature of the gold layers, the absence so
far of electrochemical potential control, and notable difficul-
ties in the reproduction of the signals which are hyper-
sensitive to the structural state of the individual cantilevers.

Two representative scanning probe images of YCC in
aqueous buffer are shown in Figure 29, substantiating the
presence of YCC on flame-annealed Au-on-mica surfaces
and single-crystal Au(111)-electrode surfaces, respectively.
Single-molecule AFM in aqueous buffer shows lateral tip
convolution, but vertical dimensions that accord with the

crystallographic dimensions. Voltammetric signals on this
kind of surfaces have been observed. Figure 29, middle
shows an in situ STM image of YCC on a Au(111)-surface
under electrochemical potential control. The lateral dimen-
sions accord with the crystallographic structure whereas the
vertical height is now much smaller in spite of vertical in
situ Au-step calibration. This observation is common for
protein mapping but not for small rigid molecules and will
be readdressed below. In some ways the “fragile” binding
mode of YCC on single-crystal Au(111)-electrode surfaces
can be turned to the better in the way of creating mesoscopic
YCC surface organizations, Figure 29, right.

6.2.2.3. De Novo Designed Synthetic 4-Alpha Helix
Bundle Heme Proteins. The use of mutant proteins has long
been a powerful tool in bioelectrochemistry. Different
strategies toward electrochemical interfacial “bioelectronics”
have been based on de novo totally synthetic “metallopro-
teinoids” among which 4-a helix bundle structures outfitted
with a suitable linker group, Figure 28 have come to stand
forward.**>°

De novo totally synthetic 4-a helix bundle one- and two-
heme proteins were introduced by Dutton and associates™®®
and elaborated by Dutton,*® Hahnel,*®° DeGrado,>”! Will-
ner,* Jensen,?”? and their associates. Broad electrochemical
characterization was also reported. De novo totally synthetic
4-a helix bundle proteins per se and with a heme group
coordinated inside the protein structure have also been
molecular targets in efforts toward single-molecule electro-
chemistry.”*>"2

The de novo totally synthetic 4-o. helix bundle proteins
can be immobilized on gold surfaces via suitable linker
groups.**° In situ STM of the de novo totally synthetic
4-a helix bundle proteins has also been introduced.”**”* Two
recent studies illustrate the potential and limitations of this
approach. Synthetic alpha helices need a template where
either a carbohydrate’ or a cyclic peptide®® has been
offered. De novo carbohydrate-templated 4-a. helix bundle
proteins, so far without a redox active metal center can be
immobilized on Au(111) surfaces and characterized by the
voltammetry/XPS/in situ STM combination. Dense and
structurally unresolved monolayers are identified. Electro-
chemical potential stepping toward the potential of reductive
desorption of the thiol-based linker, however, discloses
molecular-size strong in situ STM contrasts.>’* These testify
to molecular resolution and expectable potential dependent
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in situ STM contrast variation which is, however, fraught
with the irreversible feature of the electrochemical desorption
process.

Voltammetry at single-crystal Au(111) electrodes and in
situ STM to single-molecule resolution of a de novo totally
synthetic single-heme 4-o. helix bundle protein was also
reported®® disclosing another element of in situ STM of redox
(bio)molecules. Single-molecule imaging was clearly ob-
tained but expected overpotential dependent redox-based in
situ STM tunneling contrast variation could not be detected.
This can probably be traced to the location of the heme group
in the molecular structure of the protein. The heme group is
coordinated between the four helices almost midway along
the helices. This site is too remote from the electrode surface
to be a dominating redox-based ET path. A multitude of
other, essentially superexchange pathways compete and blur
the redox pathway. This resembles the behavior of the Co
complex discussed in section 5.5 Overall the de novo
(metallo)proteins may have offered proof-of-principle single-
molecule functionality but there is a way to go before they
can compete with native and mutant protein function in pure
and applied single-molecule “bioelectronics”.

6.2.2.4. Other Cytochromes c: Two-Center Cytochrome
¢4 A crucial notion in biological electron transport and
enzyme catalysis is long-range ET between localized metal
centers. A second feature is that ET function is frequently
undertaken by proteins that contain several redox centers
which “communicate” mutually by electrostatic forces or via
the protein conformational system. The comprehensive
mapping of cooperativity in the four-heme cytochromes c;
has, for example led to microscopic understanding of this
protein to an extent that resembles the cooperative oxygen-
ation equilibria of the four heme groups in hemoglobin.*
The large number of interheme contacts and microscopic
redox potentials is, however, prohibitive for complete map-
ping. Redox metalloproteins with two centers offer special
perspectives. Two-center proteins are prototypes for multi-
center ET but structurally and functionally simple enough
that complete thermodynamic, spectral and kinetic mapping
is within reach.**!

Two-center redox metalloproteins addressed along such
lines include the modular redox metalloprotein Desulfovibrio
desulfuricans desulfoferredoxin®®? and the diheme protein
cytochrome ¢, from several bacterial species.>”! Cyt ¢, from
Pseudomonas stutzeri has been a suitable target for electro-
chemical approaches to the electronic communication be-
tween the two centers.?®32°1393394 The protein holds two
almost equally sized domains each resembling cyt c,
separated by a short peptide chain, Figure 28. The distance
between the two Fe-atoms is 19 A, with strong hydrogen
bond contacts between a propionate from each heme group.

Rate constants for intermolecular electron exchange with
organic and inorganic reaction partners of P. stutzeri cyt c4
in solution have been mapped.**'~*-*** The dipolar nature
of cyt ¢4 offers the option that cyt ¢4 can be immobilized on
modified gold electrode surfaces in orientations with either
the low- or the high-potential heme group adjacent to the
surface.*®-%% Two-electron electrochemical processes then
proceed only via intramolecular ET. This has provided values
for the intramolecular ET rate constants and intriguing
electrochemical “rectification” in the cyclic voltammograms,
with perspectives for similar bioelectronics at the single-
molecule level not available for single-center metalloproteins.

Zhang et al.

6.3. The Blue Copper Proteins

The blue copper-proteins and -enzymes as strategic targets
in single-molecule in situ STM and bioelectrochemistry was
introduced early.''¢-118:395:39 The plue single-Cu ET protein
azurin (P. aeruginosa) was in focus prompted by its intrinsic
disulfide linker group,'!¢-118:393:39 now subjected to com-
prehensive studies,''®'?? further extended in.*’-'23-12¢

Azurin (P. aeruginosa) has inspired other studies toward
the single-molecule level under nonelectrochemical, gas
ambient conditions where the protein is exposed to very high
voltages with expectations for electronic device function.'?**%7
Focus in the present subsection is on azurin in electrochemi-
cally controlled environments. As a more challenging target
molecule the blue copper enzyme, Cu-nitrite reductase is
addressed in section 6.4.

6.3.1. The Blue Copper Protein Pseudomonas aeruginosa
Azurin: A Nanoscale Bioelectrochemical Paradigm

In separate ways horse heart cyt ¢ and P. aeruginosa azurin
have emerged as electrochemical “paradigms” for protein
interfacial electrochemical ET. Horse heart cyt ¢ was the
key target molecule in the pioneering studies by Kuwana,
Niki, Hill, Bowden, and Hildebrandt, 3347370378 and in later
stages where for example spectroscopic techniques were
introduced in metalloprotein electrochemistry. P aeruginosa
azurin has been a central target protein also in recent efforts
in protein electrochemistry, where physical electrochemical
notions such as single-crystal electrode technology and in
situ scanning probe microscopy have beenin focus, !'¢-117:116-126

6.3.1.1. P. aeruginosa Azurin on Bare Au(111)-Elec-
trode Surfaces. P. aeruginosa azurin is robust to surface
manipulation. The protein can be immobilized in dense,
although not ordered monolayers directly on single-crystal
Au(111) surfaces via disulfide adsorption structurally op-
posite to the Cu center, strongly evidenced by interfacial
capacitance, XPS and other data.''®!2%-12° The higher plant
analogue, plastocyanin (Populus nigra) with an engineered
disulfide group inserted has been shown to adsorb in a similar
mode.*”'3? XPS of azurin displays, interestingly, signals
from both Au—S binding and the S-ligands around the Cu-
center. The surface organization is illuminated by in situ
STM images, Figure 30 with voltammetric interfacial ET
function in the adsorbed state retained.'*!

Attempts to record in situ STM spectroscopy of P.
aeruginosa azurin adsorbed directly on Au(111)-electrode
surfaces have been reported.'?*!%>-'3* Indications of single-
molecule redox features may have been discerned but the
data were fraught with protein monolayer stability in the
confined STM gap or elusive adsorption patterns,'*312>134
Disulfide based azurin adsorption on gold tips and subsequent
insertion in the in situ STM gap appears less compromising
in these respects,'?*!'?> cf. discussion in section 3.

Insertion of the protein in gentler “biomimetic” electro-
chemical environments leads azurin to show a completely
different behavior. P. aeruginosa azurin on Au(l111)-
electrode surfaces in the particular environment where the
protein is adsorbed on highly ordered variable-length al-
kanethiol SAMs'?**** appears to offer a unique option for
fine-tuning and optimizing interfacial electrochemical redox
metalloprotein performance.

6.3.1.2. P. aeruginosa Azurin on Alkanethiol Modified
Au(111)-Electrode Surfaces. Robust and “well-behaved”
voltammetry is the first sign that Au(111)-electrode surfaces
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Figure 30. Left: In situ STM image of P. aeruginosa azurin on Au(111)-electrode surface. Five mM ammonium acetate. Right: Differential
pulse voltammograms of native Cu-azurin and electrochemically inert Zn-substituted azurin. Reprinted with permission from ref 121. Copyright

2000 American Chemical Society.

modified by variable-length alkanethiols constitute close to
optimal environment for P. aeruginosa azurin adlayer
interfacial electrochemistry.®®*%* Figure 31 discloses what
appears as almost “ideal” voltammetry. Chain lengths
between six and ten carbon atoms give, notably, fast
reversible monolayer voltammetry, while interfacial kinetic
control, still with highly robust voltammetry takes over for
longer chain lengths.

Such data warrant theoretical framing and consideration
of P. aeruginosa azurin in molecular resolution by in situ
STM of the protein in ET action on the modified electrode
surfaces. Figure 31, top left, shows an in situ STM image of
the protein adlayer. The bright spots are individual azurin
molecules. Figure 31, bottom left shows quadratic free energy
relations associated with meaningful reorganization free
energies, 0.3—0.5 eV, section 3, indicative of strong elec-
tronic coupling to the protein and solvent environment.
Figure 31, bottom right, shows a bimodal distance depen-
dence of the interfacial electron exchange rate constant. No
distance dependence is detectable below a chain length of
about ten carbon atoms. Exponential distance decay is
observed above this length. The decay factor is ~1.0 per
methylene group, strongly indicative that electron tunnelling
across the alkanethiol layer is now a controlling factor.
Adsorption isotherms, and kinetic deuterium isotope effects
represent other information available by such high-resolution
voltammetry 5384

Comparison of the image in Figure 31, left with the
voltammograms in Figure 31, middle adds to a standing issue
in protein film voltammetry, i.e. the amount of adsorbed
protein molecules that retains interfacial ET function, cf.
section 6.2.1. Virtually all adsorbed P. aeruginosa azurin
molecules retain full functionality in the case of unde-
canethiol-modified Au(111) electrodes. The variable-length,

intermediate-size (eight-to-eleven carbon atoms) alkanethiols
on the highly uniform Au(111)-electrode surfaces thus point
to close to optimal function of immobilized P. aeruginosa
azurin. Together with the uniform surface structure (compare
with a recent quartz crystal microbalance study>”®) this is
perhaps rooted in the “biomimetic” environment constituted
by a delicate balance between the robust but structurally
“soft”, hydrophobic microenvironment of the intermediate-
length Au(111)-alkanethiol layers and the hydrophobic
functional protein. Similar “surface-padding” has been
exploited in other recent studies of azurin mutants.*”’

P. aeruginosa azurin on alkanethiol-modified Au(111)-
electrode surfaces is, finally, robust enough that single-
molecule in situ scanning tunnelling spectroscopy can be
recorded. Resonance features of the same electronic origin
as discussed in section 3 and displayed by Fe-protoporphyrin
IX and the Os-complexes, section 5 emerge at the single-
molecule level. Figure 32shows a series of in situ STM
images of single azurin molecules on a Au(111)-electrode
surface modified by a highly ordered undecanethiol SAM,
recorded at different overpotentials. The bias voltage is
constant, i.e. substrate and tip potentials are varied in parallel
as for Fe-protoporphyrin IX.** The structural resolution is
demonstrated by the single-molecule features of both the
azurin molecules and of the ordered alkanethiol monolayer
underneath. The tunneling spectra are recorded as normalized
“apparent heights” in the constant current mode rather than
directly as current as for the Os complexes. A robust
resonance feature appears close to the equilibrium redox
potential, with a maximum about nine times higher than the
background.®¢

The comprehensive data for electrochemical azurin surface
dynamics have pointed toward meritorious properties of this
metalloprotein as a target molecule for combining bioelec-
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Figure 31. Top: Top row: Cyclic voltammograms of P. aeruginosa azurin on variable-length alkanethiol-modified Au(111)-electrode
surfaces. The number of methylene groups indicated by the quantity n. The in situ STM image shows P. aeruginosa azurin on undecanethiol-
modified Au(111)-electrode surface. Working electrode potential +0.20 V (SCE), Vii,s = —0.20 V. Bottom, left: Schematic view of P.
aeruginosa azurin on the alkanethiol-modified Au(111)-electrode surface. Bottom middle: Dependence of the electrochemical exchange
rate constant Kqpp (s~") on the number of CH,-units. Bottom right: Quadratic dependence of the electrochemical ET rate constant, on the
overpotential on CH3(CH,),3S-modified Au(111)-electrode surface. Data from refs 86 and 384.

trochemistry with single-crystal electrodes and in situ scan- metalloenzyme have been resolved.* >*% The third class is
ning probe microscopies. The robust and well-defined protein the two-heme cyt cd,-type nitrite reductases.’®>“%> All the
film voltammetry, high-resolution in situ STM and feasibility three enzyme classes have been structurally resolved to high
of in situ scanning tunneling spectroscopy have further resolution. Rationales for CuNiR as novel single-molecule
warranted the use of theoretical notions to an extent targets are:
comparable to that for trans'ition metal complexes and other The type I center resembles the type I center of the simpler
“small” molecules, cf. section 3.10. ET protein azurin, which offers comprehensive reference
. . frames. As also for azurin, the protein surface around the
6.4. Redox Metalloenzymes in Electrocatalytic type I center is largely hydrophobic but as a difference from
Action at the Single-Molecule Level: The azurin, with discrete charges scattered over the surface,
Multicopper and Multiheme Nitrite Reductases Figure 33 (pH 6—7). The two Cu-centers are connected via

a direct covalent link for facile ET between the Cys130
ligand in the type I center and the His129 ligand in the type
I center, Figure 34.

The nitrite reductases are central in the bacterially
controlled global biological nitrogen cycle where they
catalyze the reduction of nitrite to lower oxidation states of
nitrogen, in some cases right down to ammonia.***~**? There
are three major classes of nitrite reductases. The copper nitrite
reductases, CuNiR are trimeric enzymes where each 36 kDa
monomer contains a type I Cu center for electron acceptance
from an external reducing reaction partner and a type II
center for catalytic NO,  reduction to nitrogen monoxide,

Intramolecular ET between the two centers coupled with
electrons from an external donor into the protein at one center
and out of the protein in NO, -reduction at the other center,
is a crucial feature of the enzyme function. The electrons
are supplied from the electrode to the type I center in the
voltammetric processes, Figure 34.

Figure 33.°*° The second, heme or cyt ¢ based nitrite A final aspect is that the substrate, i.e., nitrite is a small
reductase class is a homodimeric enzyme holding altogether molecule structurally not detectable by in situ STM on the
ten redox active heme groups.>>**°! Notably, the equilibrium enzyme background. As frequently observed in the enzyme

redox potentials of the heme groups in this composite redox voltammetry including that of CuNiR, binding of substrate
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Figure 32. Sequence of in situ STM images of redox gated electron tunneling through a single P. aeruginosa azurin molecule on top of
a highly ordered octanethiol monolayer (distinguished underneath the azurin molecules) covering the Au(111)-electrode surface. Five mM
ammonium acetate, pH 4.6. Vi;,s = —0.2 V. Variable overpotential as shown. Figure at the bottom right shows the normalized tunneling
contrast with a resonance feature close to the equilibrium potential. Data from ref 86.

Figure 33. Left: Three-dimensional structure of A. xylosoxidans CuNiR (PDB 1HAU). The view is along the 3-fold axis and the three
monomeric units are indicated by different colors. Middle: Same view of CuNiR showing the protein surface electrostatic charge distribution.
Red represents negative and blue positive surface charges. Right: View of E. coli deca-heme nitrite reductase (PDB1GUG6). Data from

Protein Data bank.

induces, however, significant electronic changes in the
enzyme, notably in the contact between the electron ac-
ceptance center and the electrode surface.'>'3® This holds
other prospects for electronic mapping of the enzyme directly
in action at the single-molecule level.

Achromobacter xylosoxidans CuNiR as a representative
of the CuNiR class is electrocatalytically active on modified
Au(111)-electrode surfaces.'*® The voltammetric patterns are
controlled by subtle combinations of hydrophilic and hy-
drophobic surface properties of many noncovalent surface
linker molecules tested.'*® Combined electrocatalytic vol-
tammograms and in situ STM of the enzyme in catalytic
action, Figure 35, are illustrative. “Good” electrocatalytic
voltammetry with close to full catalytic activity compared
with homogeneous solution is observed using several linker
molecules. In some but far from all cases noncatalytic
voltammetry as well as bidirectional catalysis are also found.
Subtle structural changes on substrate binding transmitting
to the (modified) electrode/metalloenzyme contact must here
be involved. Wijma and associates**® reported recently a
voltammetric study of another CuNiR (Alcaligenes faecalis
S-6) on edge-plane pyrolytic graphite electrode. In spite of
structural inhomogeneity of the electrode surface (“distribu-

NO, NO
T

® Cutypell HIS129
® Cutypel

CYS1

K2
HIS HIS139 Au(111)
89

Figure 34. Left: covalent link between the Cys130 ligand of the
type I Cu-center and the His129 ligand of the type II Cu-center in
A. xylosoxidans CuNiR, offering a facile intramolecular ET route
between the two centers. Right: Schematic view of CuNiR on a
modified Au(111)-electrode surface. The electrode supplies the
electrons which are transmitted from the type I center to catalytic
action at the type II center by intramolecular ET.

tions of the heterogeneous ET rates”) the study could map
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Figure 35. Left: Cyclic voltammograms for nitrite reduction
catalyzed by a CuNiR submonolayer on cysteamine-modified single-
crystal Au(111)-electrode. Five mM acetate buffer pH 6.0. Right:
In situ STM image of CuNiR molecules in electrocatalytic action
on the same surface. Reprinted with permission from ref 135.
Copyright 2003 American Chemical Society.

the electrocatalytic NO, ~ reduction mechanism including the
disclosure of a dual path mechanism and interconversion
between active and inactive catalytic type II states.

A notable outcome of the studies in refs 135 and 136 is
that the enzyme “in action” on cysteamine- and benzylthiol-
modified Au(111)-electrode surfaces can be directly observed
at the level of the single molecule, Figure 35. Enzyme
molecules even with the triangular crystallographic CuNiR
substructure visible are thus observed. These structures only
appear when nitrite substrate is present. While presently not
as advanced as single-molecule fluorescence-induced enzyme
blinking, section 2, the electrochemical single-molecule
CuNiR patterns thus still hold a perspective for following
single-molecule electrochemical redox metalloenzyme activ-
ity. The choice of electrochemical redox enzymes and
structurally small substrate molecules that only induce
electronic but no molecular structural features are paramount
in these observations.

Butt and associates have studied the voltammetry of the
(Escherichia coli) deca-heme class of nitrite reductases.>>?
Well-defined although unstable catalytic multielectron vol-
tammetric reduction of nitrite by the enzyme immobilized
by adsorption on bare Au(111)-electrode surfaces is notable.
Electrode prefunctionalization is otherwise broadly needed
in metalloenzyme monolayer voltammetry. The decaheme
nitrite reductase constitutes a second case for in situ STM
of a redox metalloenzyme to single-molecule resolution but
precise image interpretation is presently not at the level for
CuNiR."?” Molecular-scale structures can be observed on the
Au(111)-electrode surface under conditions where the en-
zyme 1is electrocatalytically active, with both the natural
dimer and surface-dissociated monomer enzyme structures
identified. In contrast to CuNiR, molecular conductivities (in
situ STM contrasts) are little distinctive between enzyme and
active enzyme/substrate states. Even though the enzyme is
macroscopically active, direct immobilization on the pure
Au(l11)-electrode surface is probably still too strongly
invasive on the enzyme structure and function.

The single-molecule electrochemical studies of the nitrite
reductases suggest further strategies. Suitable electrode
surface modification can stabilize the metalloenzyme mono-
layers. Together with the strategic choice of enzymes with
structurally small substrate molecules, the electronic struc-
tural changes on enzyme/substrate complex formation can,
further be isolated from molecular structural changes in the
in situ STM mapping. A study by Heering and associates of

Zhang et al.

Paracoccus denitrificans cyt cd; CuNiR on polycrystalline
gold surfaces®® suggests other strategies. The enzyme gives
no electrochemical signals of its own but electron relay via
coadsorbed YCC, Section 6.2.2.2 arouses cyt cd; CuNiR
signals even at the zeptomole level. Combination with single-
crystal electrode surfaces and scanning probe microscopies
could take this sensitivity further toward the single-molecule
level.

6.5. A Few Notes on Single-Molecule
Bioelectrochemistry

Protein film voltammetry of both small ET metalloproteins
and composite metalloenzymes have evolved over the past
decade, and single-crystal electrodes have paved the way for
the scanning probe microscopies, STM and AFM in new
bioelectrochemistry. The discussion above has illuminated
the combination of protein film voltammetry with these new
technologies. High-resolution images have been achieved for
the intermediate-size molecular promoters and “building
blocks” of the biological macromolecules, i.e., amino acids
and related types of molecules which form highly ordered
monolayers on Au(111)-electrode surfaces. Dynamic surface
phenomena such as phase transitions can also be followed.
The degree of image detail in both individual adsorbate
molecules and their lateral organization holds clearly per-
spectives for the understanding of the interaction of “biologi-
cal liquids” with solid surfaces.

Improved voltammetric resolution of redox metalloproteins
on modified Au(111)-electrodes and single-molecule struc-
tural resolution have been achieved for the three classes of
ET metalloproteins and two composite multicenter redox
metalloenzymes under conditions where the molecules are
fully active in ET or enzyme function. This opens the
perspective that not only structural mapping, but given
adequate theoretical support, ET and redox enzyme function
can also be addressed at the level of the single molecule.

The behavior of P. aeruginosa azurin supported by studies
of smaller redox molecules has illuminated these perspec-
tives. The comprehensive data for electrochemical P. aerugi-
nosa azurin surface dynamics have disclosed meritorious
properties of this metalloprotein as a target for combining
bioelectrochemistry with single-crystal electrodes, surface
spectroscopy, and in situ scanning probe microscopies. The
robust and well-defined protein film voltammetry, high-
resolution in situ STM imaging, and feasibility of in situ
STS have, further warranted theoretical notions to an extent
comparable to that for transition metal complexes and other
“small” molecules.

7. Electrochemical Biomolecular Metalloprotein/
Inorganic Hybrid Structures

Inorganic structures in the form of particles, tubes and
other forms of controlled size and shape have reached the
same size range as molecules and biomolecules such as
proteins and DNA-fragments. This is also a core size range
of physical and chemical nanotechnology where properties
such as the electronic structure is gradually transformed from
macroscopic solid state to single-molecule behavior. The
combination of inorganic metallic and semiconductor struc-
tures with comparable-size (bio)molecules into biological/
inorganic “hybrid” structures with highest possible controlled
stoichiometries is  therefore ~an important new
notion, 5455-104-110.168.186.368.404.405 N narticle- and nano-
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wire-based electroanalytical chemistry and biological diag-
nostics go far beyond the “proof-of-principle” level and have
come to real applications of importance.>*>> The molecular
electronics aspect involving one-, two, and three-dimensional
molecular-scale nanoparticle-based hybrid structures offer
other technological perspectives but presently rather at the
level where working principles have been identified and
documented, section 2.

The scope of the final Section of the present review is
first to address some issues of variable-size gold nanoparticles
(Au-NP) at electrochemical surfaces and electrochemical in
situ STM where the variable size is directly reflected in
electrochemical and in situ STM charging behavior. This will
be followed by discussion of some bulk and electrochemical
properties of “hybrids” between Au-NPs and (a) redox
metalloprotein(s)l14‘405 as well as a few observations on
biomolecular/nanotube hybrids.'**"'® We refer to recent
reviews for the chemical synthesis, surface assembly and
architectures, and hybrid-based nanocircuitry, as well as

biological sensing and other technology  per-
spectives,5455:243.406-409

7.1. Variable-Size Gold Nanoparticles in
Electrochemistry and In Situ STM

7.1.1. A Primer of Au-NP Physical Properties in
Liquid-State Environment

Physical and chemical properties of solute pure and
monolayer-coated (“capped”) Au-NPs affect a range of pure
and applied colloid and surface science even with a historical
dimension of several thousands years.**’*%° Facile chemical
synthesis introduced by Schmid**® and by Brust and
Schiffrin*'® have boosted Au-NP and other metal-NP science
toward characterization of the physical properties of these
core nanoscale metallic entities by multifarious techniques
and in a variety of UHV and aqueous or other liquid-state
environments. Physical properties in Au-NP focus have been
the surface Plasmon optical extinction band (i.e., absorption
and scattering),*''™*!3 scanning and transmission electron
microscopy and electrochemical properties of surface-im-
mobilized coated Au-NPs.*'**'° The latter include a range
of studies that cover not only solid/electrolyte interfaces but
also interfaces between two immiscible liquids.*****! To this
adds an impressive variety of Au-NP cross-linked molecular
and biomolecular structures with real and putative applica-
tions in (electro)analytical chemistry, biological diagnostics,
and in other ways.*>>4°7408 The 1—5 nm size range is
critical for the electronic properties of the Au-NPs. The
smallest, i.e., =1 nm, particles behave like a similar-sized
molecule with a discrete electronic spectrum or a wide
HOMO/LUMO gap.****** Intermediate-sized Au-NPs, say
1.6 nm (Aujss) to 2.5 nm (already many hundred Au-
atoms) display electrochemically detectable Coulomb
charging effects at room temperature?*?~2444!7-19 while
the Coulomb energy spacings in larger Au-NPs (=3—5
nm) are too close for discreteness-of-charge effects at
room temperature.

7.1.2. Single-Electron Charging of Coated Au-NPs in
Voltammetry and In Situ STM

Metallic NPs, from now on Au-NPs in size ranges below
3—5 nm offer a case for observation of single-electron
Coulomb charging (Coulomb blockade) at room temperature

Chemical Reviews, 2008, Vol. 108, No. 7 2781

and for following the transition from almost bulk metal
behavior (>5 nm) via the Coulomb blockade pattern, down
to single-molecule behavior, < 1 nm radius.>*>#!6#18

Successive Coulomb charging is associated with the
electrostatic charging energy increments of the particle,**
cf. eq 82

1)
Eel.stat. = (Z - E)C_NPCNP = 8SRNP (90)

where z is the number of electronic charges (e) already on
the particle, and Cnp the capacitance of a spherical particle
of radius Rnp. & is the static dielectric constant of the
surrounding medium. The energy separation between suc-
cessive charge states exceeds the thermal energy, kg7 if

2 2
e e
Cop T Rae< T

At room temperature this condition accords formally with
Rxp < 33 nm in vacuum (& = 1) and with Ryp < 6—7 nm
and Ryp < 0.5 nm if the short-range (¢ = 5) and bulk static
dielectric constant of water (&, = 80) applies, respectively.
These radii should be corrected by the thickness of the
protective coating monolayer. 1.6 nm Au-NPs, Auys, are
observed to give electrochemical energy spacings of about
0.17 eV,*'*18 corresponding to an “effective” dielectric
constant of & ~ 20 if the radius of the naked particle is
used and to & ~ 13 if the coated particle radius is used.

Quantized electrochemical capacitive charging of vari-
able-size Au-NP monolayers with various protective
monolayer coatings in aqueous and organic solvents have
been reported.?**7244400:414=416 Eioyre 36 shows two
examples based on Auyys differential pulse voltammetry
(DPV). The upper trace shown to the left shows a sequence
of no less than 15 successive, almost evenly 170 mV
spaced charge states distributed almost symmetrically on
either side of the potential of zero charge (pzc). The lower
trace shows a quite different pattern for a layer of smaller,
Augsg (0.8 nm) particles. Successive charge states can still
be distinguished but more widely spaced and with a large
HOMO/LUMO gap around the pzc, much closer to single-
molecule behavior.*'” Figure 36, right shows that successive
Coulomb charging can be entangled with other specific
effects. The charge steps in this system are only apparent
on the anodic side of the pzc, ascribed to specific ion pairing
and the degree of hydrophobicity of the electrolyte ions
involved.*'

The importance of metallic NPs intermediate between bulk
and molecular scale states prompted early the use of STM
for NP-characterization with observed Coulomb charging
(“staircases”) in tunneling current/bias voltage correlations
(at cryogenic temperatures).**>*** Murray and associates also
observed a close correlation between electrochemical capaci-
tive Coulomb charging of hexanethiol-protected Aujys in
toluene/acetonitrile and a Coulomb staircase in the current/
bias voltage relation of the particles at the single- (or few-)
particle level in STM.24>#13 The latter was, however, under
UHV conditions and at 83 K, i.e. rather different from the
electrochemically mapped charging peaks.

A recent study reported Coulomb charging of water-
soluble protected 1.6 nm Au-NPs by DPV and electrochemi-
cal in situ STM under the same aqueous electrolyte and room
temperature conditions, Figure 37.*'® Multiple 0.15 V spaced
peaks were observed on the anodic side of the pzc both in

O
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Figure 36. Left: Top: Differential pulse voltammogram (DPV) of hexanethiol-coated Au;4;—NPs (1.6 nm) in 1,2-dichloroethane solution
showing 15 successive redox charge states. Bottom: DPV of similarly coated AuzsNPs showing a wide HOMO/LUMO gap. Right: Cyclic
voltammogram for butanethiol-coated 2 nm AuNPs in aqueous 0.1 M NH4PFs, showing a range of voltammetric capacitive peaks but only
in the anodic scan. Reprinted with permission from refs 416 and 417. Copyright 2001 and 2003 American Chemical Society.
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Figure 37. Left: Aujss AuNP (1.6 nm) coated with a mixed hexanethiol/mercaptopyridine monolayer in electrochemical in situ STM
(schematic). Right: Sequential charging in DPV (red) and in situ STM tunneling current/overpotential correlation at constant bias voltage,
0.05 V (black). 0.1 M KCIO4 aqueous solution. Inset: Abundance distribution of the tunnelling current peak positions. Reprinted with

permission from ref 418. Copyright 2007 American Chemical Society.

DPV and in situ STM current/overpotential correlation (fixed
bias voltage), cf. sections 3, 5 and 6. The peak positions
corresponded to 1.1 and 0.9 aF per particle from DPV and
in situ STM, respectively. The observations raise the issue
whether a molecular-sized AuNP, here 1.6 nm in these
contexts is best regarded as a (“quasi-*“)molecule or as a small
metallic entity. The environmental dynamics would strongly
affect the ET processes in the former case whereas these
effects are minor in the latter case. The former view was
taken as the basis of the data treatment but this issue is
presently under study.

7.2. Electrocatalysis and Bioelectrocatalysis by
Gold Nanoparticles

Protected Au-NPs have been combined with redox met-
allo- and nonmetalloproteins''*2#421:424 ‘into covalently,
chemisorptively or electrostatically linked “hybrids” of
supramolecular biostructures. A seminal report by Xiao and
associates,>®® cf. ref 55 illustrates such research. Glucose
oxidase could be reconstituted in the chemisorbed state on
a 1.4 nm AuNP integrated into a conducting film on an

electrode surface. In this state the AuNP acts as a highly
efficient electronic relay (‘“nanoplug”) between the electrode
and the enzyme with an order of magnitude higher ET rate
than in the natural enzyme function.

Au-NP/protein hybrids have become broadly important in
electrocatalysis, bioelectrochemistry extending to large pro-
tein complexes such as cyt ¢ oxidase, biological recognition,
and other areas®*> with links even toward notions such as
protein-based “nanocircuitry”.**® We note here some issues
relevant to the understanding of the protein/NP interactions
as reflected in electronic NP/biomolecule interactions and
in interfacial electrochemical ET of a protein/NP hybrid with
well-defined composition.

Protected Au-NPs immobilized on Au-electrode surfaces
are efficient electrocatalysts of both small molecules***~+2°
and redox metalloproteins.”*''*42° A recent study illustrates
catalytic and electronic aspects.''* Strongly positively charged
HHC, section 6.2.2 could be linked electrostatically to
strongly negatively charged water soluble thioctic acid-
protected 3 nm Au-NPs, Figure 38. The stoichiometry
appears, notably as 1:1 from the cyt ¢ Soret band/NP plasmon
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absorbance ratio, Figure 39. The plasmon band of the 1:1
Au-NP/cyt ¢ hybrid also shows a small but consistent band
broadening compared with the pure protected Au-NP,
ascribed to lifetime broadening by interfacial ET in the Au-
NP/cyt ¢ hybrid."'* Well-defined protected Au-NPs in narrow
size ranges can be deposited on Au(111)-electrode surfaces
by covalent linking to a cysteamine adlayer. Au-NP elec-
trostatic linking to HHC here evokes at least an order of
magnitude interfacial electrochemical ET rate enhancement
compared to HHC voltammetry on similar (undecanoic acid-
modified) Au-NP-free surfaces. A second observation is that
a two-step, HHC/Au-NP and Au-NP/electrode ET mecha-
nism accords with the data with the former step as rate
determining. Interfacial Au-NP/electrode ET thus appears as
virtually activationless compared to the protein/Au-NP ET
step. This pattern follows other observations by Murray,
Haiss, Fermin, and associates.*?*#?°

Au-NPs inserted between the electrode surface and redox
molecules or proteins therefore both work as effective linkers
and can be brought to exert efficient electrocatalysis. The
electronic structures of the Au-NPs and the electronic
interactions between the Au-NPs and both the electrode
surface and the reacting molecules must be key factors in
these scenarios. Other theoretical observations were noted
in section 3.9

7.3. Nanotubes and Nanorods as
Bioelectrochemical Nanoscale Wires and Sensors

Carbon nanotubes immobilized on solid electrochemical
electrode surfaces have been introduced as efficient 1—2 nm
diameter molecular-scale “wires” between the electrode
surface and biological molecules with reconstituted redox
enzymes such as glucose oxidase, GOx as a primary focus
class. 2403404427 ‘Together with wider, >20 nm silicon
“nanorods”, a different electrochemical functional principle
of carbon nanotubes is also being established.'®*~''° This is
of importance in interfacial electrochemical ET and electronic
interactions between small assemblies of probe molecules,

Au(111)

Figure 38. Left: Schematic view of AuNP coated by thioctic acid. Right: HHcyt ¢ electrostatically linked to the coated AuNP which is
in turn linked by amide bonding to a cysteamine-covered Au(111)-electrode. Reprinted with permission from ref 114. Copyright 2007
American Chemical Society.

ultimately a single molecule, and the solid conducting wall
surface of the carbon nanotubes or silicon nanorod, Figure
40.

Lieber and associates have developed the three-terminal
Si-nanorod based concept toward multifarious bioelectro-
chemical-like sensoric principles. In basic terms, the con-
ductivity of the nanorod at given bias voltage and gate
potential in aqueous buffer is the core observable.'®® The
conductivity is extremely sensitive to adsorption of biological
molecules such as proteins and DNA fragments and also to
different chemical states of the adsorbates. DNA duplication
and telomerase activity, protein and enzyme processes, cancer
diagnostic marking, and whole virus detection are processes
recorded to a level of detection of a few hundred molecules
or 50.'%71% The working principle of the solid state FET-
based ultrasensitive detection device is shown schematically
in Figure 40, left.

The three-terminal solid state FET source/drain/gate
electrode system has been worked into a full (aqueous) liquid
state electrochemical analogue where the solid state gate
electrode is replaced by an electrochemical reference elec-
trode, Figure 40, right.108 This has enabled recording carbon
nanotube conductivity signals on molecular and biomolecular
adsorption with electrochemical potential control of the
enclosing electrodes. Nanotube dimensions at the molecular
scale, however, only apply to the nanotube cross section.
As (bio)molecular adsorption can be expected all along the
mesoscopically long nanotubes, conductivity recording there-
fore requires very small bias voltages in order to ascertain
adequate electrochemical potential control at all the adsorp-
tion sites along the tube.

MacPherson, Heering, Dekker, and their associates have
brought these notions into a “proof-of-principle” state using
small redox molecules and redox proteins, respectively as
probe molecules. %1% GOx, showed not only conductance
signals on enzyme adsorption but also conductance changes
on substrate glucose addition to the adsorbed enzyme.'*®
[NiFe]-hydrogenase has also been addressed at these levels
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Figure 39. Top: Absorption spectrum of 1:1 hybrid between 3 nm thioctic acid-coated AuNP and HHcyt ¢. The two peaks show the AuNP
plasmon band (peak 1) and the Soret band of HHcyt c. (peak 2). Bottom: STM image (in air) of two 3 nm thioctic-coated AuNPs. Reprinted
with permission from ref 114. Copyright 2007 American Chemical Society.
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Figure 40. Left: Working principle in semiconductor-based solid state nanoscale biosensor. The Si-nanotube is mounted between a source
and a drain electrode, the potentials of which are controlled relative to a gate electrode. The Si-tube conductance changes on adsorption of
even a small number of biomolecules from aqueous buffer. Reprinted with permission from ref 105. Copyright 2006 American Chemical
Society. Right, top: Schematic view of a related working principle where a single-wall carbon nanotube connects two electrodes and the
solid state gate electrode is replaced by an electrochemical reference electrode.'®® The nanotube conductance of the glucose oxidase (GOx)
covered C-nanotube changes on addition of the GOx substrate glucose. Right, bottom: Real-time conductance response on glucose addition.
Insert a shows a similar measurent with a smaller conductance and inset b a blank experiment in the absence of GOx. Reprinted with
permission from ref 108. Copyright 2003 American Chemical Society.
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of resolution.'!° Theoretical notions are, however, different
from those of in situ STM and in contrast to the latter, largely
absent. Rather than on direct interfacial electrochemical ET,
theoretical notions of (bio)molecular adsorption-induced
nanotube conductance changes rest on subtle charge density
changes in the nanotube caused by the (bio)molecular
adsorption and reactivity in the adsorbed state. Understanding
of these subtle effects will be a new challenge in theoretical
electrochemistry.

8. Outlook and Some Perspectives

Molecular electronic properties (molecular “electronics’)
and interfacial molecular ET toward or at the single-molecule
level have evolved over the past decade-and-a-half. We have
aimed at overviewing particular facets of this exciting and
broad interdisciplinary area, namely experimental and theo-
retical aspects associated with ultrasmall scale interfacial
molecular and biomolecular electrochemistry. This notion
distinguishes our approach from the broad areas of single-
molecular conductivity under UHV and at cryogenic tem-
perature conditions to which most reported theoretical
approaches apply. At the same time, molecular-scale
(bio)molecular interfacial electrochemical ET is kept distinct
from the impressive variety of small-scale metallic and
semiconductor structures which can now also be controlled
electrochemically toward the mesoscopic and molecular-scale
levels.

We have overviewed inorganic and metalloprotein-based
system classes which accord to various extents with these
notions. We have also addressed proof-of-principle electro-
chemical ET in well-defined (single-crystal surface) mi-
croenvironments and in nontraditional in situ STM and
nanogap electrode confinements. These designs have been
brought to materialize and to extensive characterization in
both experimental studies and theoretical support. Notably,
the latter has disclosed novel interfacial ET phenomena
specific to the single-molecule and in situ STM or nanogap
electrode configurations.

As in other areas of new ultrasmall and molecular-scale
science, technology perspectives have been a conspicuous
driving force in the development of interfacial electrochemi-
cal ET toward these levels of resolution. The new nanoscale
and single-molecule electrochemistry has, however, also
added new insight into the fundamental structure of the
electrochemical interface and interfacial electrochemical ET
processes including the disclosure of new ET.
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