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Preface

For these volumes in the Springer book review series Topics in Current Chemistry,
it seemed natural to blend a mix of theory and experiment in chemistry, materials

science, and physics. The content of this volume ranges from conducting polymers

and charge-transfer conductors and superconductors, to single-molecule behavior

and the more recent understanding in single-molecule electronic properties at the

metal–molecule interface.

Molecule-based electronics evolved from several research areas:

1. A long Japanese tradition of studying the organic solid state (since the 1940s:

school of Akamatsu).

2. Cyanocarbon syntheses by the E. I. Dupont de Nemours Co. (1950–1964),

which yielded several interesting electrical semiconductors based on the elec-

tron acceptor 7,7,8,8-tetracyanoquinodimethan (TCNQ).

3. Little’s proposal of excitonic superconductivity (1964).

4. The erroneous yet over-publicized claim of “almost superconductivity” in the

salt TTF TCNQ (Heeger, 1973).

5. The first organic superconductor (Bechgard and Jérôme, 1980) with a critical

temperature Tc = 0.9 K; other organic superconductors later reached Tc 13 K.

6. Electrically insulating films of polyacetylene, “doped” with iodine and sodium,

became semiconductive (Shirakawa, MacDiarmid, Heeger, 1976).

7. The interest in TTF and TCNQ begat a seminal theoretical proposal on one-

molecule rectification (Aviram and Ratner, 1974) which started unimolecular,

or molecular-scale electronics.

8. The discovery of scanning tunneling microscopy (Binnig and Rohrer, 1982).

9. The vast improvement of electron-beam lithography.

10. The discovery of buckminsterfullerene (Kroto, Smalley, and Curl, 1985).

11. Improved chemisorption methods (“self-assembled monolayers”) and physi-

sorption methods (Langmuir–Blodgett films).

12. The growth of various nanoparticles, nanotubes, and nanorods, and most

recently graphene.

ix



All these advances have helped illuminate, inspire, and develop the world

of single-molecule electronic behavior, and its extension into supramolecular

assemblies.

These volumes bring together many of the leading practitioners of the art (in

each case I mention only the main author). Bässler sets in order the theoretical

understanding of electron transport in disordered (semi)-conducting polymers.

Saito summarizes in fantastic detail the progress in understanding charge-transfer

crystals and organic superconductivity. Echegoyen reviews the chemistry and

electrochemistry of fullerenes and their chemical derivatives. Thompson reviews

the progress made in organic photovoltaics, both polymeric and charge-transfer

based. Ratner updates the current status of electron transfer theory, as is applies to

measurements of currents through single molecules. Metzger summarizes unim-

olecular rectification and interfacial issues. Kagan discusses field-effect transistors

with molecular films as the active semiconductor layer. Allara reminds us that

making a “sandwich” of an organic monolayer between two metal electrodes often

involves creep of metal atoms into the monolayer. Rampi shows howmercury drops

and other techniques from solution electrochemistry can be used to fabricate these

sandwiches. Wandlowski discusses how electrochemical measurements in solution

can help enhance our understanding of metal–molecule interfaces. Hipps reviews

inelastic electron tunneling spectroscopy and orbital-mediated tunneling. Joachim

addresses fundamental issues for future molecular devices, and proposes that, in the

best of possible worlds, all active electronic and logical functions must be prede-

signed into a single if vast molecular assembly. Szulczewski discusses the spin

aspects of tunneling through molecules: this is the emerging area of molecular

spintronics.

Many more areas could have been discussed and will undoubtedly evolve in the

coming years. It is hoped that this volume will help foster new science and even

new technology. I am grateful to all the coauthors for their diligence and Springer-

Verlag for their hosting our efforts.

Tuscaloosa, Alabama, USA Robert Melville Metzger

Delft, The Netherlands

Dresden, Germany
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Molecular Electronic Junction Transport: Some

Pathways and Some Ideas

Gemma C. Solomon, Carmen Herrmann, and Mark A. Ratner

Abstract When a single molecule, or a collection of molecules, is placed between

two electrodes and voltage is applied, one has a molecular transport junction. We

discuss such junctions, their properties, their description, and some of their

applications. The discussion is qualitative rather than quantitative, and focuses on

mechanism, structure/function relations, regimes and mechanisms of transport,

some molecular regularities, and some substantial challenges facing the field.

Because there are many regimes and mechanisms in transport junctions, we will

discuss time scales, geometries, and inelastic scattering methods for trying to

determine the properties of molecules within these junctions. Finally, we discuss

some device applications, some outstanding problems, and some future directions.

Keywords Conduction � Electron transfer � Electron transport � Molecular

electronics
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1 Introduction

To a scientist, the fundamental properties of the real world break down into two

broad categories, structure and dynamics. The two are often commingled – the

baseball gives the home run, the planet gives its orbit, the muscle fiber gives

contraction and expansion, and the donor/bridge/acceptor molecule gives phospho-

rescence, fluorescence, nonradiative decay, photovoltaic behavior, and electron

transfer [1]. A molecular transport junction, which is the structure of most interest

in this chapter, provides current flows as a function of voltage, temperature,

geometrical arrangement, chemical composition, and density of environment.

Electron transfer in donor/bridge/acceptor molecules and currents in molecular

transport junctions are closely related by the Born–Oppenheimer separation [2] that

uses the mass difference between electrons and nuclei to permit isolated discussion of

electron dynamics that almost always occur far faster than those of nuclei. The

understanding that electron tunneling is a common feature between intramolecular

electron transfer and transport in molecular junction structures was used by Nitzan to

produce an approximate linear relation between the measurable quantities (rate

constants for electron transfer, and conductances for molecular junctions) [3].

While chemists love structure (as a glance through any chemical journal will

show), they are generally fascinated with mechanism. This short chapter is about

some of the models, ideas, and understandings that have occurred in electron

transport and molecular junctions [4–6]. The field is large, the problems are hard,

the processes could be important both for our understanding and for many commer-

cial applications, and finally the issues are fascinating for the chemical imagination.

The remainder of the chapter is structured as follows. Section 2 discusses the

physical description of transport junctions, dealing with length scales, categoriza-

tion, and the particular measurements that can be made. Section 3 is devoted to

models – the general nature of models, and then the geometric, molecular, Hamil-

tonian, and transport models that are associated with molecular transport junctions

and their interpretation.

2 G.C. Solomon et al.



Section 4 is entitled “Ideas” (for mechanisms and models). It deals with how we

can interpret/calculate the behavior of molecular transport junctions utilizing par-

ticular model approaches and chemical mechanisms. It also discusses time

parameters, and coherence/decoherence as well as pathways and structure/function

relationships.

Section 5 is on one particular molecule, p-benzene dithiol. This is one of the

most commonly studied molecules in molecular electronic transport junctions [7]

(although it is also one of the most problematic). Section 6 discusses a separate

measurement, inelastic electron tunneling spectroscopy [8, 9] (IETS). This can be

quite accurate because it can be done on single molecules at low temperatures. It

occurs because of small perturbations on the coherent transport, but it can be very

indicative of such issues as the geometrical arrangement in the molecular transport

junction, and pathways for electron transport through the molecular structure.

Finally, some remarks on the different subfields of the larger topic of molecular

electronics are found in Sect. 7.

2 Physical Description of Molecular Transport Junctions

By definition, a molecular transport junction consists of a molecule extended

between two macroscopic electrodes. The nature of the molecule, the environment

(whether it is solvated or not), the electrode’s shape and composition, the tempera-

ture, the binding of the molecule to the electrodes, and the applied field are all

variables that are relevant to the measurement, which is usually one of differential

conductance, defined as the derivative of the current with respect to voltage.

Figure 1 shows two things: a number of sketches of possible geometries for solid-

state molecular transport junctions, and some electron microscopy images of actual

functional transport junctions. There are two striking features to note: first, the

Fig. 1 Sketches of break junction-type test beds for molecular transport. On the far left is a

tunneling electron microscopy (TEM) image of the actual metallic structure in (mechanical) break

junctions from the nanoelectronics group at University of Basel. The sketches in the middle

(Reprinted by permission from Macmillan Publishers Ltd: Nature Nanotechnology 4, 230–234

(2009), copyright 2009) and right (reproduced from Molecular Devices, A.M. Moore, D.L. Allara,

and P.S. Weiss, in NNIN Nanotechnology Open Textbook (2007) with permission from the

authors) show possible geometries for molecules between two gold electrodes, and (on the

upper right) a molecule that has only one end attached across the junction

Molecular Electronic Junction Transport: Some Pathways and Some Ideas 3



sketches are suggestive, but this is not evidence for their precision – in particular, we

know essentially nothing about the coordination of molecules in transport junctions,

nothing about the actual geometry (whether the molecule is standing, lying down, at a

tilt angle). We do not know how many molecules are in the junction, and, if there is

more than one, we certainly do not know their relative geometries.

On the other hand, the images show fairly definitively the structure of the

metallic electrodes. We see that they are often regular at first sight (but often

irregular at the atomic scale) and we know that when they are made of soft metals

like gold or silver they can distort as the measurement is made. Therefore, our lack

of understanding of length scales and geometries is one of the crucial aspects in

molecular transport junctions that we will refer to time after time.

The structure of the molecular transport junction is reminiscent of the transport

junctions used in a fascinating and important subarea of condensed matter physics:

mesoscopic physics. In these (Fig. 2 shows an analogous chemical system), current,

conductance, and higher derivatives are normally measured for systems containing

a quantum dot or several quantum dots between two electrodes, usually in an

environment in which gating can be applied. The two-dimensional electron gas is

one of the standard systems in mesoscopic physics, one in which exquisite control

can be achieved (Fig. 3). The striking difference between molecular and

mesoscopic transport junctions is that the controls on geometry are very weak in

the molecular situation – the fact that molecules are all the same as each other (one

naphthalene is the same as every other naphthalene) does not help, because the

length scale on which the system operates is so much larger.

Mesoscopic physics has defined many of the issues (Landauer limit transport

[10, 11], Coulomb blockade regime [12], Kondo resonance regime [13–15]. . .) that
will occur later in this chapter describing molecular transport junctions. These

concepts are relevant, but must be reinterpreted to understand the molecular case.

Fig. 2 A quantum dot transport structure, consisting of a source, a drain, and a gate, with gold

nanoparticles surrounded by DNA (the bright white dots). The transport through these structures

can be fitted well to a simple Coulomb blockade limit description. From S.-W. Chung et al. “Top-

Down Meets Bottom-Up: Dip-Pen Nanolithography and DNA-Directed Assembly of Nanoscale

Electrical Circuits” Small (2005) 1, 64–69. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.

Reproduced with permission

4 G.C. Solomon et al.



2.1 Categories, Break Junctions, and Structure

While many different molecular junction structures have been developed and

utilized, they fall into three large categories. The first are measurements that by

their nature observe ensembles of molecules. These include a range of systems

comprising self-assembled monolayers (SAMs) measured in various ways, from

molecular chemistry to the use of nanodot collectors to mesa-type structures

supporting a small number of molecules [16]. Ensemble measurements are also

made using conducting atomic force microscopy [17–19] with or without quantum

dots as collectors. Other approaches that measure ensembles of molecules and their

transport include the approach of using a liquid drop as one of the electrodes [20,

21] (Fig. 4). Finally, the nanopore structure [22] developed by Reed and his

colleagues is a more elegant, and smaller, ensemble sort of measurement.

In sharp contrast to these are singlemoleculemeasurements, shown schematically in

Fig. 5. These are normally done utilizing a break junction technique – a mechanical

break junction [23–27] is one in which a thin region in a single metal is broken either by

bending or stretching; the molecule is often trapped between the broken structures

(Fig. 1). The electrochemical break junction [28] is one in which a metallic strand is

stretched to breaking in a solution containing a molecule that can then bind to both

broken ends of the strand. The difference is that themechanical break junction is almost

always used in vacuum, whereas the electrochemical break junction is almost always

used in solution. Both can be gated, but the gating is very different – the mechanical

break junction is gated by a third planar electrode reminiscent of a traditional semicon-

ductor structure [15], while the electrochemical break junction is gated by a reference

electrode, so that themeasurements [29, 30] resemble singlemolecule electrochemistry.

A group in England has developed a very nice idea based on fluctuations [31]:

here a molecule is chemisorbed on one end to a surface, and a conductive scanning

tip is brought to within about a molecule length from the supporting metal. Thermal

excitation then permits molecules to form instantaneous transport bridge structures

between the planar support and the conductive electrode – one observes fluctuations

Fig. 3 A two-dimensional electron gas fabricated in the lab of David Goldhaber-Gordon by Ron

Potok. These structures, from the realm of mesoscopic physics, can be tuned to provide many

different sorts of transport structures, and their geometry is entirely controlled by fabrication. The

red region is 3 mm long
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here, fluctuations that arise from the motion of the molecules between different

bending geometries, as well as breaking the interaction with the tip altogether.

The categories just described compromise the majority of the measurements on

molecular transport junctions.

The lack of information about the molecular geometry within the junction raises

a crucial issue. It is one that we will continue to return to, because it is the most

vexatious issue – especially in contrast to vapor phase measurements, crystal

structures, and even NMR structures, where one can place very tight metric

constraints on bond lengths (certainly 0.01 Å accuracy can be obtained even by

crude scattering methods). This is emphatically not true in these measurements –

while techniques such as IETS and simultaneous measurement of conductance and

Raman spectra [32] may give indirect information on molecular bonding in the

junction, no instruments exist to measure the geometries of a transport junction

directly, even in the absence of current flow, and it is even more difficult in the

nonequilibrium situation when current is flowing.

It is possible to use electronic structure calculations combined with measurements

in which the geometry is purposely varied to make some elegant deductions about the

adsorption of molecules on the electrodes. A beautiful example is provided by work

Fig. 4 The liquid metal droplet test bed for molecular conductance. As the drop comes into

contact with the surface, the molecules contained on the surface of one can form a bridge to the

other, resulting in an inexpensive, quite generally useful test bed for molecular transport (in this

case it is a multimolecule transport situation). The setup is shown schematically in (a) and the

liquid mercury drop on a surface in (b). Reprinted with permission fromMichael L. Chabinyc et al.

J. Am. Chem. Soc. (2002) 124, 11730–11736. Copyright 2011 American Chemical Society. An

alternative liquid electrode is eutectic gallium indium (EGaIn) shown in (c, d); a protective oxide

layer forms on the EGaIn surface making a second monolayer of molecules unnecessary. EGaIn

has very different rheology from Hg making it possible to prepare narrower liquid tips. From R. C.

Chiechi et al. “Eutectic Gallium–Indium (EGaIn): A Moldable Liquid Metal for Electrical

Characterization of Self-Assembled Monolayers” Angew Chem Int Ed (2007) 120, 148–150.

Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with permission
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from the Columbia/Brookhaven group [33] employing electrochemical break

junctions under extension, and using a combination of calculation and observation

to suggest that the amine groups with which these molecules are capped select a

single unsaturated gold atom to bind to – this is quite surprising in terms of the more

standard sulfur terminations, and represents a real triumph of analysis. Similarly,

beautiful measurements on gold wires [34] (not really a topic in molecular electron-

ics, but one of great relevance, especially considering the role of the gold wires in

electrochemical junctions) showed that there was a sharp correlation between the

transport measurements and the electron microscopy measurements of geometric

reorganization in the metal as current was passing through it.

In general, however, many relevant geometric parameters are unknown in

molecular transport junctions, and therefore it is necessary to make assumptions,

and calculations, to help in understanding the geometry. One interesting approach is

Fig. 5 (a) Current through a molecule covalently bound to two electrodes. (b) Current through a

metal atom attached to two electrodes made of the same metal. (c) Scanning tunneling microscopy

(STM) study of electron transport through a target molecule inserted into an ordered array of

reference molecules. (d) STM or conducting atomic force microscopy (AFM) measurement of

conductance of a molecule with one end attached to a substrate and the other end bound to a metal

nanoparticle. Schematic illustrations of single-molecule conductance studies using different

methods. (e) A single molecule bridged between two electrodes with a molecular-scale separation

prepared by electromigration, electrochemical etching or deposition, and other approaches. (f)

Formation of molecular junctions by bridging a relatively large gap between two electrodes using a

metal particle. (g) A dimer structure, consisting of two Au particles bridged with a molecule,

assembled across two electrodes (Reprinted with permission from Ann. Rev. Phys. Chem. (2007)

58, 535–564)
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to ignore the actual conductance value for any specific molecule, and to use the

same computational method (which is generally much simpler than the NEGF

approach for conductance discussed in Sect. 4) to compare conductance values

for a series of molecules. Lovely work of this kind has been published in the context

of understanding transport in single-molecule electrochemical break junctions [35].

The discussion of calculations raises a significant point about the variational

principle. Traditionally, the computational schemes by which quantum chemistry

optimizes geometry are based on the static variational principle of Rayleigh and

Ritz. This is easily derived from the Schr€odinger equation, assuming that there is no

external force acting on the system (that equilibrium can be defined, and that an

energy minimum will exist at a particular geometry). These assumptions fail in a

molecular transport junction, an open electronic system (the number of electrons on

the molecule is not fixed but depends on the currents), in which the molecule is not

at equilibrium (it sees different chemical potentials in the left and right electrode, if

voltage is applied). This means that we have no simple static variational principle

with which to optimize the geometry in a working transport junction. The usual

approach taken here is to perform the minimization assuming that the junction is

static, and then somehow to approach the problem of the difference between the

static junction and the junction under bias, with current flowing. Since gold and

silver are quite soft metals, and since we know it is very easy to modify the surface

structures of them, the assumption that structure remains unchanged during a

current/voltage experiment seems dubious. Therefore, there is no good theoretical

method to calculate the molecular geometry – this is one of the major open

challenges in molecular transport junctions.

2.2 Measurements

The quantities to be measured in transport junctions are current, voltage, conduc-

tance, inelastic electron tunneling spectroscopy (essentially the derivative of the

conductance with respect to voltage), and the conductance as the molecular struc-

ture is distorted, generally by stretching [33, 36–38]. Additional measurements are

sometimes made, including optical spectroscopy, vibrational spectroscopy

(in particular Raman spectroscopy) [32, 39] and using particular applications

such as the MOCSER entity [40, 41] (essentially a molecular transistor developed

by the Weizmann group).

3 A Bit on Models

Science is largely about the world around us, about reality insofar as we can grasp it.

But since the days ofEuclid, and particularly sinceLucretius, scientists have constructed

models – that is, scientists have made simulacra, either conceptual or physical, in an
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attempt to mimic aspects of what they perceive to be reality, but to do so in a more

comprehensible or revelatoryway. This tradition, nowmore than twomillennia old,was

reinvented by Newton, whomodeled the universe in terms of particles withmass but no

physical extension – Einstein followed with models for relativity, and modern physical

science is probably most familiar with models used in dealing with the nature of

quantum mechanics – that is, the nature of matter as we perceive it.

Several categories of models appear as the basis for the study of molecular

electronics in general, and molecular transport junctions in particular. These are the

geometrical (or molecular), Hamiltonian, and transport analysis models.

The geometrical models have been mentioned already, but must be referred to

again. In building an understanding of transport junctions, we need to know the

geometry at least at some level. The geometrical models are almost always simply

atom placement, sometimes static and sometimes not. Since there is no legitimate

way to compute the optimal geometry, it is simply assumed for some (possibly

arbitrary) reason – this represents the geometric model, upon whose statics the

dynamics of electron transport is pursued.

The molecular models are in a sense a subset of the geometrical ones – we

assume that we know which molecules are present and we assume that we know

their geometries (indeed sometimes we assume more than that, such as the usual

assumption that thiol end groups lose their protons when forming their asymmetric

bond with gold). In this we also necessarily assume that there are no other species,

either on the electrode surface or in the surrounding media, that influence the

current flow through the system.

Then, there are model Hamiltonians. Effectively a model Hamiltonian includes

only some effects, in order to focus on those effects. It is generally simpler than the

true full CoulombHamiltonian, but ismade that way to focus on a particular aspect, be

it magnetization, Coulomb interaction, diffusion, phase transitions, etc. A good

example is the set of model Hamiltonians used to describe the IETS experiment and

(more generally) vibronic and vibrational effects in transport junctions. Special

models are also used to deal with chirality in molecular transport junctions [42, 43],

as well as optical excitation, Raman excitation [44], spin dynamics, and other aspects

that go well beyond the simple transport phenomena associated with these systems.

The Hamiltonian models are broadly variable. Even for an isolated molecule, it

is necessary to make models for the Hamiltonian – the Hamiltonian is the operator

whose solutions give both the static energy and the dynamical behavior of quantum

mechanical systems. In the simplest form of quantum mechanics, the Hamiltonian

is the sum of kinetic and potential energies, and, in the Cartesian coordinates that

are used, the Hamiltonian form is written as

H ¼
X
i

P2
i =2mþ Vð~XÞ: (1)

Here the electron mass is m, Pi is the momentum of the given particle i, and ~x
represents the vector of all displacements, both electronic and nuclear. We have

assumed that, following the Born–Oppenheimer approximation, electronic and
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nuclear motions are decoupled, and a purely electronic Hamiltonian can be defined

as in (1) (with the nuclear coordinates entering only as parameters). For very simple

systems like the hydrogen atom, quantum mechanics is solved in exactly this form

by choosing the Coulomb potential for V and then finding the eigenvalues and

eigenfunctions analytically.

For anything bigger than the hydrogen atom, however, solving directly in terms of

the coordinates and momenta becomes extremely difficult. Far more common is to

express the wave function in terms of basis functions, introducing the idea of second

quantization [45]. A simple way to think of second quantization is that it describes the

quantum mechanics, from the beginning, in terms of a set of basis functions.

As a simple example, if we choose to work on the problem of the spectroscopy of

the benzene molecule, we might make a model in which we ignore all repulsions

among the electrons, we ignore the s electrons, and we take the p electron wave

function to be represented in terms of six sites each containing a single pp orbital

and centered at a carbon nucleus. We then restrict the electronic interactions to exist

only between neighboring carbons. Still retaining the assumption that these

pp orbitals are orthogonal and form a complete basis set for our model, the model

becomes the standard Huckel model, that can be written as

HHuc ¼ 1=2
X
i

X
j

bi; jðaþi aj þ aþj aiÞ: (2)

Here the operator aþi creates (and the operator ai removes) an electron at site i; the
nn denotes near-neighbors only, and bi;j ¼

Ð
drfiHfj denotes a Coulomb integral if

i ¼ j and a resonance integral otherwise. The second quantization form of this

equation clearly requires a basis set. It is a model for the behavior of benzene – not a

terribly accurate one, but one that helps us understand many things about its spectros-

copy, its stability, its binding patterns, and other physical and chemical properties.

If the basis set is restricted to one pp basis function on each sp2 carbon, if the
two-electron integrals ignore all three-center or four-center ones, and if we exclude

exchange components, one has the Pariser–Parr–Pople model. If, further, all two-

electron integrals are set to zero except for the repulsion between opposite spins on

the same site and the one-electron tunneling terms are restricted to nearest

neighbors, the result is the Hubbard Hamiltonian

HHub ¼ HHuc þ U
X
i

ni;"n i;# (3)

with b, U the parameters of the model and nis ¼ aþisais the number operator for an

electron of spin s on site i.
In molecular transport junctions, the Hamiltonian models are usually based on

Kohn–Sham density functional theory [46–48]. They use relatively small basis sets

because the calculations are sufficiently complicated, they take a number of empir-

ical steps for dealing with the basis sets and their potential integrals, and they
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assume a static basis (that is, the ground and excited states are described in the same

basis). The more complicated the model, the more complicated the calculation.

The tradition of model building only works when the right model is chosen for

the right problem. For qualitative understanding of molecular charge transport,

extended Huckel models can actually be useful [49] – to get quantitative informa-

tion, one requires either a high level ab initio approach (going well beyond

Hartree–Fock) or (much more commonly) a density functional theory with a fairly

sophisticated functional, and with corrections to get the one-electron levels at

roughly the right energy [50].

A great deal more could be said about models – to understand behavior like

strong correlation, Coulomb blockade, and actual line shapes, it is necessary to use a

number of empirical parameters, and a quite sophisticated form of density functional

theory that deals with both static and dynamic correlation at a high level. Often this

can be done only within a very simple representation of the electrons – something

like the Hubbard model [51–53], which is very common in this situation.

General issues with models are discussed elsewhere. For our purposes here it is

important to remember that model Hamiltonians are the only way in which any

molecule larger than diatomic is ever described – in a sense, the science resides in

using the right model for the right system, and solving it appropriately.

Models are also required for analysis of the transport. For calculations of current/

voltage curves, current density, inelastic electron scattering, response to external

electromagnetic fields, and control of transport by changes in geometry, one builds

transport models. These are generally conceptual – more will be said below on the

current density models and IETS models that are used to interpret those

experiments within molecular transport junctions.

In mesoscopic physics, because the geometries can be controlled so well, and

because the measurements are very accurate, current under different conditions can

be appropriately measured and calculated. The models used for mesoscopic trans-

port are the so-called Landauer/Imry/Buttiker elastic scattering model for current,

correlated electronic structure schemes to deal with Coulomb blockade limit and

Kondo regime transport, and charging algorithms to characterize the effects of

electron populations on the quantum dots. These are often based on capacitance

analyses (this is a matter of thinking style – most chemists do not consider

capacitances when discussing molecular transport junctions).

Another set of models involves molecular mechanisms – how does current pass

through molecules? We know that coherent transport (tunneling through the mole-

cule) could occur in short molecules, and that the transition to hopping transport

(electrons localized for long time scales compared to the scales on which they move

between these localization sites) is common in electron transfer systems; by the

Nitzan analogy we would expect the same to be seen in conductance junctions, and

indeed this has been observed [54]. The mechanistic transition from tunneling to

hopping is a fascinating one, with many areas still uncertain, particularly for ionic

molecules like DNA.

The third set of models is for understanding the actual currents, and the pathways

that the currents follow through molecular transport junctions. This is to some
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extent a matter of visualization and categorization, but it is very helpful in under-

standing the mechanism of molecular transport.

Occasionally terms from models can be misused badly. For example, the stan-

dard, nonequilibrium Green’s function/density functional theory approach to trans-

port (the most common one for general calculations on molecular junctions)

[55–66] uses concepts like frontier orbitals [67] (homo/lumo) that come from a

different part of chemistry. These are almost always used incorrectly – in frontier

molecular orbital theory, the homo and lumo are well defined – one is the highest

occupied molecular orbital, the other the lowest unoccupied molecular orbital.

They are orbitals, they have shapes, and they have orbital energy levels. But they

are one-electron constructs – for example, the lumo for naphthalene and for its

cation, its anion, and its doubly charged dication are completely different. So that

when, in a description of transport, we talk about electrons moving through the

lumo, it is not the same lumo that is defined for the isolated molecule! The proper

term would be “affinity level,” but that proper term is hardly used. This is impor-

tant, because the changes in energy between the lumo of a closed-shell molecule

and the lumo of its anion or cation can be very large (electron volts), so that the

nomenclature is wrong, in a serious way.

The thicket of models is complicated, and with misunderstood notation (including

homo/lumo), the careful user or reader of models has to be aware of exactly what is

being done in any given analysis.While it is possible to decry the use of (in particular)

the homo/lumo language, that language is universal. This can be avoided simply by

thinking of them as affinity levels and detachment levels, as they really are.

Given the understanding that our description of molecular transport junctions is

based on a description of the model that we build, we can proceed to some of the

concepts that characterize the mechanistic behaviors.

4 Ideas and Concepts (from Mechanisms and Models)

Molecular transport junctions differ from traditional chemical kinetics in that they

are fundamentally electronic rather than nuclear – in chemical kinetics one talks

about nucleophilic substitution reactions, isomerization processes, catalytic

insertions, crystal forming, lattice changes – nearly always these are describing

nuclear motion (although the electronic behavior underlies it). In general the areas

of both electron transfer and electron transport focus directly on the charge motion

arising from electrons, and are therefore intrinsically quantum mechanical.

4.1 Coherence and Decoherence, Tunneling and Hopping

The simplest and most significant new idea in trying to understand molecular

transport junctions comes from mesoscopic physics, and in particular from the
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work of Landauer with Imry and Buttiker [10, 11]. This in turn is based on a simple

observation – in mesoscopic physics transport junctions, or in molecular transport

junctions, there is a disparity of size scales: the molecule or quantum dot is very small

compared with the electrodes. These macroscopic electrodes, then, set the chemical

potentials, and once an electron enters one of them, it can be thought of as losing its

phase immediately, and simply becoming part of the electronic sea in that metal. This

is the fundamental Landauer idea: when voltage is placed across a transport junction,

electrons travel from one electrode to the other. They travel through the molecule or

quantum dot, on which they may reside for a long time or a short time. But once they

enter the downstream electrode, that acts as a perfect sink –all phase coherence is

immediately lost, and the electron has disappeared into the Fermi sea. This funda-

mental idea is crucially different from understanding a classical wire, and thinking of

conduction in terms of Ohm’s law; in that situation there is no size separation, and the

electrons are thought of as a current that generates heat and undergoes resistance as it

moves–the description is initially classical, although it can easily be made quantal. In

the Landauer/Imry/Buttiker approach, the transport is quite different – it is scattering

(indeed it is elastic scattering in the simplest picture).

This approach to understanding transport leads to the Landauer/Imry/Buttiker

formula for conductance which is

g ¼ g0
X
i

Tii ¼ 2
e2

h

X
i

Tii: (4)

Here g, g0, Tii, e, and h are respectively the conductance, the quantum of

conductance equal to 77.48 microsiemens, the transmission through channel i, the
electronic charge, and Planck’s constant. The idea that conductance can be quan-

tized is a remarkably new one compared with ohmic behavior – Fig. 6 shows

experiments that directly demonstrate quantization of transport in atomic gold wires.

The sum in (4) runs over all the transverse channels of the system – that is, the

channels that extend from the upstream to the downstream electrode. They nor-

mally are thought of (qualitatively) in terms of the molecular orbitals on the

molecule, with appropriate modifications for mesoscopic systems.

While quantum chemistry cannot be used toworkwith the Landauer/Buttiker/Imry

formula as it stands, a very different approach based on nonequilibrium Green’s

functions yields a different formula (sometimes called the Caroli formula [68], or

the NEGF formula in the Landauer/Imry/Buttiker limit). It is, for the current I:

I ¼ 2e=h

ð
dETrfGðE;VÞGrðE;VÞGþðE;VÞGaðE;VÞgðfLðE;VÞ � fRðE;VÞÞ (5)

where Gr is the retarded Green’s function for electrons, G is the spectral density

(twice the imaginary part of the self energy), and ƒ is the Fermi distribution

function. This equation can be rewritten, for clarity, as
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I ¼ 2e=h

ð
dETðE;VÞ ðfLðE;VÞ � fRðE;VÞÞ; (6a)

TðE;VÞ ¼ TrfGðE;VÞGrðE;VÞGþðE;VÞGaðE;VÞg: (6b)

Here, the transmission, T, is expressed as (6b). The Landauer/Imry/Buttiker formula

(almost always called the Landauer formula) then says that the left-to-right electronic

current through amolecular transport junction is the integral of the transmission through

the molecule, weighted by the statistical requirements that the electrons begin in an

occupied level of one electrode and finish in an unoccupied level of the other electrode.

This form is quite general, and it is the one on which almost all of the quantum

calculations of simple transport are based. It does need to be generalized to deal with

Fig. 6 (a) Conductance steps

in a Au wire as an STM tip

was retracted. (b) Electron

microscope images of gold

bridges obtained

simultaneously with the

conductance measurements in

(a). Left, bridge at step A;

right, bridge at step B.

(c) Intensity profiles of the

left and right bridges shown

in (b). The shaded area is the

intensity from the bridge after

subtraction of the background

noise. (d) Models of the left

and right bridges. The bridge

at step A has two rows of

atoms; the bridge at step B

has only one row of atoms.

The distance from P to Q

(see b) is about 0.89 nm, wide

enough to have two gold

atoms in a bridge if the gold

atoms have the nearest-

neighbor spacing of the bulk

crystal (0.288 nm) (Reprinted

by permission from

Macmillan Publishers Ltd:

Nature (1998) Nature 395,

780–783, copyright (1998))
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issues like electron correlation, photonic excitation, thermal processes, decoherence

and dephasing, very strong correlation,magnetic effects, and other aspects ofmolecular

transport junctions – but it is the basis from which most of that work is done.

One way to think about the Landauer formula is to say “conductance is scatter-

ing” [69]. In fact, conductance is elastic scattering, because in the original Landauer

approach, all scattering is considered to be elastic – particles leave the electrode and

are scattered elastically until they make it into the other electrode (or not). Inelastic

events are not included, at least conceptually.

This language is a bit different from our ordinary understanding of conduction and

resistance, but it is the right approach for systems that are by their nature quantal, and

that have the length scale separation characteristic of transport junctions.

Mechanistically, it is a bit hard to swallow the idea that conduction through a

molecule must go by elastic scattering. For example, suppose the molecule in

question were really long – something like a DNA double helix with a hundred

base pairs. Elastic scattering through such a structure would fall off exponentially

with length, and therefore any transport that was seen could not be explained. The

model that is used to derive the Landauer equation – that is, the model that assumes

the space scale separation quoted above, and the elasticity of all collisions, can begin

to fail. This brings in a series of chemical mechanisms that occur because of the

nature of the molecules. These chemical mechanisms are well understood from

problems like conductive polymers and electron transfer in molecular systems –

they might be expected to occur in molecular transport junctions, and indeed they do.

One way to think about mechanistic change is in terms of time scales. This is

familiar from classical kinetics where (for example) the steady state assumption

assumes that the reactive intermediate is made and destroyed on exactly the same

time scale, so that (after the induction period of the chemical reaction) the rate of

the overall reaction could be found by assuming that the reactive intermediates exist

at steady state. This leads to the idea of chemical mechanisms for dynamical

processes, and to the question of time scales. The time scale problem in molecular

transport junctions is complicated, but extremely important. One time scale that is

unfamiliar to most chemists is the so-called Landauer/Buttiker time or contact time

[70]. This is conceptualized as the time that the electron actually spends in contact

with the molecule. This is not the same as the inverse of the rate, which describes

how long it takes for an electron to go from one end to the other, but rather tells

about how much time the electron is actually “on” the molecule – when it can

contact other molecular degrees of freedom such as the vibrations through the

electron/vibration interaction [71, 72]. A simple argument based on the uncertainty

principle (that can be supported by scattering theory analysis) is that this Landauer/

Buttiker contact time is given approximately by

tLB ¼ n�h

DEg

: (7)

Here the variables are n, which is the dimensionless length of the system in terms

of subunits and DEg; which is the gap energy between the Fermi level of the
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electrode and the relevant molecular energy level. This formula looks like the

uncertainty principle multiplied by a length, which seems reasonable. The uncer-

tainty principle part is slightly counterintuitive: it says that the higher the injection

barrier, the smaller the contact time. This is only unexpected because, if one were to

talk about rates, the higher the barrier, the slower the rate, and therefore the longer

the rate time. Conceptually, one gets around this by thinking of the Landauer/

Buttiker contact time as describing how long the electron is under the barrier – in

the original analysis this could be tested by looking at a spin flip within the barrier,

as modulated by the presence of the tunneling electron.

Qualitatively, for a characteristic transport molecule like an alkane thiol or a

small ring system, the gap is more than 1 V, the contact time is less than 1 fs, and

there is simply not enough time for strong interaction between the electrons and the

vibrations. But as resonance is approached, the time tLB can approach the period of

molecular vibrations or motions, which can then enter into resonance. This mecha-

nistic change is important – once the resonance regime is approached, the scattering

is certainly not elastic, the behavior does not occur simply by tunneling, thermali-

zation is possible, vibrational subpeaks should be seen in the transport, and the

mode of transport is closer to the hopping mechanism seen in conductive polymers

than to the tunneling mechanism also seen in conductive polymers [71].

Many other time parameters actually enter – if the molecule is conducting through

a polaron type mechanism (that is, if the gap has become small enough that polariza-

tion changes in geometry actually occur as the electron is transmitted), then one

worries about the time associated with polaron formation and polaron transport.

Other times that could enter would include frequencies of excitation, if photo pro-

cesses are being thought of, and various times associatedwith polaron theory. This is a

poorly developed part of the area of molecular transport, but one that is conceptually

important.

The Landauer formula assumes elastic processes. If the electrons move coher-

ently (that is without any loss of energy or of phase) they will tunnel; if the energy

gap through which they must tunnel becomes relatively small, they can tunnel a

long way. Generally, the conduction in the tunneling regime is written as

g ¼ k0e
�bx (8)

where k0 is a constant depending on the system, x is the distance between the

electrodes, and b is the decay parameter corresponding to tunneling through a given

molecular system.

4.2 Pathways and Analysis

The orbital description of electrons in molecules suggests that it should be possible

to map the actual physical pathways by which electrons transfer through a molecule
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between two electrodes, or at least identify the parts of a molecule responsible for

mediating the electronic interaction between the two electrodes. Some of these

pathways have been roughly described on the basis of inelastic electron tunneling

spectroscopy – this is discussed in Sect. 6. However, a more general and useful

analysis (this time based on theory rather than experiment) has been developed in

terms of channels [73–80]. The most recent extension of the channels idea is based

on continuity: if one imagines planes perpendicular to the line between the two

electrode tips, then the current through all such planes must be identical at steady

Fig. 7 Local transmission description of transport through an extended alkane (top left), a para

linked di(thioethyne) benzene species (top right), and a meta-linked benzene species (lower figures
and panels). In the two upper cases, transport goes through a single simple pathway in the alkane,

and through two symmetrically disposed pathways in the para-benzene – this gives a relatively flat

conductance or transmission spectrum as a function of voltage or energy. In the meta-benzene,

different interference features occur (at roughly �2.5, 0.2, and 3.4 eV). The interference patterns

shown near these features are characterized by ring-current reversal moving from one side of the

interference feature to the other. Reproduced from [81]
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state. Based on these understandings, Solomon and coworkers [81] have made use

of an analysis in which the electron motion between all possible atomic pairs in a

molecular junction can be calculated. The input into this calculation can be done

using any model for the electronic transport, from simple extended-Huckel type

models to full NEGF/DFT analyses. Figure 7 shows an analysis of the transport in

benzenoid structures – note the dependence upon the energies (different pathways

at different energies, at different interferences also) and on the geometry of meta vs

para linkage. Figure 8 shows similar analysis of a more complicated problem,

involving a strongly distorted, p-stacked molecular entity. In these pictures, the

thickness of a line indicates the amount of charge flowing through that line in steady

state at a particular geometry. These pathways ideas, developed on the basis of a

number of earlier contributions [82–88], are very helpful in understanding, rather

than simply calculating, electron transport in junctions.

5 Benzene Dithiol: An Exemplary Case

Since the first measurement reported by the Reed/Tour groups in 1997 [23], the

derivative of benzene with thiol groups at the 1,4 position (usually called benzene

dithiol) has become the standard case for the discussion of molecular transport

junctions. That measurement by the Reed group was made with a mechanical break

junction, and reported both the zero-voltage and the voltage-dependent conduc-

tance. Specific values were given for both, and the cartoons in the paper suggested

that the thiol group lost its hydrogens, and that the sulfur atoms were uniquely

coordinated to the gold electrodes. Since it was entirely a measurement paper, there

was no discussion of possible binding geometries. This important paper was one of

Fig. 8 Local transmission pictures in a superposed benzenoid structure. As the two rings change

geometry from an eclipsed pseudo para geometry (upper left) through an eclipsed pseudo meta
geometry to a slip-stacked structure to a single tunneling pathway, the transmission at the Fermi

energy increases by roughly a factor of ten. Reprinted with permission from G. C. Solomon et al.

J. Am. Chem. Soc. (2010) 132, 7887–7889. Copyright 2011 American Chemical Society
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the first reported single-molecule transport measurements, and therefore has been

instrumental in the entire area.

Questions about what was being measured, and the geometries of what was

being measured, began immediately. It was suggested that perhaps the junction

contained two molecules, one bound to one electrode, and the other to the

counterelectrode, with a sort of p-type stacking in between them [89]. A large

number of calculations using different methods were published. These modeling

activities suggested that different interactions of the molecule with the gold could

produce substantially different transport. Since the measurement from the Reed lab

was the standard, that value has been enshrined.

There are almost 100 papers that discuss benzene dithiol’s conductance. As the

point about geometric distributions became well understood, it was realized that

statistical analysis was extremely useful. Accordingly, electrochemical break junction

techniques, both in their original form of crashed electrodes being separated to form

the gap or in the newer electrochemistry form, in which a gap is created and then

electrochemically modified, have proliferated. The important thing is that statistical

measurements can be made [24, 90], with hundreds or thousands of data points. Not

surprisingly, distributions are observed (as the earlier computations had suggested).

The closest thing to a unique measurement was reported by the group at

Columbia University/Brookhaven National Laboratory [91]. They used amine

rather than thiol end groups. Both the narrowness of the experimental distributions

and very nice theoretical work integrating molecular dynamics and transport

calculations [33] suggested that the amine likes to bind to a coordinatively unsatu-

rated site on a single gold atom, so the narrowness of the distribution here is greater

than is typical for thiols.

Some measurements showing high conduction for benzene itself and some

benzene derivatives are best explained by a geometry very different from the

extended one first suggested by Reed, and serve as the basis for much calculation.

In the measurements from Ruitenbeek’s laboratory, the conductance is close to the

atomic unit of conductance [92]. The simplest way to explain this phenomenon is

that the molecule is oriented perpendicular to the interelectrode coordinate, and

electrodes are very near one another. So the molecule really does not assist

substantially in the transport, although it can be seen in the IETS spectra.

In a 2007 overview [7], simple NEGF/DFT calculations were compared with

reported experiments, and the outlier was benzene dithiol. It is now clear that (particu-

larly with small molecules) geometry dependence can (indeed must) give distributed

values for the conductance. This is entirely in keeping with the understanding of single

molecule spectroscopy [93, 94] that is demarked by such phenomena as blinking (in

many cases) and spectral wandering (in essentially all cases). These arise from

fluctuations, be they fluctuations of charge density or fluctuations in geometry of

the environment in which the molecule is measured. From the viewpoint of funda-

mental understanding, these fluctuational quantities are well described by simple

statistical mechanics – fluctuations scale as the inverse square root of the sample

number, so that with millions of samples, an average number can be readily agreed
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upon. A small number of measurements would be expected to give a fairly wide

distribution of observed behaviors – this is indeed seen [28] in benzene dithiol, and

probably should be seen (and has been) in many other molecules.

6 Inelastic Electron Tunneling Spectroscopy

In the Landauer/Imry limit, the transport through the junction is due to elastic

scattering. If the gap between the injection energy and the frontier orbital resonance

is large, the Landauer/Buttiker contact time is very small, so that the charge is

present on the molecule for a very short time. This means that its interaction with

any vibration will be weak, because there just is not time to complete a full

vibrational period before the charge has gone into the electrode sink.

There will be vibronic interactions in any molecular system, because the charged

states will always have a different geometry from the uncharged ones. This means

that the charge on the molecule will cause the geometry of the molecule to change,

and that will be reflected in a vibrational side peak in the transport spectra. The

simplest and most useful measurement to make on such systems is inelastic electron

tunneling spectroscopy [8] (IETS), in which one measures the second derivative of

the current with respect to the voltage, and plots that (divided by its value at a

reference voltage) as a function of voltage. Figure 9 shows both the schematic

behavior. This experiment, first reported in molecular junctions by Reed and

coworkers [95] and by Kushmerick and coworkers [96] in 2004, is a significant

way to investigate molecules in junctions.

When the gap is large, the sketch in Fig. 9 shows that a second channel will open

when there is a vibrational resonance – that is, when eV ¼ �ho, with o one of the

vibrational frequencies of the molecule. This is vibronic resonance, and energy will

transfer from the momentum of the tunneling electrons into the vibrations of the

molecule. The interaction is quite weak (because the tunneling time is so short);

Fig. 9 Schematic of the inelastic electron tunneling phenomenon. From M. Galperin et al.

Science (2008), 319, 1056–1060. Reprinted with permission from AAAS
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IETS spectra are usually reported at very low temperatures, and careful data

management is required to see the IETS features.

The interpretation of IETS is helpful in understandingmolecular junctions. Several

workers have developed techniques for doing so [97–102], some based on quite

complex analyses of the full Green’s function [99–101], others based on a much

simpler analysis in which the fact that the response is so weak is used as the basis for

perturbative expansion[98]. The results of these analyses fit the spectra well.

From these analyses, a number ofmajor advances have followed. First, the presence

of the molecular vibrations indicates that the molecules are indeed in the junction, and

that the transport is passing through them. Second, the pathway of the current through

the molecule can to some extent be determined based on which vibrational modes are

enhanced – as is not surprising, if the electron density between atoms on which a

particular normal mode exhibits large amplitude is not substantially modified upon

charging, then thatmolecularmodewill be silent in the IETS spectra. This leads to a set

of propensity rules [103–106] that have helped substantially in interpreting both IETS

spectra and (more interestingly) the actual geometries of the junction.

As has been stated several times, the geometry problem in junctions is difficult.

Several papers have utilized the differences in the IETS calculated spectrum at

different trial geometries to compare with the experimental spectrum, and thereby

to deduce the true geometry of the structure. Figure 10 shows some results by Troisi

[107], in which he was able to deduce the angle between the molecular backbone

and the electrode, based on agreement with the IETS spectrum.

It is also possible to deduce pathways in a more adventurous way by noting

which modes are enhanced, doing the normal coordinate analysis to find out where

those modes have their maximum amplitudes, and arguing that this describes the

pathway for the electron going through the molecule. An example is shown in

Fig. 11, also from Troisi’s work [108].

It was noted early by Reed and others that the IETS spectrum could exhibit both

absorption and emission peaks – that is, the plots of Fig. 9 could have positive

excursions and negative excursions called peaks and dips. The simple analysis

suggested in Fig. 9 implies that it should always be absorptive behavior, and therefore

that there should always be a peak (a maximum, an enhancement) in the IETS

spectrum at the vibrational resonances. It has been observed, however, that dips

sometimes occur in these spectra. These have been particularly visible in small

molecules in junctions, such as in the work of van Ruitenbeek [92, 109] (Fig. 12).

Here, formal analysis indicates that, as the injection gap gets smaller, the existence of

an inelastic vibrational channel does not contribute a second independent channel to

the transport, but rather opens up an interference [100]. This interference can actually

impede transport, resulting in a dip in the spectrum. Qualitatively, this occurs because

the system is close to an electronic resonance; without the vibrational coupling the

conductance is close to g0, and the interference subtracts from the current.

These IETS features have been observed. The technique is a very good one for

addressing certain aspects of a molecular structure in the junction, and the molecu-

lar pathways. Of all the areas of molecular transport, this one is probably the most

quantitatively accurate for comparison with experiment.
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Fig. 10 Estimation of the tilt angle for an alkane between gold electrodes, determined by fitting the

computed IETS spectrum with the experiment (panel b below). Result is a 40 degree tilt angle

perpendicular to the plane of the carbon chain, as illustrated in the lighter shade structure in the sketch

(b) above. Sketch (a) above and panel (a) below refer to the alkane tilted in the plane of the carbon

chain. The structures in sketch (a) do not fit so well an those in (b), suggesting the methyl group

position shown in (b) above. From [107]. Reproduced by permission of the PCCP Owner Societies
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Fig. 11 IETS analysis of transport through an etheric naphthalene molecular wire. Central panel
left shows the computed (red) and the experimental (black) IETS spectrum. The normal



Fig. 12 The change from a

peak to a dip structure can

occur in IETS spectra as the

transport gets close to a

transmission of T 1⁄4 1. In this

regime, rather than opening a

second channel as suggested

in Fig. 9, the structure shows

a dip at 63.6 mV. Exactly this

transition from peak to dip is

suggested by theoretical

constructs (lower figure). The

upper figure (Reprinted by

permission from Macmillan

Publishers Ltd: Nature

(2002), 419, 906–909,

copyright 2002) shows the

conductance itself – note that

it is indeed close to the

quantum of conductance, and

therefore we expect (on the

basis of the lower figure) that

there should indeed be a dip

rather than a peak in the

transport. In the lower figure,

the red line corresponds to off

resonance, low transmittance

conditions. As the

transmittance becomes closer

to unity, the red peak

transforms to the green and

then the blue dotted spectra.

Reprinted with permission

from [100]. Copyright 2011,

American Institute of Physics

Fig. 11 (continued) coordinates corresponding to the various peaks are shown in sketches on the

bottom and, by reconstructing all of these, the eventual transport picture in the blobbish sketch

above emerges – the current goes through the s system in the alkane thiol end, transfers to the p
system to pass through the naphthalene, and then back into the s system through the ether to the

other electrode. From [108] copyright 2011 by the National Academy of Sciences
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7 Challenges

The field sometimes called molecular electronics actually should extend well

beyond simple measurement of current/voltage characteristics of single molecules.

The latter topic, single molecule transport, has comprised by far the dominant

reported molecular electronics measurement and modeling, and, as has been

discussed above, the community is reaching some agreement in this area.

The original vision of molecular electronics was not only single transport, but

actual applications of that single molecule transport, and more complicated

mechanisms, towards electronic phenomena (and perhaps electronic devices)

based on the functional use of molecules [110, 111]. In its most visionary manifes-

tation, these would be single molecules; there have been a number of important

efforts in the single-molecule device area that extend beyond simple transport

[112–116]. Issues such as decoherence and fabrication complexity have plagued

this area, but it remains as an important intellectual challenge. The original idea of

molecular rectification has been experimentally established in important, extensive

work by Metzger and colleagues [117, 118].

Since the notion of single molecule devices was put forward in the 1970s, the

field of electronics has moved on in a very elegant (and profitable) fashion. Several

areas have been developed, areas in which molecules might well provide

advantages. We will complete this overview with a very brief description of some

of these situations.

In this chapter, we will deal with the challenges involved in single molecule

electronics, or possibly the electronics of systems with a few molecules. This is to

be distinguished from multimolecule effects in electronics, where a good deal of

progress has been made. Organic electronics [119] now comprises an entire field, as

does organic optoelectronics [120]. In these areas, molecules act as functional

devices, but not on a single molecule basis. Areas such as organic photovoltaics,

organic transistors, and organic light emitting diodes are already the stuff of

commerce, and represent challenging fields for the chemical sciences and the

materials and electronic engineering fields.

Sometimes molecules are used as layers in other devices. For example,

molecules can act as capacitors, and this relatively new field is promising for

applications in energy storage as well as providing typical capacitance behavior

in thin film devices [121, 122].

SAMs containing molecules (originally based on thiol/gold interactions, but now

extended to many different molecular terminal groups and multiple solids including

metals, semiconductors, and some insulators) represent another significant area of

application. One obvious application is the control of the affinity and ionization

potentials of a given macroscopic material that can be provided by dipolar layers of

SAMs on their surfaces [123, 124]. One can also make mixed SAMs, in particular

SAMs of molecules that should be pretty good insulators (such as alkane thiols) and

unsaturated molecules that should be good transporters [125, 126]. Many groups

have examined statistics, sometimes asking about whether the current through

Molecular Electronic Junction Transport: Some Pathways and Some Ideas 25



n conducting wires is actually n times the current through a given wire (the answer

is “sometimes”) [127–133] and often using the nonconductive host material to

stabilize the guest [96, 132, 134]. Once again, switching and geometric change,

both static and dynamic, have been observed in such systems.

7.1 Strong Correlations

The two most common manifestations of the so-called strong correlation effects are

the Kondo peaks that arise with an odd spin on the molecule [13–15] and the

Coulomb blockade phenomena that arise when the molecular coupling to the

electrodes is weak compared to intramolecular energies such as the Fermi gap or

averaged electron repulsions [14]. It is then necessary to deal with a strongly

correlated molecular Hamiltonian, but the effects of mixing with the electrodes

can normally be handled according to simple master equation kinetics. There have

been both extensive measurements and extensive modeling [135] to approach these

limits, largely in imitation of the situation found in mesoscopic physics.

Because vibronic coupling is strong in most molecules (unlike silicon itself or

even silanes), most molecules exhibit relatively large geometry changes between

molecules and their ions – this requires relatively simple extensions of the

Born–Oppenheimer approximation, so that the individual ionic states are well

defined. But when current passes through a molecule, the change in electron density

can cause a geometric change, and that will change the spectroscopy, the transport

mechanism, and the nature of the correlations.

7.2 Spintronics

Spintronics [136–138] is a word used to describe transport in a mesoscopic junction

in which the transport medium (or the electrodes) contain unpaired electron spins.

There are different aspects of spintronics, but the simplest idea is that one can

transport spin without necessarily transporting charge. This leads to the idea of a

molecular spin transistor, and other spin phenomena such as spin valves and spin

gates.

One difficulty with the spintronics area using molecules [139–141] has been that,

like simple transport, it will change with the geometry of the interface. Neverthe-

less, spintronic applications are intriguing, and this has become a new focus area for

molecular electronics.
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7.3 Optoelectronics

The simplest structural entity in optical electronics would be a molecule whose

geometry can be made to change by optical excitation. Systems such as

azobenzenes and dithienylethenes immediately come to mind, and indeed such

switching has been seen [142–146] and computationally explained [147–151].

Photoswitching single molecules bound in conducting junctions presents an inter-

esting problem for system design: on the one hand strong coupling to the electrodes

is desirable to maximize current flow, on the other hand this strong coupling can

quench the molecular excited states thereby inhibiting switching. More recently,

optoelectronic switching in a distributed set of molecules binding together quantum

dots has been explored [145] – such systems might have important applications in

photovoltaics, but also represent an interesting way of constructing controlled

networks. Thus both single molecule optoelectronics and optoelectronics in mole-

cule-based extended nanosystems are of substantial current interest.

7.4 Dynamical Control of Transport Properties

The first five sections of this chapter discussed the relationship between the geometry

of molecular transport and the magnitude of the conductance. But once a transport

junction is assembled, its function can be changed by controlling the potentials that

the molecule feels. Three outstanding examples are gating of transport junctions

either by means of a third gate electrode (very similar to traditional mesoscopic

transistors) or by the ionic environment, which also [152] provides a gate (and relates

to dynamical control of processes in electrochemistry). A third, very new approach is

based on coherent control – that is, modifications of the structure of the bridge caused

by incident laser fields. This is still mostly a theoretical endeavor [153], but clearly

follows directly from the geometry changes involved in photoexcitation.

Representing the actual optical field in a coherent control scheme for a single

molecule transport junction is complicated by the optical inhomogeneity of this

space (with vacuum, metal, and molecular components). Nevertheless, coherent

control is scientifically very intriguing, and such processes might well be useful for

trapping and storing charge and energy.

7.5 Chirality and Broken Symmetry

Many molecules are chiral – that is, these molecules are not superimposable on

their mirror images. One way for molecules to obtain chirality is to have so-called

asymmetric carbons (that is, a carbon atom with four covalent bonds, none of which

are equivalent). But there are many other structures that are also chiral, ranging

from helicenes through simple twisted molecules such as biphenyl.
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It seems clear based on symmetry arguments (and on more formal

considerations) that a chiral molecule symmetrically placed in a symmetric trans-

port junction should have a symmetric current/voltage characteristic – that is, it

should not exhibit rectification. However, it also seems clear that adding a second

symmetry-breaking effect (such as a magnetic field, polarized light, or an odd spin)

should change the overall transport symmetry, allowing rectification. Extensive

work on this subject has been reported by the Weizmann Group [154, 155], and

these fascinating experiments provoke a series of questions. Very simple models

[42] have been used to show different transport for different interfaces between the

molecule and the metal, interfaces whose difference might well arise from chirality.

If one were interested in making devices, these chiral effects might be quite

significant. Magnetic sensors, molecular sensors, and strong rectification structures

might well be made by using the phenomenon of chirally-induced transport. Even

very simple questions remain to be answered: are two different molecules that have

different chiral strengths (that is, rotate the vector of polarized light to different

extents) expected to show stronger effects of gating or switching or rectification?

These are very new experiments, which should be quite challenging, and perhaps

significant for applications in the life sciences.

7.6 Crosstalk, Interference, and Decoherence

Crosstalk between two molecular wires occurs when the current through the pair of

wires differs from twice the current through a single wire [156–161]. As indicated

above, these issues were first explored in mixed SAM films; several measurements

have been made in which crosstalk was discussed as part of the explanation for the

observations. Classically, since two parallel pipes of the same diameter will carry

twice as much water as a single pipe, one would not expect to see crosstalk. It

therefore corresponds to typical quantum behavior (in which the probability for two

parallel channels might be as large as four times the transport in one, or might even

be smaller than the transport in one, depending on the nature of the couplings

between the wires [128, 162]).

Crosstalk has been discussed fairly extensively, as one of a series of interference

phenomena that can lead to a different kind of control of molecular transport than

has been discussed in Sect. 7.4. It is also possible to observe intramolecular

interference effects. For example, with cross-conjugated molecules [163] or ben-

zene dithiol linked in the 1,3 (or meta) configurations [164–171], both are expected

to show substantially reduced transport.

These interference patterns are wonderful manifestations of wave function

behavior, and are not found in classical electronics or electrodynamics. Since the

correspondence principle tells us that quantum and classical systems should behave

similarly in the limit of Planck’s constant vanishing, we suspect that adequate

decoherence effects will change the quantum equation into classical kinetics

equations, and so issues of crosstalk and interference would vanish. This has been
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suggested theoretically in a number of cases, and the disappearance of quantum

mechanical effects upon increasing temperature is crucial to modern magnetic

resonance and coherent optical spectroscopies. We should see the same behavior

in transport, as more sophisticated measurements are made on appropriate systems.

One classic example is the turnover from coherent tunneling at low temperatures

and large gaps to hopping conduction at higher temperatures and smaller gaps. This

has been suggested theoretically in a number of situations [54, 172, 173], and there

are some good experimental examples in systems like DNA and oligomers [174].

Understanding how decoherence occurs, and how to control it, is one of the major

problems in contemporary chemical physics [175], and there have been specific

applications of the general theory to molecular transport [176, 177]. Indeed, the

theoretical difficulty of how one describes a dynamical subsystem interacting with a

very large extended host is a frontier area of science in 2011, and molecular

junctions are an area in which its understanding and mastery will be helpful. Indeed,

much of the initial concern about the practicality of single molecule and few-

molecule electronics had to do with decoherence – the argument being that the

environment would destroy some of the delocalization properties of wave

functions, and that the localized results would have lost the typical behaviors of

coherence interactions, upon which quantum computing (and other quantum pro-

cesses) are based. Therefore, understanding of these decoherence phenomena, and

how they relate to the structure of the molecule and its environment, is one of the

most challenging problems in the entire area.

7.7 Quantum Cellular Automata and Cascade Devices

Very thought-provoking extensions of the idea of molecular electronics have been

published by Eigler (quantum cascade logic [178]) and by the Notre Dame group

(cellular automata based on molecular subunits [179]). In Eigler’s example, lines of

CO molecules adsorbed onto a single crystal can be caused to change their angles

with respect to the plane (almost like dominoes falling down in a chain). STM

images of such logic are quite beautiful, and these elegant pictures demonstrate

that, with sufficient attention paid to the details, such molecular dominoes can

indeed perform Boolean logic. It is not clear how such structures could be made to

scale with size, such that many (as opposed to a few) interactions and subunits

could be used to form devices, memory, or logic.

Quantum-dot cellular automata (QCA) provide an alternative approach for the

design of molecular electronics. In the QCA scheme, binary information is stored in

the charge configuration of single cells and transferred via Coulomb coupling

between neighboring cells. Decreased resistive heating makes possible extremely

high device densities without dissipating catastrophic amounts of energy [179].
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7.8 True Devices

At one level, a simple metal/molecule/metal or metal/molecule/semiconductor

junction is a device. From an applications point of view, devices should have

functions that are useful for information storage, logic, energy transfer, energy

storage, polarization control, thermal switching, or some other behavior that could

become, through appropriate engineering, an entity in the marketplace of devices,

as well as ideas. The field of organic electronics, as mentioned at the beginning of

this section, has already done that for systems based on many molecules. For

systems based on a single molecule, the usual arguments (fragility, reproducibility,

difficulties with fabrication, chemical reactivity) have been invoked to suggest that

it would be difficult to make true single-molecule or few-molecule devices that

would be active as technological systems. While some of these arguments are quite

persuasive, even thinking about molecular electronics is only three and a half

decades or so old, so that true devices may still be built, based on the use of the

intrinsic degrees of freedom (including chirality, isomerization, switching, and

binding) that characterize molecular systems.

The discussion in this contribution has been largely qualitative, and impression-

istic. This seems in keeping with a volume of this kind – most of the topics

discussed here are still very much alive, and it seems that molecular electronics,

defined as the understanding and technological application of electronic properties

of single molecule systems or few-molecule systems, remains as a challenge to the

molecular sciences of the twenty-first century.
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Unimolecular Electronic Devices

Robert M. Metzger and Daniell L. Mattern

Abstract The first active electronic components used vacuum tubes with appropri-

ately-shaped electrodes, then junctions of appropriately-doped Ge, Si, or GaAs

semiconductors. Electronic components can now be made with appropriately-

designed organic molecules. As the commercial drive to make ever-smaller and

faster circuits approaches the 3-nm limit, these unimolecular organic devices may

become more useful than doped semiconductors. Here we discuss the electrical

contacts between metallic electrodes and organic molecular components, and survey

representative organic wires composed of conducting groups and organic rectifiers

composed of electron-donor and -acceptor groups, and the Aviram-Ratner proposal

for unimolecular rectification. Molecular capacitors and amplifiers are discussed

briefly. Molecular electronic devices are not only ultimately small (<3 nm in all

directions) and fast, but their excited states may be able to decay by photons, avoiding

the enormous heat dissipation endured by Si-based components that decay by

phonons. An all-organic computer is an ultimate, but more distant, goal.

Keywords Aviram-Ratner theory � Cold gold evaporation � Electron-acceptor

groups � Electron-donor groups � Langmuir-Blodgett film � Langmuir-Blodgett

monolayer �Orbital-mediated tunneling � Rectifier � Scanning tunneling microscopy

� Schottky barrier � Schottky-Mott theory � Self-assembled film � Self-assembled

monolayer � Unimolecular amplifier � Unimolecular electronic devices

R.M. Metzger

Laboratory for Molecular Electronics, Department of Chemistry, The University of Alabama,

Tuscaloosa, AL 35487-0336, USA

e-mail: rmetzger@ua.edu

D.L. Mattern (*)

Department of Chemistry and Biochemistry, The University of Mississippi, University,

MS 38677, USA

e-mail: mattern@olemiss.edu

mailto:rmetzger@ua.edu
mailto:mattern@olemiss.edu


Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2 Contacts to Metal Electrodes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3 Electrode Metal and Schottky Barriers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

4 Bottom Electrode Surface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

5 Top Electrode . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

6 Break Junctions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

7 Molecular Resistors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

8 Molecular Wires . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

9 Schottky and Asymmetric Rectifiers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

10 The Aviram-Ratner Proposal for Unimolecular Rectification . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

11 Donors and Acceptors; HOMOs and LUMOs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

12 Molecular Rectifiers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

13 Capacitors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

14 NDR Devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

15 Field-Effect Transistors/Gates . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

16 Future Unimolecular Amplifiers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76

17 Future Organic Interconnects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

1 Introduction

Molecules, acting either singly or in parallel as a monolayer array, can serve as

electronic components. This ability has spawned the field of “Unimolecular

Electronics” (UE) [1, 2], which, with some luck, could eventually lead to ultra-tiny

and ultra-fast electronic circuitry with dimensions of 1–3 nm – a true nanotechno-

logy. UE was inspired by organic crystalline metals [3, 4] and superconductors [4, 5]

and organic conducting polymers [6–10], and it exploits the valence molecular

orbitals of molecules, that is, molecular Highest Occupied Molecular Orbitals

(HOMOs) and Lowest Unoccupied Molecular Orbitals (LUMOs) where electrons

can be most easily influenced. UE differs from the robust area of molecule-based

electronics, involving electrically-conducting crystals and polymers [1], in that UE

focuses on nonpolymeric organic molecules, as will the present chapter [11, 12].

The push to make ever smaller and denser arrays of electronic devices may be

inspired by technological feasibility, but it is driven by commercial considerations

and by Moore’s empirical “law” [13]: ever since the 1960s, the minimum distance

or “design rule” (DR) between components in integrated circuits has halved every

2 years, and therefore the speed of the digital circuits has doubled [13]. At present,

3-GHz computers use 65-nm DRs, 35-nm DRs are found in research, and the

challenges of DRs < 22 nm are under discussion [14]. However, Moore’s “second

law” suggests that the cost of higher integration increases exponentially. Going

down to DR ¼ 3 nm using inorganic materials and inorganic metal electrodes will

be difficult and expensive [14].

This opens the door for UE, with its organic molecules as the circuit building

blocks, with typical sizes of 2–3 nm. But there are challenges beyond the synthesis
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of appropriate organic candidates. Even when carefully designed, organic mole-

cules may be air-sensitive, and may lose their integrity above about 150 �C, while
inorganic systems (or pure carbon nanotubes) may continue to perform as hot as

600 �C. Furthermore, the “molecule | metal” interface must be well understood in

order to connect the molecular circuit to the macroscopic world.

UE provides an important potential advantage beyond small size. The excited

states in Si-based electronics decay by phonons, and thus a huge heat dissipation

problem faces nanoscale inorganic electronics at DR ¼ 3 nm. In contrast, UE

devices may be able to decay from their excited states by photon emission [15].

If the photon decay channel can be maximized, UE devices will have a great heat

advantage over inorganic ones.

2 Contacts to Metal Electrodes

To extract useful results from a molecular electronic device, or just to measure

its electronic characteristics, connections must be made to macroscopic probes.

That is, metallic electrodes must interface to different ends of the molecule of

interest. An experiment may interrogate a single molecule, or may measure a one-

molecule-thick layer, i.e., amonolayer, of the molecules of interest, provided all the

molecules are oriented in the same direction. In either case, several questions arise.

What is the nature of the contact between metal and molecule(s)? What metal

should be chosen, and what should be the form or shape of this electrode?

There are two ways to attach a single molecule or a monolayer of molecules to a

metal electrode: physisorption (where the connection is maintained by noncovalent

forces) and chemisorption (where the connection is maintained by coordinating

or covalent bonds). Monolayer devices often begin with the physisorption of

a monolayer onto one (the “bottom”) electrode. One could imagine deposition of

vapor-phase molecules onto a metal electrode substrate, but such depositions

usually yield poor, disordered packing and random orientations. Much better is

the physisorption of an ordered Langmuir [or Pockels-Langmuir (PL)] monolayer
formed by amphiphilic molecules floating at a water–air interface. The monolayer

is laterally compressed until the molecules are close-packed. The Langmuir-
Blodgett (LB) or vertical transfer method [16, 17] then lets the monolayer adhere

to an electrode (or any solid surface) being gradually removed from (or inserted

into) the water, while the Langmuir-Schaefer (LS) or quasi-horizontal transfer

method [18] lays the electrode flat onto the interface so that the monolayer sticks

to it.

Ordering of a PL film presents some restrictions on the chemical nature of the

molecules. The molecules will typically need to be made amphiphilic by attaching

either pendant nonpolar (e.g., alkyl) groups to yield a hydrophobic end, or pendant

polar (e.g., carboxylic acid) or even ionic (e.g., carboxylate anion) groups to make

a hydrophilic end, complicating the synthetic task. Further, the pendant groups may

have a cross section that is not well matched with the size of the electroactive
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portions of the molecule. As a consequence, it may not be possible for the

monolayer to be tightly-packed at all depths. If the second (“top”) electrode is

introduced by vapor deposition, stalactite- or stalagmite-like shards or filaments

or whiskers of metal may partially penetrate the monolayer, yet dominate the

electrical characteristics [19, 20]. Also, such a monolayer may not be laterally

uniform, leading to poorly-reproducible measurements. Finally, physisorbed

molecules can move easily after deposition, either as they seek a thermodynamic

steady state on the surface, or in response to an applied electric field (a 2-V bias

across a monolayer 2 nm thick makes a 1 GV/m field). That means that LB and LS

films can reorient over days, weeks, or months, changing their properties.

A variety of chemisorption techniques can covalently bind molecules to specific

metal surfaces [21]. Most commonly, thiols (H–S–R) or thioesters (like thioacetates,

CH3CO–S–R) coordinate to gold or mercury, serving as “alligator clips” (by analogy

to the clips that connect macroscopic wires and terminals). In addition, carboxylates

can bind to oxide-covered aluminum or silver, chlorosilanes to silicon oxide, amines

to platinum, etc. The resulting films are called “self-assembled monolayers” (SAMs)
because they form spontaneously when the molecules are allowed access to the

surface [22, 23]. The binding of SAMs to metals often involves a homolytic bond

scission in the ligand, and the formation of a covalent or partially ionic bond to the

substrate. For example, the chemisorption of thiols to Au involves the bonding of

R-S• to Au; the S–Au bond is fairly polar [24]. The thiol’s H could escape the

substrate as H2 or H2O [24]. Because thiols easily oxidize to disulfides under ambient

conditions, they are often supplied as protected thioacetates. In situ base-assisted

cleavage of the thioacetate produces thiolate anion, which then coordinates to Au.

The Au–S bond is normal to the Au plane, but the binding of alkanethiols to Au as

thiolates involves a tilt angle (typically 30�) between the Au–S bond and the rest of

the molecule. For aromatic thiols, the tilt angle is typically closer to the normal [24].

For thiolate–Au(111) SAMs in high vacuum, there is evidence that the Au surface

reorganizes to control the SAM structural phases, and that a single Au atom coming

out of the Au(111) surface plane may bond to the thiolate [25–27].

The advantages of SAMs are that they are sturdily anchored at a fixed distance

from the metal substrate, may be more robust than Langmuir films, and can be

convenient to prepare. A disadvantage is that uniform monolayer coverage, so

easily achieved kinetically for LB films, is more difficult to obtain in SAMs. This

is because SAMs are created by random attack on the electrode surface, in contrast

to Langmuir films, which are transferred when they are close-packed.

3 Electrode Metal and Schottky Barriers

Most metals are covered by an oxide (impervious and insulating, or more often,

as with Al, defect-ridden). In contrast, gold has no oxide, and has the advantage of

making SAMs with thiols. However, Au atoms migrate somewhat after deposition

to minimize total energy, and migrate even more under an electric field
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(“electromigration”), so the surface may not be stable during measurement [28].

Further, an Au film freshly deposited on a substrate from Au vapor is hydrophilic,

but after about 20 min of exposure to room air, becomes hydrophobic because of

adventitious adsorbates from air. These impurities can be displaced later during

SAM formation. Palladium and platinum are less susceptible to spontaneous

migration than Au, and stable nanogaps of 0.5–2.1 nm can be formed [29].

Magnesium has a low work function, comparable to the electron affinities of

some good organic one-electron acceptors; however, Mg oxidizes rapidly in O2 to

MgO, and dissolves as Mg(OH)2 in the presence of H2O; so if Mg is used, it needs a

protective cover layer, e.g., of Ag. Aluminum also has a relatively low work

function, and forms a protective but very disordered oxide Al2O3 layer in air.

The interface between a metal electrode and an organic molecule creates a set of

interfacial dipoles as charges reorganize across the interface. These dipoles consti-

tute a “Schottky barrier” to electron transport. The Schottky barrier [30] is formed

because the chemical potential, or partial molar Gibbs free energy, or Fermi energy

EF, must become the same if one accosts two materials of different free energy, e.g.,

a metal and a semiconductor; it is conceptually related to the Schottky–Nordheim

energy barrier to electron emission from a metal surface (where the local metal

work function is reduced). Charge will flow toward the interface, and semiconduc-

tor valence and conduction bands will “bend” until the equilibrium in free energies

is established. The charge clustering becomes a set of interfacial dipoles, and the

Schottky barrier becomes a rectifying junction.

The Schottky–Mott theory predicts a current I ¼ (4 p e m kB
2/h3) T2 exp

(�e D/kB T)[exp (e n V/kB T)�1], where e is the electronic charge, m is the

effective mass of the carrier, kB is Boltzmann’s constant, T is the absolute tempera-

ture, n is a “filling factor,” D is the Schottky barrier height (see Fig. 1), and V is

the applied voltage [31]. In Schottky–Mott theory, D should be the difference

between the Fermi level of the metal and the conduction band minimum (for

an n-type semiconductor-to-metal interface) or the valence band maximum (for a

p-type semiconductor-metal interface) [32, 33]. Certain experimentally observed

variations of D were for decades ascribed to “pinning” of states, but can now be

attributed to local inhomogeneities of the interface, so the Schottky–Mott theory is

secure. The opposite of a Schottky barrier is an “ohmic contact,” where there is only

an added electrical resistance at the junction, typically between two metals.

Inorganic Schottky barrier rectifiers are commercially available. Of course, for

a monolayer, one cannot speak of band bending as in a bulk semiconductor, but the

ideas of a barrier, and of dipoles across it, are valid.

To avoid having different-sized Schottky barriers at the two interfaces, the same

metal (or metals with almost the same work functions) should be used for both

electrodes. For example, the different work functions of Pt and Mg made studies of

“glass | Pt | molecule | Mg | Ag” sandwiches hard to interpret [34]. In that case, Mg

probably reacted with the end of the molecule containing the strong acceptor TCNQ

to form a TCNQ-salt Schottky barrier that dominated the electrical asymmetry [34].

With a different molecule lacking TCNQ, the dominating Schottky barrier effect

was eliminated [35, 36].
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4 Bottom Electrode Surface

A uniform monolayer surface depends upon it having been deposited on a flat

electrode substrate. Impressive flatness can be achieved with the semi-metal graph-

ite, a lamellar structure with weak van der Waals forces between the layers. A clean
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Fig. 1 Idealized energy band diagram and Schottky barrier between metal (center) an n-type

semiconductor (right), and a p-type semiconductor (left), not in electrical contact (Case A) and

after contact between metal and semiconductors (Case B) (adapted from [32]). Here fM is the work

function of the metal, EF is the common Fermi level, EV is the top of the valence band, EC is the

bottom of the conduction band, w is the electron affinity of the semiconductor, and Egp is the energy

gap inside the bulk semiconductor. The band bending is shown, aswell as the Schottky barrier heights,

and the charges in the “space charge region” responsible for the band bending. A set of corresponding

image charges of opposite charge will exist within the metal: hence the Schottky dipole layer
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and flat surface can be exposed by the “Scotch® tape technique”. A graphite sample

is pressed between sticky tapes; when the tapes are separated, the graphite separates

along the layers. The fresh surface that is exposed is atomically flat over large areas

(e.g., 20 � 20 nm), except for steps and corrugations. Iteration of this process can

eventually create a one-molecule-thick graphene layer [37].

For metals and crystals, cleavage can attempt similar feats, but the results are not

as good. Metal surfaces formed by cleavage are usually not atomically flat. When

an Au wire is flame-annealed in a hydrogen-air flame, the Au(111) face is formed

preferentially, since it has a lower surface energy than the Au(100) or Au(110)

faces, but these Au(111) faces resemble New Mexico “mesas”: the atomically flat

region may be only 50 � 50 nm, and is surrounded by one- or two-atom steps

leading down to the “plain,” and then on to the next mesa.

The Si wafer industry has achieved very flat Si surfaces by electropolishing:

a root-mean-square (rms) roughness of 0.3 nm is customary, even for highly-doped

degenerate Si. For a 100-nm Au layer deposited atop a 10-nm Ti adhesion layer

atop an electropolished Si wafer, an rms roughness of 0.4 nm was measured by

AFM [38].

5 Top Electrode

The second (or “top”) electrode used to interrogate a UE monolayer that has been

deposited on the underlying (“bottom”) electrode can be, most simply, the probe tip
of a scanning probe microscope, i.e., a Scanning Tunneling Microscope (STM) or

a Conducting-Probe Atomic Force Microscope (CP-AFM), brought close

to the monolayer surface. Voltage can be controlled easily and the resulting

currents measured. Disadvantages include that the monolayer is sampled over

only a very small portion of its expanse at a time, so that the measurement may

not be representative.

The second metal electrode can also be a macroscopic pad, typically

0.25–1 mm2 in area, that can give measurements representative of a population of

molecules. Disadvantages include the danger that the larger area sampled may

include defects in the monolayer with electrical short circuits that perturb

measurements. Also, construction of a second electrode pad is not trivial. Laying

a preformed pad on a monolayer can disrupt the integrity of the monolayer. Letting

a pad accumulate by sputtering is not feasible because the metal vapor is too hot and

damages the monolayer. Deposition from evaporated low-melting metals (Mg, Ca,

Al, or Pb) is possible, especially if the monolayer assembly is externally cryo-

cooled to circumvent thermal damage [39, 40]. In our experience, half of the pads

made in this way avoided electrical shorting [38, 41]. In contrast, higher-melting

metals, such as Au, are not cooled quickly enough by the cryocooled substrate

holder, so that Au atoms reach the monolayer hot, and every “Au | monolayer | Au”

sandwich is shorted. Adding a low pressure of room-temperature Ar to the
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evaporation chamber allows the hot Au atoms to be cooled by several collisions

with Ar atoms, so that they arrive at the sample surface at room temperature, in

what is called the “cold-gold” technique (Fig. 2a). The rms roughness of a cold-gold

electrode was measured as 1 nm, twice rougher than the bottom Au electrode [38].

Preformed gold nanoparticles have been used as the top electrode for

interrogating SAMs of dithiols diluted within an alkylthiol matrix. The alkyl tails

of the alkylthiols do not coordinate to the nanoparticles, but a dithiol’s second SH

group, sticking above the alkyl level, can bond to the nanoparticle, which is then

contacted with an Au-coated AFM probe [42].

Another electrode geometry is the crossed-wire technique (Fig. 3). Here, the

bottom electrode is a wire, coated cylindrically with a SAM of UE molecules. The

second electrode is a second wire, oriented at right angles, and slowly brought into

soft mechanical contact with the monolayer. Wires of 10 mm diameter would

interrogate a patch of about 103 molecules [43–45].

Au   top pads

a b

Au vapor

D-σ-A 
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Fig. 2 (a) Edwards E308 evaporator. One quartz-crystal thickness monitor is pointed towards the

Au source to monitor Au vapor deposition on chamber walls; the other monitors Au deposited

through the shadow mask atop the organic layer. In the “cold Au” deposition, a small amount of Ar

gas is added to the chamber to cool the Au atoms to room temperature before they physisorb atop

the cryocooled organic monolayer. (b) Geometry of an “Au | monolayer | Au pad” sandwich, with

electrical connections made using a Ga/In eutectic

SAM

Fig. 3 Geometry of the

crossed-wire technique
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6 Break Junctions

An alternative method to position two electrodes at nanometer distances apart is the

mechanically-controlled break junction (MCBJ) technique. An ultra-thin, notched

Au wire on a flexible substrate can be broken reliably by pushing on the Au with a

piezoelectric piston, cracking the Au (Fig. 4). This produces a gap between the Au

shards whose size can be finely varied to �1 Å by a piston or control rod [46, 47].

When UE molecules with thiol groups on both ends are present in a surrounding

solution, the gap can be adjusted until the molecules can span it. A dilute solution

means the number of spanning molecules will be small, and the least-common-

multiple of current flow among many junctions indicates those spanned by a single

molecule [47].

A break junction can also be created by passing a current (0.5–1.0 V) through an

Au nanowire (<20 nm diameter) defined by electron-beam lithography and shadow

evaporation. Such electromigrated break junctions (EMBJs) have yielded repro-

ducible 1–3 nm gaps between electrodes [48–50].

Another type of break junction, the “in situ” or STM break junction (STM-BJ),

involves pushing an STM tip through a SAM to make contact with the underlying

electrode (Fig. 5). The probe tip is then quickly withdrawn, stretching a bridge of

metal atoms until the bridge breaks. As the gap widens, SAM molecules can fill it,

giving distinctive current flows, until the gap becomes too wide for molecules to

S
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Fig. 5 Steps in the STM Break Junction (STM-BJ) technique
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Fig. 4 Design of the Mechanically-Controlled Break Junction (MCBJ) technique
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bridge, and the current ceases [51, 52]. Similar measurements can be made

by varying the gap distance without actually making tip-to-electrode contact first

[the I(s) method] [53], while in the I(t) method, the gap is held constant and current

changes are monitored as bridging molecules spontaneously attach and detach [54].

The I(t) method favors the formation of single-molecule bridges.

7 Molecular Resistors

Among the two-terminal devices that can be imagined for UE [capacitors,

inductors, rectifiers, negative differential resistance (NDR) devices], the sim-

plest is a molecular wire, that is, a molecule capable of conducting electricity:

a nanoconductor or, equivalently, a nanoresistor. Even the most conductive of

molecular wires has a minimum resistance.

The electrical resistance R of a device (in ohms, O) is given by Ohm’s Law [55]:

R ¼ V/I, where V is the applied potential (in volts, V), and I is the resulting current
(in amperes, A). Its reciprocal, the conductance, is given by G � 1/R ¼ I/V
(in siemens, S ¼ O�1). This law is valid in macroscopic wires, where electron

scattering off impurities and lattice defects dominates the conductivity. For

nanoscopic objects like a molecular wire, the current I is determined by Landauer’s

formula [56], which incorporates the concept of a minimum resistance. That is,

resistance is quantized, and even a perfectly conductive molecule retains a

quantum of resistance, R0, due to contact resistance from its connections to the

external circuit used to measure it [56, 57]. R0 is calculated to have a value of

h/2e2 ¼ 12.906493 kO (much larger than a macroscopic wire because a molecule

is so small). R0’s reciprocal, the Landauer (or von Klitzing) constant G0,

must then represent the maximum conductance possible through a molecule;

G0 � 1/R0 ¼ 2e2/h ¼ 7.74809 � 10�5 S, or 77,481 nS. The maximum overall

conductance of a molecular wire and its junctions to arbitrary metal electrodes is

(1/2) G0, assuming two carriers of opposite spin.

The resistance R of a macroscopic device is best measured by four probes: an

electrical potential drives a fixed current I between the outermost two probes, and

the potential drop V is measured across the inner two. After some geometrical

corrections, V/I is the true resistance of the device, independent of the electrode

contacts of the outer two probes. Such four-probe methods would be very desirable

for nanoscopic devices (e.g., a medium-sized molecule of size 3 � 3 � 3 nm),

but electron-beam lithography cannot yet reliably generate three or four electrodes

3 nm apart. Two-probe measurements of a wire are much easier to realize,

although this can only give the sum of all resistances (instrument-to-first-electrode,

first-electrode-to-molecule, molecule, molecule-to-second-electrode, and second-

electrode-to-instrument). A four-probe experiment has been described on a one-

dimensional wire of GaAlAs with a two-dimensional electron gas providing

the probes, showing a resistance-free conductance when the outer contacts are

bypassed [57, 58].
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The IV measurements on molecules and monolayers have been carried out

almost exclusively using direct current (DC); frequency-dependent alternating

current (AC) impedance measurements have rarely been performed, even though

a rich spectroscopy may reveal itself, if the IV measurements were followed as

a function of frequency n.

8 Molecular Wires

An early measurement of current through a molecule was the report in 1995 of the

resistance of a single C60 molecule, 1 (Fig. 6), deposited on an Au substrate and

located and measured by an STM probe [59]. The conductivity was a respectable

18 nS. Most molecules studied as wires are more linear, with a coordinating atom at

one or both ends.

For example, 1,4-benzenedithiol (2) was suspended between the two shards of

an MCBJ to create a molecular wire consisting of a single benzene ring [47]. The

conductance of this aromatic molecule was 45 nS [47]. When measured

by the STM-BJ technique, a larger value of 833 nS was obtained [60]. When

1,4-xylenedithiol (3) was also measured by the STM-BJ technique, a smaller

value, compared to 2, of 47 nS was obtained [60]. Finding a smaller conductance

when insulating methylene (CH2) groups separate the aromatic ring from the metal

electrodes is consistent with the intuitively sensible idea that the more polarizable

and delocalized electrons of p systems should be better conductors than s-bond
frameworks.

This idea is borne out by additional experiments. Alkanethiols should be poor

conductors (although better than no wire at all). An octanethiol (4) SAM,

interrogated by CP-AFM, gave a miniscule conductivity of ca. 0.1 pS [42]. The

advantage of having a chemisorption contact, rather than a physisorption one, is

shown by the results with octanedithiol 5, distinguished in a matrix of 4 by

its contact to an Au nanoparticle. Here, the conductance jumped to 1.1 nS – a

remarkable increase, although still well below that of conjugated systems [42].

Measurement with the I(t) STM single-molecule technique gave a comparable

value [54]. When measured by the STM-BJ technique, 5 gave a larger conductance

value of 20 nS [51]. In that study, 5 was compared with dithiols of difference

length: hexanedithiol was more conductive (95 nS) while decanedithiol was less so

(1.6 nS), consistent with the idea that saturated chains are relatively insulating.

The inconvenient finding that different techniques can give quite different

conductances for the same molecule is compounded by the inconvenience that

measurements of the same molecule with the same technique may give results,

clustering around two or three different values, representing up to three different

“conductance groups” or conductance maxima. For example, 5 also gives

conductances around 3.8 nS [61]. These results can be interpreted as reflecting

the strength of the S–Au attachment. The low-conductance value occurs when
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each end of the molecule connects to a single gold atom. When one end is more

highly coordinated to Au – e.g., at a defect on a rough surface, or attached to the

side, rather than the end of an STM tip – the medium-conductance value is

obtained. Multiple Au coordinations at both ends give the high-conductance

value [61, 62].
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Longer unsaturated “oligophenylethynyl” (OPE) wires have been made by

alternating benzene rings with ethynyl (C�C triple bond) groups. For example, 6

has a conductance of 13 nS, measured by STM-BJ [63]. In an EMBJ geometry, the

longer OPE 7 gives two orders of magnitude lower conductance than the analog

with a ferrocene core, 8 [64]. In this comparison, the swiveling flexibility of the

ferrocene may allow it to make better contact with the two break-junction

electrodes, improving the conductance. The insulating platinum atom at the center

of 9 lowers its MCBJ conductance by three orders of magnitude, compared to 10

[65, 66].

Thiophene chains also make serviceable wires. The terthiophene 11, measured

by MCBJ, gives two conductance maxima, at 10 nS and 80 nS [67]. Even simple

polyene chains can be wires: the carotenoid derivative 12 has a conductance of

2 nS, measured by STM-BJ [68].

Dimethylfluorene polymers 13were made by polymerization of a dibromotrimer

on the Au(111) surface, leaving a debrominated radical at each end. A single end

can be picked up by an STM tip, and, as the tip is raised, the conductance falls, as

each fluorene unit lifts off the surface [69]. The conductance begins at about 10 nS,

and drops roughly two orders of magnitude each time a unit is added to the wire.

The monomer units are not in the same plane, and hence are not fully conjugated,

contributing to the poor conductance. This experiment cannot be duplicated in

solution, because the polymer would not be soluble, but the similar, decorated

fluorenoid 14 has been studied with the STM-BJ method and has a conductance of

1 nS [70].

The dimer, trimer, and tetramer of 14 were also studied, and the conductance

was found to be independent of temperature, but inversely dependent on oligomer

length for 14 and the dimer [70]. Conversely, the conductance of the trimer and

tetramer were thermally activated, but without a wire-length dependence. Thus, the

longer trimer could be made more conductive than the dimer by raising the

temperature. The rationale is that the shorter wire passes electrons by tunneling,

while the longer oligomers are too long for tunneling, and must transport electrons

by incoherent charge-hopping. The transition between transport mechanisms

appears to take place at a length of around 6 nm. Similar studies have been reported

on highly-substituted oligothiophenes [71] and amino-terminated OPEs [72].

The conductance of the perylenebisimide (PBI) 15 was measured by the STM-

BJ technique as 1 nS [73]. Note that the thiophenol handles are not conjugated to the

central core, contributing to the small value. Electron transport was temperature-

independent, indicating a tunneling mechanism. However, when a gate electrode

reduced the core to its radical anion, the conductance became thermally activated,

indicating that electron transport then follows a hopping mechanism into and out of

the core.

The conductance of the OPE nitro-16 (X ¼ NO2) was monitored by the STM-BJ

method, as the nitro group was reduced to NO and NH2, and then protonated to

NH3. The resulting data gave an inverse linear Hammett plot with the meta-s
substituent parameter, indicating that substituent electron release into the aromatic

core increases conductance [63].
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Several molecules have also been studied with nitrogen rather than sulfur

“alligator clips” to gold (Fig. 7). Using the MCBJ technique, 17 showed a healthy

496 nS of conductance; the effect of lengthening the wire can be seen in the

biphenyl analog 18 (90 nS) and the terphenyl analog 19 (14 nS). The hindered

biphenyl 20 has nearly orthogonal benzene rings; loss of conjugation lowers its

conductance to 6 nS [74].

The prototypical OPE 21 has a conductance of 62 nS by the STM-BJ technique;

the analog with an ethene bridge, 22, has a similar value (77 nS). By way of

comparison, the saturated 23 has a lower conductance of 9 nS [75]. Another

STM-BJ study of six OPEs included 21 (43 nS) and 24 (10 nS), an analog of 6.

As the OPE wire length increased, the conductance diminished [72]. The STM-BJ

technique was also used to examine bipyridine, 25. Here the alligator clip nitrogens

are part of the aromatic bridge, and the conductance is large, at 770 nS [51].

9 Schottky and Asymmetric Rectifiers

A rectifier, or diode, passes electrical current in one direction (the forward bias

direction), but blocks it in the other direction (reverse bias). For a molecule between

two electrodes in a “metal | molecule | metal” sandwich, there are three distinct

processes that can give rise to such an asymmetrical conduction.

The first process is due to Schottky barriers [30], which are electrical dipole

moments that form at the “metal | molecule” interfaces, as discussed above [34, 40].

The second process arises if the electrically-active portion of the molecule is placed

asymmetrically within the “metal | molecule | metal” sandwich. This geometry is

common, because a long alkyl “tail” is often needed to make the molecule amphi-

philic so that it will form well-ordered Langmuir-Blodgett monolayers [76–78].
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Fig. 7 Representative molecular wires with nitrogen connectors
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To understand how an asymmetric geometry leads to rectification, consider the

electroactive group(s) in the molecule that serve as “way-stations” for the flowing

electrons. A donor group, with high-energy electrons in the molecule’s HOMO,

may relinquish an electron to a low-potential electrode. Conversely, an acceptor

group, with a low-energy vacancy in the molecule’s LUMO, may be willing to take

on an electron from a high-potential electrode.

Figure 8 shows asymmetric rectification via HOMO. In Fig. 8a, the electrodes

have no bias, and the HOMO orbital of a donor group is fairly high in energy.

Forward bias, shown in Fig. 8b, consists of the proximal electrode being raised in

potential and the distal electrode lowered. The energy of the molecule’s orbitals

reflects the altered potential; since the HOMO is nearer to the high-potential side,

its energy is raised. When the HOMO energy is intermediate between the two

electrodes, electrons can flow from left to right with a decrease in energy. But in

Fig. 8c, when the same amount of bias is applied in the reverse direction, the

HOMO is lowered by being closer to the low-potential electrode, so that no

downhill pathway is available for reverse electron flow.

Similarly, Fig. 9 shows asymmetric rectification via LUMO. Here, an acceptor

supplies a low-lying but vacant orbital, as in Fig. 9a. When the proximal electrode

has high potential, the LUMO energy rises high enough to avoid providing a

pathway for current flow, as in Fig. 9b. But when the near electrode has low

potential, as in Fig. 9c, the LUMO energy lowers enough to be intermediate in

energy between the two electrodes, and electrons can flow downhill from right to left.

10 The Aviram-Ratner Proposal for Unimolecular Rectification

UE began with Aviram and Ratner’s 1973 proposal for a molecular rectifier; this is

the third rectification process [79]. An Aviram-Ratner rectifier has donor and

acceptor groups in one molecule, separated by an insulating bridge of sigma

a
No Bias

c
Reverse Bias

b
Forward Bias

DONOR DONOR DONOR

HOMO electron 

flow

Fig. 8 Rectification via HOMO
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bonds. Figure 10 shows how the rectification arises. Under no bias, as in Fig. 10a,

the electrode potentials are the same. Under reverse bias, as in Fig. 10b, the MD

potential is raised and the MA potential is lowered: no direct pathway exists for

electron flow from MD to MA. Under forward bias, as in Fig. 10c, the MD potential

is lowered and the MA potential is raised, so there is now a direct downhill pathway

for electrons to flow from MA to the acceptor’s LUMO to the donor’s HOMO to

MD. This may be considered true unimolecular rectification, and has been the

impetus for much work, including the focus of our labs.

electron 

flow

a
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b
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c
Forward Bias

ACCEPTOR ACCEPTOR ACCEPTOR
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Fig. 9 Rectification via LUMO
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Fig. 10 Aviram-Ratner rectification via HOMO and LUMO. (a) A D-s-A molecule is sandwiched

between two metal electrodes. MD is the electrode proximal to the donor, MA is the electrode

proximal to the acceptor, f is the electrode metal work function, IPD is the ionization potential of the

donor, EAA is the electron affinity of the acceptor. (b) No pathway for current exists when a voltage

is applied in the reverse bias direction. (c) Under a comparable voltage to (b) but in the forward bias

direction, rectification results from electrons flowing from MA to LUMO to HOMO to MD
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If MD takes a donor HOMO electron while MA gives an electron to the acceptor

LUMO, the molecule’s ground state D0-s-A0 will transform into the electronic

excited state D+-s-A�. This highly-polar zwitterionic state will decay back to the

less-polar ground state D0-s-A0 by inelastic tunneling through the molecule,

completing the passage of an electron from MA to MD [79]. This decay can be

enhanced by intramolecular charge transfer (ICT) or intervalence transfer (IVT)

mixing of the donor and acceptor states, which would be indicated by the existence

of an extra ICT or IVT absorption band. If the D and A moieties are too far apart to

communicate, then D+-s-A� will not decay, and no rectification will occur. On the

other hand, if D and A are too close, they will form a single, mixed ground state, so

that electron flow is the same in both directions, and no rectification will occur. The

right length for s is probably between two and six atoms.

The Aviram-Ratner D-s-A molecule is analogous to a “pn” junction rectifier:

the electron-rich donor region D would be similar to the electron-rich semiconduct-

ing “n” region, while the electron-poor A region would be similar to a

semiconductor’s “p” region [79]. However, note that under forward bias the

preferred direction of Aviram-Ratner electron flow is from A to D, while in a pn

junction rectifier the preferred direction is from n to p.

It is worth noting that a metal | D-s-A | metal assembly may yield a combination

of Schottky, asymmetric, and Aviram-Ratner effects. Pure unimolecular rectifiers

are rare [78]. As an example of the possible complexities involved, consider how

far from the center of the D-s-A molecule the D and A groups reside. We can use

the factor r to represent the fractional distance across the electrode–electrode gap

for each group. In Fig. 11, we assume that the center of the donor is 40% of the

distance from MD to MA (i.e., rD ¼ 0.4) while the center of the acceptor is 60% of

the distance (rA ¼ 0.6). We show the bias in Fig. 11 by assuming MD is at ground

and the potential of MA varies as follows: Fig. 11a,�2 V; Fig. 11b,�1 V; Fig. 11c,

no bias; Fig. 11d, +1 V; Fig. 11e, +2 V. Under no bias (Fig. 11c), we arbitrarily

choose a donor HOMO level of �0.5 eV and an acceptor LUMO level of +0.5 eV.

But the MO energy levels change under the influence of an electric field: the closer

to the biased electrode, the stronger the influence. We model this by changing each

MO by an amount ¼ bias � r.
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Fig. 11 Aviram-Ratner rectification with centered donor and acceptor groups
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Under +1 V of forward bias (Fig. 11d), there is no pathway for current flow.

At +2 V, however, the orbitals have adjusted to give a downhill path from MA to

acceptor to donor to MD, and Aviram-Ratner current flows. On the reverse bias side,

however, two pathways exist for current flow at �1 V (Fig. 11b) as well as �2 V

(Fig. 11a). These pathways (Fig. 11a, b) are asymmetric rectification via HOMO

and via LUMO, and they are in the anti-Aviram-Ratner direction, i.e., from donor to

acceptor. This could allow for anti-Aviram-Ratner rectification under moderate

biases. Note, however, that the electrons in Fig. 11a, b must tunnel over longer

distances than those in Fig. 11e, because there is only one “way-station,” instead of

two. The Aviram-Ratner current flow under the higher bias of Fig. 11e could

therefore be much more intense than the reverse flow of Fig. 11b or 11a.

Now consider a case where the donor and acceptor are at the far ends of the

D-s-A molecule: let rD ¼ 0.1 and rA ¼ 0.9 (Fig. 12). The energy levels under no

bias (Fig. 12c) are the same as in Fig. 11(c). Now, under “forward” bias (Fig. 12d)

of even +2 V (Fig. 12e) there is no current flow, because the raising LUMO

stays higher in energy than MA, and the HOMO stays lower than MD. At �1 V of

bias (Fig. 12b) there are two anti-Aviram-Ratner asymmetric pathways that should,

however, be slow because of long tunneling distances. At �2 V of bias (Fig. 12a),

the acceptor LUMO has assumed a lower energy than the donor HOMO. Now there

is a direct electron pathway from donor to acceptor via two way stations: this might

be considered a reverse-Aviram-Ratner rectification.

While the arrangement in Fig. 12 may not be realistic, because of the extreme

length of s bridge required, it highlights the complexity of factors involved in

designing a good Aviram-Ratner rectifier. Having the donor and acceptor groups

near the center of the D-s-A molecule, with a small HOMO-LUMO gap, should

improve the chances of accomplishing Aviram-Ratner unimolecular rectification.

11 Donors and Acceptors; HOMOs and LUMOs

Building a successful D-s-A molecule requires knowledge of the appropriate

HOMO and LUMO energies and the work function energies of the electrodes. A

donor’s ionization potential IPD corresponds to its HOMO energy, and an
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Fig. 12 Aviram-Ratner rectification with edge-positioned donor and acceptor groups
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acceptor’s electron affinity EAA corresponds to its LUMO energy. Usually, good

electron donors (with low IPD) are poor electron acceptors, while good acceptors

(with large EAA) are poor donors. An electrode’s zero-bias energy is represented by

its metal’s work-function ’. The work function is related to the metal’s Fermi level

EF, and is moderately dependent (0.1–0.3 eV) on the Miller indices of the exposed

crystallographic face of the metal.

These relationships are represented graphically in Fig. 13, which also shows

some representative donor and acceptor structures. In practice, the range of IPD and
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Fig. 13 Representative donor, electrode, and acceptor energy levels. First gas-phase ionization

potentials IPD of five donors: N,N,N’,N’-tetramethylphenylenediamine (TMPD, 26) ¼ 6.25 eV

[80]; tetrathiafulvalene (TTF, 27) ¼ 6.83 eV [81]; ferrocene (Fc, 28) ¼ 6.72 [82]; pyrene

(29) ¼ 7.55 [83]; bisethylendithio-tetrathiafulvalene (BEDT-TTF, 30) ¼ 7.6 eV [84]. Bulk

work functions f of four metals and one semimetal: Mg ¼ 3.66 eV [85]; Al(111) ¼ 4.24 eV

[86]; graphite ¼ 4.3 eV [87]; Au(111) ¼ 5.31 eV [88]; and Pt(111) ¼ 5.7 eV [89]. Gas-phase

electron affinities EAA of five acceptors: para-benzoquinone (BQ, 31) ¼ 1.9 eV [90]; buckmin-

sterfullerene (C60, 1) ¼ 2.6 to 2.8 eV [91]; 2,3-chloro-5,6,-dicyano-para-benzoquinone (DDQ,

32) ¼ 3.13 eV [92]; 7,7,8,8-tetracyanoquinodimethan (TCNQ, 33) ¼ 2.8 eV [93] corrected to

3.33 eV [94]; perylenetetracarboxylic bisimide (PBI, 34) ¼ 3.9 eV [95]
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EAA is limited because the molecules, as well as their cations or anions, must be

stable in ambient air or solvent: donors that are too powerful as reducers, and

acceptors that are too powerful as oxidizers, will not persist until their rectification

is measured. Further, the donor’s HOMO must not be so high, or its LUMO so low,

that spontaneous electron transfer occurs to convert the molecule into a zwitterion.

12 Molecular Rectifiers

Aviram and Ratner’s originally proposed D-s-A molecule (or “Gedankenmolek€ul”),
35 (Fig. 14), included the excellent donor TTF (27) and the excellent acceptor

TCNQ (33), separated by a rigid bicyclooctane bridge [79]. This molecule was

never made (and would likely not have made a good monolayer), but it was the

impetus for the synthesis of many new candidate rectifiers.

The fundamental figure of merit for rectification, the rectification ratio, RR,
is defined as the current at a positive bias V divided by the absolute value of the

current at the corresponding negative bias �V: RR � I(V)/| I(�V) |. Commercial

doped Si, Ge, or GaAs pn junction rectifiers have RR between 10 and 100.

Beginning in 1986, Sambles developed techniques for studying the electrical

properties of LB multilayers and (harder to work with) monolayers, by sandwiching

them between a high-work-function noble metal (Ag or Pt) on one side, and, to

minimize damage, the low-work-function metal Mg on the other [34, 40]. In 1990,

Ashwell, Sambles, and co-workers reported rectification from the zwitterionic

molecule C16H33-gQ-3CNQ, 36a (Figs. 15 and 16) between Pt and Mg electrodes

[35]. This molecule has a couple of peculiarities. First, because the donor and

S

S S

S

CNNC

CNNC

A partD part σ part

35

Fig. 14 Aviram-Ratner

proposed D-s-A molecule for

unimolecular rectification

N
+

C

C
–

C

N

N

N

NC16H33
C16H33

C

C

C

N

N

N
36a 36a¢

Fig. 15 First confirmed unimolecular rectifier

58 R.M. Metzger and D.L. Mattern



acceptor are connected by a C¼C bridge, it is formally a zwitterionic D+-p-A�

molecule. However, due to an angle twist between D and A, the C¼C bridge is not

conjugating, so the bridge functions as a s bridge. Second, the molecule is ionic,

with a dipole moment of 43 D [39]. The 3CNQ portion is clearly related to the

strong acceptor TCNQ (33), but it has grabbed an electron and become the anionic,

donor part of the molecule. The acceptor is a quinolinium cation. It is possible to

write an apparent resonance form, 36a’ (Fig. 15), in which there is an anilinoid
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donor and a quinoid 3CNQ acceptor, but this actually represents an excited state
with a different (planar) geometry and a much smaller dipole moment of ~6 D [96].

An IVT band between the D+ and A� ends of the molecule was observed at 535 nm

[97]. In 1993, the incorporation of insulating layers between the molecule and the

electrodes excluded “molecule | electrode Schottky barriers” as major contributors

to the rectification [36]. In 2002, it was reported that at 8 K, a monolayer film of 36a

reversed its rectification direction [98].

Among the early potential rectifiers studied, one of us (Mattern) designed the

D-s-A molecule 37 (Fig. 17), whose multilayer conductivity was measured by

the Sambles group [99]. Multilayers gave striking rectification, with RR ¼ 130.

Current flow was in the anti-Aviram-Ratner direction, however, and having an

assembly of multilayers rather than a monolayer complicated the interpretation of

the results [99].

Between 1982 and 1997, one of us (Metzger) studied many D-s-A molecules as

potential rectifiers, but could not measure their IV properties reliably [11, 12, 100].

Due to difficulties in interpreting how electron transport occurs between adjacent

layers in a multilayer, Metzger decided to focus on monolayers, and to avoid

difficulties with asymmetric Schottky barriers, decided to use the same metal on

both sides of the monolayer (first Al for 36a, later Au).

In the initial University of Alabama studies on 36a, utilizing oxide-covered Al

electrodes [39, 101, 102], the monolayer had a dramatically asymmetric current,

with a rectification ration of 26 at 1.5 V, and a current flow of about 0.3 electrons/s/

molecule [39]. RRs and current varied from pad to pad, because these were two-

probe measurements, with all electrical resistances (wire to paste to electrode to

monolayer) in series. Further, as high potentials were repeatedly scanned, the IV
curves became less asymmetric, with RRs gradually decreasing: the monolayers

appeared to be losing their asymmetric Langmuir film orientation. A minority of

monolayers of 36a rectified in the reverse direction [102]. With the change to oxide-

free Au electrodes, the asymmetry persisted, with RRs as high as 27, and the current
per molecule increased dramatically to as high as 9 � 104 electrons/s (Fig. 18a)

[38, 41]. Figure 19 shows the current I and log I vs V for 36a [38]. As before,

however, the RR decreased upon repeated scanning. In some cells, the current

increased until breakdown occurred at 5.0 V, i.e., the cells suffered dielectric

breakdown only at a field close to 2 GV/m [38].

Since 1997, 11 of the molecules studied at the University of Alabama, including

36a, have exhibited rectification as monolayers between Au electrodes [19, 38, 41,

97, 103–109]. The structures are shown in Fig. 16. With the exceptions of 40 and

NHNH

O
C5H11

O
OO2N

O2N

37

Fig. 17 Multilayer rectifier
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Fig. 18 The rectification of MOM (Metal | Organic | Metal) sandwiches consisting of three

elements: (1) a macroscopic bottom Au or Al electrode, (2) an 0.3 mm2 top Al or “cold Au”

electrode pad, and, between them: (3) (a) an LB monolayer of 36a [38]; (b) an LB monolayer
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41, all have pendant alkyl groups for assisting their organization as monolayers. In

each case, the bottom Au electrode was evaporated onto glass, quartz, or very flat Si

substrates, and the transfer of monolayers was routine. (The contact angle of a drop

of water on a monolayer of 36 transferred to a gold surface was 92�, consistent with
its C16 tail being in the air of the LB trough, as expected [110].) Depositing the

second metal electrode atop the delicate monolayer required institution of the “cold

gold” technique (Fig. 2a) [38, 41, 111].

Characteristic IV curves at room temperature are shown in Fig. 18, and some of

the results are summarized in Table 1. These results have been reviewed often [11,

12]. Efforts were made to identify the molecular mechanisms for the rectification,

and to buttress them by theoretical calculations [39, 76, 106, 112]. Not all

compounds tested rectified, because of their chemical structure and/or monolayer

structure. The direction of larger electron flow (“forward direction”) is shown by

arrows in Fig. 16; it is noteworthy that in all cases the direction is from the electron

donor D to the electron acceptor A, that is, in the anti-Aviram-Ratner direction.

Fig. 18 (continued) of 36b [103]; (c) an LB monolayer of 38 [104]; (d) an LB monolayer of 39

[104]; (e) an LB monolayer of 40 [19]; (f) an LS monolayer of 41 [105] (the repeated scans are

offset for clarity); (g) an LB monolayer of 42 [106]; (h) an LS monolayer of 43 [106]; (i) an LB

monolayer of 44 [107]

Fig. 19 I/V curve (squares) and log10I vs V (circles) for first IV cycle for 36a [38]
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For the rectifiers listed in Table 1, the current was found to decay with successive

measurements of the same junction for 36a, 38, 39, 40, 42, and 44 between Au

electrodes (where the monolayers were not sufficiently rigid, there probably was

room in the “Au | monolayer | Au” sandwich for molecular reorientation under

applied bias) (see Fig. 18d, g, and i for examples). In contrast, the current did not

decay at all in subsequent cycles for 36b (Fig. 18b) or 36c, where the molecules

were chemisorbed onto the Au electrode with an S anchor, or for 41 (Fig. 18f), 43,

or 45 (where the monolayer was sufficiently rigid and closely packed to resist

reorientation).

The unwelcome gradual decreases in the electrical conductivity and in the RR of

an LB monolayer of 36a, from an initial value of 27 [38, 39] to close to 1 upon

repeated cycling, was seen in about half the rectifiers studied in Table 1. This

prompted us to try combining the LB and SAM techniques, by using variants of 36a

with thioacetyl anchors at the end of their C14 (36b) or C16 (36c) alkyl tails. LB

films should put these tails in the air, where the deposited top Au pads should

strongly coordinate to the sulfur groups. LS films would directly coordinate to the

bottom electrode laid on top of it. In either case, the Au–S bond should stabilize the

monolayer and prevent reorientation [103, 109]. The thioacetate analog with a C11

tail did not make a satisfactorily-ordered LB film [109], but 36b and 36c (Fig. 20)

made LB films, rectified, and survived cycling without loss of RR [103].

For most of the molecules, the electron flow is from D to A, which is supported

by the “anti-Aviram-Ratner mechanism” of Fig. 11a. However, there may be yet

another possibility, shown in Fig. 21: implicit in the analyses of Figs. 9–11 has been

the Aviram and Ratner assumption [79] that “auto-ionization” is a less efficient

competing process. If the electric field induces intramolecular ionization first by

sufficiently altering the orbital energies, then the direction of electron flow may

occur in the anti-AR direction (Fig. 21)!

Table 1 Summary data for 11 unimolecular rectifiers studied at the University of Alabama

# Type IVT (nm) LB or LS RR Survives cycling AR or anti-AR Ref.

36a D+-p-A� 530 LB 2–27 No anti-AR [38]

36b D+-p-A� 530 LS 5 Yes anti-AR [103]

36c D+-p-A� 530 LS 5 Yes anti-AR [103]

38 D+-p-A� 504 LB 3–64 No anti-AR [97]

39 D+ I� 480 LB 8–60 No anti-AR [104]

40 D-s-A 720 LB 2 No anti-AR [19]

41 D-s-A � LS 10 Yes anti-AR [105]

42 D-s-A – LB 2–5 No anti-AR [106]

43 D-s-A 595 LB 30 Yes anti-AR [106]

44 D-s-A 1,220 LB 13 No anti-AR [107]

45 D-s-A – LS 6–60 Yes anti-AR at low V,

AR at high V [108]

All compounds were measured at room temperature in air between Au electrodes inside a Faraday

cage. IVT ¼ maximum of the optical InterValence Transfer or intramolecular charge transfer

band. RR Rectification Ratio. “Survives cycling” means RR does not decrease with cycling of IV

measurements. “AR or anti-AR” indicates whether electron flow is from A to D (AR) or from D to

A (anti-AR)
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The issue of whether the ground state of 36a is zwitterionic (36a) or quinoid

(36a’) has received renewed attention, and was recently reviewed [113]. The length

of the alkyl tail R, the solvation, and the packing mode within a monolayer are

important. For the very short tail R ¼ CH3, theory at the semiempirical AM1 and

PM3 level, with solvation corrections, predicts that the molecule is largely ionic,

with dipole moments increasing upon “solvation” in acetonitrile [112]. For the long

tail R ¼ C16H33, in experiments, in a monolayer, in a multilayer, and also in

dichloromethane solution, the zwitterionic form 36a is the ground state [39, 110].

It is important to note that in monolayers and multilayers the chromophore in 36a is

tilted about 45� from the normal to the film, thus stabilizing the zwitterionic state

36a (rather than 36a’) through favorable intermolecular electrostatic interactions. If

the tail is intermediate in length, as in 36d (R ¼ C8H16) and 36e (R ¼ C10H20), the

chromophore is no longer tilted, but aligned, the quinonoid form (similar to 36a’) is

now the ground state, and the rectification direction is opposite to the arrow

direction given in Fig. 16 [114].

The four fluorines present in 38 should have made its 3CNQF4 group a much

poorer donor than the 3CNQ in 36a; however, 38 also rectified, with electron flow

in the same D to A direction as in 36a (Fig. 18c) [97].

The butylpyridinium iodide 39 transfers to hydrophilic substrates as a Z-type LB

multilayer [104]. The initial RR (for a monolayer) is as high as 60; rectification

shows a decrease upon successive cycles (Fig. 18d). The favored direction of

electron flow is from iodide to pyridinium, i.e., in the direction of “back-charge-

transfer.” The rectification may be attributed to an interionic electron transfer, or to

an intramolecular electron transfer [104].
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Dimethylaminophenylazafullerene, 40, consists of the weak electron donor

dimethylaniline bonded to the moderate electron acceptor N-capped-C60, with an

IVT peak at 720 nm [19]. The Langmuir film is very rigid, i.e., the slope of the

isotherm is relatively large. However, the molecular area is 50 Å2 at the LB film

transfer pressure, whereas the true molecular area of C60 is close to 100 Å2.

Therefore it is thought that 40 transfers onto Au in a staggered arrangement, as

shown in the insert of Fig. 18e. Angle-resolved N1s XPS spectra confirm that the

two N atoms are closer to the bottom Au electrode than is the C60 cage [19].

Molecule 40 is a moderate rectifier with RR � 2. It can also exhibit a tremendous,

spurious apparent rectification ratio as high as 20,000. This is probably an example

of partial penetration (“electromigration”) of Au, forming stalagmites that create an

electrical short [19].

The bis(triphenylamine)-substituted fullerene 41 makes a dense and stiff mono-

layer that transfers onto an Au substrate by LS but not by LB [105]. It rectifies

with RR ¼ 10 (Fig. 18f) and the RR does not decrease at all upon successive

cycling [105].

MD MA

HOMO

LUMO

DONOR-σ-ACCEPTOR

electron flow

b
Forward Bias, with

autoionization (anti-AR)

LUMO

HOMO-1

MD MA

HOMO

LUMO

DONOR-σ-ACCEPTOR

electron flow

a
Forward Bias (AR)

LUMO

HOMO-1

1

1¢

2 1

2¢

2

Fig. 21 (a) Rectification in the AR sense: electron transfers occur first between electrode MD and

the HOMO of the D-s-A molecule (1’), and between the LUMO and MA (1), thus establishing the

zwitterionic excited state D+-s-A�, which then (2) relaxes back into the neutral state. (b)

Rectification in the anti-AR sense if “auto-ionization” occurs first (1), forming the excited state

D+-s-A� by an interaction of the intense electric field and the molecule, followed by transfers to

and from the electrodes (2) and (2’), resulting in the electron passing from MD to MA. The

molecular energy levels, which in reality must perforce shift dramatically during the electron

transfer process, are drawn here for simplicity as if the molecule were still isolated in the “gas

phase”
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Compounds 42 and 43 are based on the PBI acceptor, made soluble by a C19

“swallowtail” attached to one imide nitrogen The donor is attached through the

other imide nitrogen. In 42, the moderate donor pyrene is separated from the PBI by

a C1 s bridge that holds the donor and acceptor close to perpendicular, with limited

motion possible. Nonetheless, 42 has a persistent, small RR (Fig. 18g) [106]. In 43,

the good donor ferrocene is separated from the PBI by a more flexible C2 s bridge.

It has an IVT band that peaks at 595 nm and forms a rectifier with a persistent RR
between 25 and 35 (Fig. 18h) [106].

Compound 44 has a TTF donor group and a fluorene group made into a good

acceptor by electron-withdrawing nitro, cyano, and sulfone groups. It has an IVT

band maximum at 1,220 nm. It rectifies (Fig. 18i), but the RRs decrease to unity

after ~nine cycles of measurement [107]. Similar results were reported by Bryce’s

group for a closely-related molecule [115]. In that case, the direction of electron

flow depended on the LB film substrate, and the rectification direction was reversed

when X and Z LB films were compared. These differ by film deposition occurring

on an upstroke or downstroke of the substrate through the film, and therefore should

produce films with the opposite molecular orientations, consistent with the rectifi-

cation reversal.

Compound 45 incorporates a fullerene acceptor and two substituted

polythiophene-ethenyl tails; it rectifies as an LS monolayer. Interestingly, it

rectifies in one direction for smaller biases between 0 and�2.0 V, but in the reverse

direction at higher biases, perhaps indicating a change in conduction mechanism, as

discussed above. It also rectifies between Al and Pb electrodes at 4.2 K (Fig. 22a)

[108].

Compound 45 was analyzed by inelastic electron tunneling spectroscopy (IETS)
using a home-built instrument [108]. In IETS, a low-frequency (~100 Hz) AC

source and a low-bias DC voltage are applied together to a thin film at low

temperatures (4.2–100 K). The second derivative of the current as a function of

the voltage, measured using second harmonic detection, reveals peaks that corre-

spond to intramolecular vibrations [116]. This verifies that the current is traveling

through the molecule. In addition, an elastic component measured at slightly higher

bias can reveal “orbital-mediated tunneling” [117, 118], an enhanced current due to

resonance between the Fermi level of an electrode and an accessible molecular

orbital of the molecule [108]. The IETS spectrum of 45 at 4.2 K shows the expected

intramolecular vibrations (Fig. 22b), and a wide-scan IETS spectrum shows the

signature of rectification: an asymmetric signal (higher intensity at positive bias)

occurs at the same potential as the enhanced current due to rectification (Fig. 22c):

this is orbital-mediated tunneling, and is a definitive proof that the rectification is
due to through-bond tunneling, not through-space tunneling [108].

Bryce, Petty, and co-workers studied 46 (Fig. 23), containing a TTF donor and a

TCNQ acceptor like the original Aviram-Ratner Gedankenmolek€ul 35. Although
46 gave strong Langmuir films, the TCNQ group lies flat on the water surface rather

than end-on, and rectification could not be observed [119].

Weber, Mayor, and co-workers created the D-p-A compound 47, where four

fluorine atoms serve to make an acceptor end. The p link is a combination of ethyne
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Fig. 22 (a) Rectification at 4.2 K due to an LS monolayer of 45 between Al and Pb electrodes:

the onset is at 0.65 V. (b) IETS of 45 at 4.2 K: the most prominent peaks are the CH2 vibrations
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and aromatic groups, with conjugation broken by a hindered biphenyl at the center.

Thioacetates at both ends allow the molecule to attach suspended between an Au

MCBJ. Rectification was seen, with RRs scattered between 2 and 10 [120].

Yu et al. prepared 48, bound to an Au(111) surface by a thiol on the biphenyl

end, then deprotected on the bipyrimidine end to expose a thiol to bind an Au

nanoparticle. Rectification was measured by scanning tunneling spectroscopy

(STS), and it could be reversed by the addition of acid, which protonated the

pyrimidine rings, converting them from donor to acceptor [121]. Yu’s group has

also inverted the attachment of a rectifier, as shown with 49 and 50, and confirmed

that the rectification direction reversed [122]. This was recently verified by STM-BJ

measurements [123].

Fig. 22 (continued) at 0.36 V (2,877 cm�1) due to the butyl groups of 45. (c) Inelastic and elastic

tunneling spectrum (wide voltage scan, �0.85 to +0.8 V) of an LS monolayer of 45 between

Al and Pb electrodes at 4.2 K. The central peaks are artifacts (zero-bias anomalies due to

metal phonons); the peaks marked “X” are artifacts; the peaks at �0.36 V are the prominent CH2

vibrations [see (b)]; the broad peak centered at +0.65 V, marked OMT, is orbital-mediated

tunneling, an elastic current at 0.65 V [same as the onset in (a)] in resonance with the LUMO [108]
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Ashwell and co-workers studied several zwitterionic systems (Fig. 24) by STS,

starting with 36a [124]; for 36a, and for several other zwitterionic systems [21,

125, 126], the addition of acid stopped the rectification, while addition of base

restored it. Ashwell and co-workers saw a reversal of the direction of rectification
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with 55 vs 56 (Fig. 25): the D-p-A chromophore is oriented in mutually opposite

directions [127].

Ashwell’s pyridinium and quinolinium D-p-A rectifiers, like 51, 53, 55, 56, and

57, have good RRs (Fig. 25), but the RR can be raised by an order of magnitude

with a new attachment technique. First, a short thiol ending in a sulfate anion forms

a SAM on gold. This creates a lawn of sulfate anions. Then a cationic rectifier forms

ionic-bond attachments to the anionic lawn, making a second SAM of the rectifier

molecules, as in 52, 54, and 58, which gave an RR of 450 [128]. A surprising further

advance comes from using a bulky phthalocyanine counteranion 59which yielded a

remarkable RR of 3,000 (Fig. 26) [129]. It is not known how much ionic motion

contributes to rectification in these molecules (or in 39).

Gayathri and Patnaik found rectification in a C60 dialkoxybenzene dyad by STM,

with the RR as high as 158 [130].
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-1000

Fig. 25 STS curves

(normalized I/V plots of LB

monolayers of isomers 55

(crosses) and 56 (dots),
deposited on an Au film over

HOPG (highly oriented

pyrolytic graphite), and

scanned with a Pt/Ir nanotip.

The films exhibit rectification

in opposite quadrants of the

plot, where the polarity is

defined by the sign of the

substrate electrode. Electron

flow at forward bias in each

case is from the acceptor to

the donor [127]
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Fig. 26 I/V plot by STS for

SAM monolayer of 59 on Au

(set-point current of 0.8 nA at

40 mV). The higher current in

the third quadrant

corresponds to electron flow

from the Au-coated substrate

to the contacting tip (acceptor

to donor) [129]
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13 Capacitors

In macroscopic circuits, a capacitor consists of two conductor plates, close to each

other, but not in contact, that respond to a voltage by accumulating, rather than

passing, charge. In the nanoscopic world, then, we might think of a nanocapacitor

as a way of collecting, and later providing, charge to a circuit. But while a

macroscopic plate can tolerate the accumulation of billions of electrons (or

holes), a molecular-sized device will be limited to a handful of charges confined

in its nano-sized volume.

A quantum limit called the “Coulomb blockade” [131] involves the capacitance

(C, typically 1 fF) of a two-dimensional confined region, or quantum dot. If an

electron is confined to such a dot, then adding another electron will cost a “charging

energy” of e2/C. If (e2/2C) < kBT, a Coulomb blockade occurs, and no more

charges can be added until a threshold voltage VCB ¼ kBT/e is reached. This causes
a flat region of no current increase in the I/V curve from V ¼ 0 to V ¼ VCB (at

300 K, VCB ¼ 0.026 volts). When V > VCB, the original charge can move off the

quantum dot, and a finite current can be observed; the maximum capacitance of the

dot has been exceeded. Coulomb blockade behavior has been observed in single

molecules such as 60, where the complexed cobalt ion plays the role of the quantum

dot (Fig. 27) [49].

A single electron avoids the problem of forcing multiple charges into close

proximity: Shkrob and Schlueter have calculated that the cavity of one conforma-

tion of calix[4]cyclohexanol, a cyclic tetramer of 2-methylcyclohexanol, represents

a deep electron trap. Essentially, the electron would be “solvated” by four hydroxy

groups in a tetrahedral arrangement. Such a molecule could serve as a

nanocapacitor for a unit charge [132].

Bocian, Lindsey and co-workers studied sandwich complex nanocapacitors

comprised of porphyrin and phthalocyanine ligands separated by lanthanide metals

[133]. A triple-decker sandwich of phthalocyanine-Eu-phthalocyanine-Eu-porphy-

rin, with two phenylethynyl linker wires from the porphyrin, potentially has up to

nine accessible oxidation states (�4 to +4). SAMs of monomers, dimers, trimers,

and oligomers of this sandwich, anchored at one or both ends by thioacetyl groups,

gave charge densities up to 10�10 mol cm�2, electron-transfer rates up to 105

electrons s�1, and charge-dissipation half-lives in the 10–50 s range.

On a larger scale, it is possible to store charge in gold nanoparticles. Chen

described 1.8 nm diameter nanoparticles coated with a layer of alkylthiols,

N

N

N

Co2+(CH2)5HS

60

N

N

N

(CH2)5 SH
Fig. 27 Quantum-dot

molecule 60 involved in

Coulomb blockade between

electromigrated Au

electrodes [49]
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including occasional dithiols that allow the nanoparticles to form a SAM on Au.

The dielectric nature of the alkyl coating allows the nanoparticles to exhibit a

molecular capacitance of the order of attofarads [134].

Finally, Eklund’s group has described double-walled nanotubes (DWNT), with

ca. 0.7 nm inner diameter and 1.4 nm outer diameter, that can form a three-layer

cylindrical capacitor with a shell of bromine anions forming the outer electrode.

Holes segregate on the outer nanotube, and saturation bromine doping creates 1

hole per 26 carbon atoms in the DWNT [135].

14 NDR Devices

A monolayer of about 5,000 molecules of 61 (Fig. 28) in a “nanopore,” attached to

Au on one side and topped by a Ti electrode on the other, provided rectification (due

to the dissimilar metal electrodes) but also NDR within a definite range of applied

bias, i.e., increasing voltage was associated with a decrease in current, so (dI/dV) is
negative. NDR was dramatic at 60 K, but vanished at room temperature [136]. NDR

is also observed in inorganic two-terminal Esaki tunnel diodes [137], which do have

a limited commercial application: signal amplification is possible within such two-

terminal devices, because in the output circuit a finite negative resistance RT from

the tunnel diode may be matched in series by an equal but opposite positive load

resistance RL. In the output circuit the equation for power amplification contains the

circuit resistance in the denominator: if this resistance RT + RL ¼ 0, then infinite

gain is seen. However, efforts to commercialize the organic NDR effect failed,

because the devices proved to be unreliable.

15 Field-Effect Transistors/Gates

Field-effect transistors (FETs) have dominated the semiconductor industry, largely

displacing the earlier bipolar junction transistor (BJT) because of its negligible gate

current and convenience in the design of integrated circuits. Figure 29 sketches how

an FET works.

In Fig. 29 the crucial elements are the p-doped Si layer, which can be replaced by

any thin semiconducting layer, and the very thin insulator below the gate electrode.

FET behavior was observed for polymeric LB films three decades ago [138], and by

C CC SHC

NH2

O2N 61

Fig. 28 About 5,000

molecules of 61, covalently

attached to Au, exhibit NDR

at 60 K, but not at 300 K [136]
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low-temperature STM for a single-walled carbon nanotube curled over parallel Au

lines, with the STM acting as a gate electrode (Fig. 30) [139].

Lee and Reed have modified the MCBJ measurements for 1,4-benzenedithiol

(2), and have used the Si electrode substrate as a gate electrode to find that the

conductivity through the benzenedithiolate bonded to two Au shards showed

evidence of FET behavior [140]. However, these results are controversial (van

der Zant HSJ, 2010, private communication).

Using an EMBJ between two Au electrodes, the organometallic equivalent of a

no-gain single-electron transistor (SET) was realized at 0.1 K with an

SOURCE DRAIN
GATE

INSULATOR

n p-doped n

CHANNEL LENGTH, L

LARGE
FORWARD
BIAS

AMPLIFIED
SIGNAL
OUT

SMALL
REVERSE
BIAS

INPUT
SIGNAL

Fig. 29 N-channel complementary oxide FET: a large external forward bias applied between the

metallic source and metallic drain electrodes allows electrons to flow from the n-doped region

below the source, across the p-doped region, to the n-doped region below the metallic drain

electrode. The p-doped region (the “channel,” of length L) is covered by a very thin oxide

(10–50 nm thick), which provides electrical insulation from the metallic gate electrode. A back

bias voltage applied to the gate electrode controls the thickness of the channel by an electric field

effect: this field controls the amount of current that can go from source to drain. A small input

signal applied to the gate-to-source leg is then amplified into a large output signal between source

and drain, drawing power from the external DC bias
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organometallic Co(II) complex using two electromigrated Au electrodes covalently

bonded to molecule 60 [49]. Once again, this SET is a Coulomb blockade device

with no possibility of power gain: the term SET is, alas, a misnomer.

Conductivity differences were seen in a bistable [3]catenane closed-loop mole-

cule, with a naphthalene group as one “station,” and tetrathiafulvalene as the second

“station,” “decorated” by a tetracationic catenane salt that could travel on the

catenane, like a “train” between two stations, making a nano-switch [141].

16 Future Unimolecular Amplifiers

A three-sided molecule, designed to control the current pathway within it by

judicious choice of three moieties with different electron affinities and/or ionization

potentials, when covalently bonded to three metal electrodes 3 nm apart, could be

the unimolecular equivalent of a BJT.

Many suitable molecules can be designed, with end-groups chosen for SAM

formation with dissimilar metal electrodes. For instance, two Au and one Al

electrode could be used. The molecule D1D2A would have two –SH terminations

to bond to Au, and one –COOH end group (on D2) to bond to Al. The electron path

between the two Au electrodes would traverse a donor moiety D1 with low IPD and

an acceptor moiety A, while the path from the Al electrode to the second Au

electrode would traverse a weaker donor moiety D2 (with larger IPD) and the

common acceptor moiety A. The larger electron current would flow between the

two Au electrodes, because the intra-molecular electron mobility would be larger

D1 ! A, while the smaller electron current would flow D2 ! A. The smaller

Fig. 30 STM micrograph of

a single-walled carbon

nanotube curled atop Au

electrodes [139]
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current path would be either under zero bias or slightly back-biased, and carry the

input signal; the larger current, under forward bias, would carry the amplified

output signal (Fig. 31). Whether the Al electrode would function as a gate electrode,

affecting conductivity by an electric field, or as a drain electrode, affecting conduc-

tivity by an electric potential, is not yet clear. Metal-molecule interface issues

would be important, just as in two-electrode resistors or rectifiers. The details of

how the electron current from D1 to A would be significantly larger than the current

from D2 to A must still be worked out.

At present making the first unimolecular amplifier is mainly hampered by the

experimental difficulty in placing three electrodes 3 nm apart from each other. As

discussed above, MCBJs and EMBJs have yielded reproducible 1–3 nm gaps

between two electrodes; the third “gate” electrode can be an STM tip or a CP-

AFM tip or an oxide-covered Al electrode.

17 Future Organic Interconnects

Once a sufficient set of resistors, capacitors, rectifiers, and amplifiers have been

demonstrated with conventional metal electrodes, one can initiate a new project, of

assembling all-organic polymeric electrodes to replace the inorganic metals. This

would lead to the all-organic computer! The controlled electrochemical growth of

conducting oligomer filaments has already been demonstrated [142]. Alas, single-

Small DC
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large DC
forward bias

+

Small AC signal in

Large AC
signal out0.01 Io

0.99 Io

A

D2

D1

Au Au

Al

Fig. 31 Proposed

unimolecular amplifier

D1D2A, in a circuit analogous

to a grounded-emitter

junction transistor, grounded-

source FET, or grounded-

cathode triode circuit. The

arrows show the direction of

preferred electron flow. The

two Au and one Al electrode

tips must be about 3 nm apart
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walled carbon nanotubes are not yet fully chemically processable. For that we may

need defect-free, differently end-derivatized SWCNT, e.g., An-SWCNT-Bm, with n

polar or formally charged groups A and m polar or oppositely charged groups B,

such that the nanotubes can be chemically separated by chromatography by charge,

dipole moment, and conductivity: if this can be achieved, then the An-SWCNT-Bm

would become ideal connectors in UE.
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(2005) The first studies of a tetrathiafulvalene-s-acceptor molecular rectifier. Chem Eur J

11:2914–2922

116. Wang W, Lee T, Reed MA (2004) Elastic and inelastic electron tunneling in alkane self-

assembled monolayers. J Phys Chem B108:18398–18407

117. Mazur U, Hipps KW (1995) Resonant tunneling bands and electrochemical reduction

potentials. J Phys Chem 99:6684–6688

118. Mazur U, Hipps KW (1999) Orbital-mediated tunneling, inelastic electron tunneling, and

electrochemical potentials for metal phthalocyanine thin films. J Phys Chem B103:9721–9727

119. Perepichka DF, Bryce MR, Pearson C, Petty MC, McInnes EJL, Zhao JP (2003) A covalent

tetrathiafulvalene-tetracyanoquinodimethane diad: extremely low HOMO-LUMO gap,

thermoexcited electron transfer, and high-quality Langmuir-Blodgett films. Angew Chem

Int Ed 42:4636–4639

120. Elbing M, Ochs R, Keontopp M, Fischer M, von H€anisch C, Weigend F, Evers F, Weber HB,

Mayor M (2005) A single-molecule diode. Proc Natl Acad Sci USA 102:8815–8820

121. Morales GM, Jiang P, Yuan S, Lee Y, Sanchez A, You W, Yu L (2005) Inversion of the

rectifying effect in diblock molecular diodes by protonation. J Am Chem Soc

127:10456–10457

122. Jiang P, Morales GM, You W, Yu LP (2004) Synthesis of diode molecules and their

sequential assembly to control electron transport. Angew Chem Int Ed 43:4471–4475
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Abstract The study of charge transport processes through organic molecules by

using molecular junctions has generated great attention in the last few years,

partially triggered by the possibility of developing molecular electronic devices

to be implemented somehow into current silicon-based technology. As experi-

mental tools, a large variety of conceptually and geometrically different

metal–molecule(s)–metal junctions has been proposed. While the intrinsic conduc-

tivity of a molecule is still elusive, parameters crucial for molecular electronics

have been extracted by using a variety of junctions. Significantly, the results

extracted from molecular junctions and those obtained by the kinetic approach in

supramolecular D–B–A systems are complementary. For the sake of a practical

discussion, a distinction is made between “active junctions” and “non-active

junctions”. Active junctions are those aimed at switching the electrical response

by an external stimulus acting “in situ” to modify the electronic structure of the

molecular system. Non-active junctions are those aimed at studying different

conduction regimes by incorporating molecules of different electronic structures.

Depending on their geometry, the junctions can incorporate different numbers of

molecules. Large area molecular junctions present two main advantages: (1) a

simpler assembly, by requiring less sophisticated fabrication and (2) a higher

versatility, relative to single molecule junctions, towards potential applications in

organic electronics. The present chapter focuses on the fabrication of a variety of

large-area molecular junctions and summarizes and compares the experimental

results.
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Abbreviations

AZO Azobenzene

BJs Break junctions

c-AFM Conductive atomic force microscopy

CT Charge transfer

CWJs Cross wires based junctions

DAE Diarylethene

D–B–A Donor–molecular bridge–acceptor supramolecular system

E-GaIn Metal eutectic Ga–In (75% Ga 25% In)

ET Electron transfer

HBC Hexabenzocoronene

HS-C10-Ru HS(CH2)10CONHCH2pyRu(NH3)5(PF6)2
IJs Interlayer based junctions

LAJs Large area junctions

LB Langmuir–Blodgett

M–B–M Metal–molecular bridge–metal (junction)

MCMWs Metal centre molecular wires

OPh Oligophenylene

PEDOT:PSS Poly(3,4-ethylenedioxythiophene): poly(4-styrenesulphonic acid)

PPV Poly[(m-phenylenevinylene)-co-(2,5-dioctoxy-p-
phenylenevinylene)]

STMJs Scanning tunnelling microscope junctions

1 Introduction

“Molecular electronics” was born in the 1990s as “a branch of nanotechnology

dealing with the study and application of molecular building blocks for the fabrica-

tion of electronic components” [1–3]. Today, after more than 15 years of intense
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experimental and theoretical studies, the first observations emerging from

reviewing the results are that (1) the “intrinsic” conductance of molecules is still

elusive and (2) so far, there is no indication that electronic components based on

organic molecules can compete with both stability and operational speed of silicon-

based electronic devices. Possible applications of molecular electronics may come

to light in the future; in the meanwhile, it is certainly worthwhile to continue

searching for technological applications and to improve fundamental scientific

understanding.

The process of charge transfer (CT) through organic molecules is central not

only in molecular electronics – it is also a fundamental feature in a large number of

biological phenomena (e.g. photosynthesis [4]). Electron transfer (ET) processes

have been extensively studied over the last 60 years, both experimentally and

theoretically, by using different approaches. Since the early 1970s, many experi-

mental studies have been dedicated to measuring ET processes through organic

molecules in supramolecular D–B–A systems, where D and A are, respectively,

electron donor and acceptor molecular units, covalently linked by a molecular

bridge, B [5]. These studies have underlined the importance of the electronic

structure of B in facilitating ET between D and A. Since then, as a colloquial

way to emphasize this role, it has been customary to refer to the bridge as a

“molecular wire”, and to discuss its ability to “conduct” electrons. It should be

clear that these expressions imply an analogy that does not exist between pathways

for electron transport through organic molecules and through metallic conductors.

It would be more correct to say that the molecular wires facilitate electron transport

relative to vacuum.

In 1971, the experimental work of Kuhn [6, 7] contrasted the ET studies carried

out on D–B–A systems in solution by measuring current flowing through fatty acids

organized in Langmuir–Blodgett (LB) films when sandwiched between two metal

electrodes. Even before these mailstone papers, few experimental and theoretical

studies had been carried out on the process of tunnelling through molecules

incorporated between metal films [8]. Surprisingly, after Kuhn’s pioneering work

only a few authors focused on this approach [9, 10]. In 1974, the theoretical paper of

Aviram and Ratner envisaged the use of organic molecules sandwiched between

two electrodes to obtain the function of a conventional electronic rectifier [11]. In

1990 Ashwell and Sambles [12, 13] and later in 1997 Metzger et al. [14] reported

experimental results obtained from junctions incorporating LB films based on

hexadecylquinolinium tricyanoquinodimethanide, proving the rectification effect

predicted theoretically. In the late 1990s, (1) the combination of nanofabrication

[15], (2) a more familiar use of scanning probe microscopies [16, 17] and (3) the

ability to form stable chemical bonds between molecules and metal surfaces

triggered the fabrication of metal–molecules–metal, M–B–M junctions, and opened

the door to experimental “molecular electronics”. In the last decade the number of

works dedicated to characterize the electrical properties of organic molecules in

M–B–M junctions has increased exponentially [18–25].

As experimental tools, a large variety of conceptually and geometrically different

M–B–M junctions has been proposed to the scientific community. To name only a
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selection of the most popular ones, we mention (1) break junctions (BJs) [26, 27],

(2) nanopores-based junctions NPJs [28], (3) STM (STMJs) [29–31] and

conducting AFM based junctions (c-AFMJs) [32], (4) crossed wires junctions

(CWJ) [33] and (5) large-area junctions (LAJs) [34]. As depicted in Fig. 1, each

type of the mentioned junctions measures the electrical characteristics of molecules

in different number and different environments: (1) as single unit in BJs and

STMJs, (2) as set of molecules in smaller or larger number respectively in

c-AFMJs and CWJs and (3) in very large organized aggregates as self-assembled

monolayer (SAM) in LAJs.

Among the mentioned junctions, certainly BJs and STMJs are those which

provide the most informative data for fundamental understanding with a molecu-

lar-level resolution. At the opposite end, junctions able to characterize the electrical

behaviour of large ensembles of organic molecules contribute to the field with

results which complement those extracted from single-molecule experiments and

with information useful for application of organic electronic devices. Since each

one of these different junctions shows both advantages and limitations, the design

of conceptually new molecular junctions able to give reproducible electrical

measurements and convenient for application is still underway [35].

Fig. 1 Schematic representation of the most commonly used molecular electronic junctions

ordered as a function of the number of contacted molecules
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After a brief discussion of fundamentals of charge transport mechanisms, this

chapter summarizes and discusses the most significant results obtained by using

different junctions and in particular LAJs. In order to facilitate a systematic

discussion, we make a functional distinction between “non-active” and “active”

junctions: we will refer to “active junctions” as those aimed at changing

the electrical response by means of an external stimulus acting in situ to modify

the molecular electronic structure; “non-active junctions” are those used to measure

and compare the electrical properties inherent to the different electronic structure

of incorporated molecules, without any modification induced by an external signal.

2 Charge-Transfer Mechanisms

Experimental works [36, 37], supported by theory [38, 39], have shown that the

charge-transfer processes through organic molecules in D–B–A systems and charge

transport in M–B–M junctions are strongly related (Fig. 2a). The processes occur-

ring between electron donor (D) and acceptor units (A) – A and D being either

molecules or electrodes (M) – involve an electronic mediation of the molecular

energy levels. The nature of the mechanism dominating these processes depends in

first approximation on the distance in energy between the D/A units and the closest

molecular orbitals, as outlined in the following.

When the current in molecular junctions is dominated by electron tunnelling

(Fig. 2b), it can be described as a first approximation by Simmons’s theory [40, 41].

In this model, the current depends on (1) the height F of the potential barrier, which

is determined by the interactions of the electron with the medium and (2) the

thickness d of the barrier (Fig. 3).

The presence of molecules inside the tunnel gap decreases the tunnel barrier F
with respect to the vacuum. However, the Simmons model does not take into

account the discrete spacing between the energy levels of the molecular bridge,

and the hypothesis of a rectangular barrier, as sketched in Fig. 3, certainly neglects

interfacial effects. On the other hand, experimental results clearly demonstrate a

correlation of the electron transport rate with the molecular HOMO–LUMO gap.

In order to account for these findings, a so-called “two band” model has been used

[42]. A more refined model, that takes into account the active role played by the

molecule, introduces the coupling of the tunnelling electron with the off-resonance

electronic states of the molecular bridge. This model, known as “superexchange”

coupling and originally proposed by McConnell for D-B-A systems [43], is also

useful for the description of the electrical behaviour of molecular junctions, where

the charge transport is actually assisted by the molecular bridge (through-bond).

According to this model, the rate of the charge transfer process in D–B–A systems

depends on the DE offset between the energy levels of D/A units and those of the

bridge, while in a molecular junction the transport process depends on the differ-

ence between the electrode Fermi level and the molecular levels. Therefore

molecules with lower LUMOs provide states which are energetically more
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accessible for a superexchange coupling [5]. When the HOMO is closer than the

LUMO to the Fermi level of the electrodes, the transport will occur via holes [5].

All these theories provide the basis for using, as first approximation, the simple

phenomenological equations to describe the ET rate constant k in D–B–A systems

as k ¼ ko e
�bd and the current flow I as I ¼ Ioe

�bd in molecular junctions, where

d is the length of the molecule, and b is a decay factor. Although the decay
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parameter b can be defined only for a tunnelling process, its value is often used as a

first approximation to distinguish between different transport mechanisms [44–46].

It is worth underlining that in the Simmons model b / F1=2, while in a

superexchange treatment b / lnðDEÞ, where DE ¼ ELUMO � EF. We stress here

that the tunnelling barrier F of the Simmons model and DE of the superexchange

treatment have different physical origins, and therefore different values, but cer-

tainly for a bridge assisted transport, it is roughly true that F / DE.
Recently, Frisbie and co-workers, on the basis of a Simmons-like approach,

extracted the tunnel barrier height from i–V curves obtained from c-AFM based

junctions incorporating a variety of molecules [47, 48]. The observed discontinuity

in the i–V curves at well-defined values of applied bias, has been interpreted as a

transition from tunnelling to field-emission regime. As sketched in Fig. 3b, the

process of field-emission occurs when, upon application of increasing bias, the

barrier becomes triangular, and hence partially classically accessible. The voltage

at which the transition occurs is suggested to provide a measure of the barrier height

(Vbias ¼ F). However, a deeper analysis of such kinds of results suggests that the

change in the electrical behaviour of the molecular junction must be rather

attributed to a resonant tunnelling through molecular levels [49]. This discussion

introduces some concern about the range of validity of the Simmons model, which

is more adequate for description of direct through-space tunnelling, where the

barrier F is determined by electrostatic interaction of the tunnelling electron with

the molecular bridge [50, 51].

Figures 2c and 2d schematize the energy diagram for molecular orbitals of B in

close proximity with the energy levels of the donor/acceptor units. In this case the

ET process can occur via a coherent resonant tunnelling mechanism or via hopping

between localized states of the molecular bridge [52]. Experimentally, these pro-

cesses will exhibit a shallow dependence on d and a quasi-ohmic behaviour,

allowing for charge transport at distances not reachable by tunnelling. These two

mechanisms can be more rigorously disentangled by the temperature dependence:

while hopping is a thermally activated process, tunnelling is not [52].

da b d

Direct tunneling Field emission

VBIAS

VBIAS

VBIAS = Φ

Φ

Φ

Fig. 3 Schematic representation of the Simmons model for (a) electron tunnelling and (b) field-

emission regime
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2.1 Non-Active Molecular Junctions

After pioneering works proving the first examples of electrical measurements

through simple organic compounds in M–B–M junctions [26, 28, 53], a number

of studies focused on testing the correlation between the electronic structure of

B and their electrical properties. Figure 4a schematizes the energy levels of two

junctions incorporating organic molecules of different structure. Several authors, by

using a large variety of molecular junctions, have measured the conductance of

molecules of different structure, and in some case have extracted the factor b, in
order to correlate the electrical properties with the electronic structure [54–56].

From these studies, it emerges that the values of the conductance for the same

organic molecule, obtained with different junctions, are widely scattered [19, 54]:

for alkane chains they span over eight orders of magnitude [55]. As discussed

below, this observation, rather than surprising or problematic, is actually very

informative [56]. In general, this disagreement has been attributed to the

molecules/metal electrode interactions, that can varies when using different anchor-

ing groups on different electrodes [57–61]. Indeed, the metal/molecules contact has

an intrinsic resistance, which is related to the electronic structure of the anchoring

group and to the charge distribution at the molecule/metal interface. Long ago it

was demonstrated that LB films are less conductive than SAMs anchored to the

electrodes via covalent bonds; more recently a number of authors have indicated

how anchoring groups of different nature such as –SH, –SeH, –SCN and –NH2 can

deeply affect the molecular conductance value [62–65].

Fig. 4 Schematic representation of (1) the energy of electron donor (D) or electron acceptor (A)

units (regardless as to whether molecules or electrodes), (2) the HOMO and LUMO molecular

orbitals, and (3) the energy gap DE between D/A and the molecular orbitals. (a) DE is changed by

changing the electronic structure of the molecular bridge. (b) DE is changed by changing the

energy levels of the donor or acceptor units
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In addition, it is important to remind that in many type of junctions the molecules

are not even in physical contact with one of the electrodes, and therefore an

additional, unknown, resistive contribution is measured. For instance (1) in STM-

based junctions the STM tip and the molecules are separated by a gap, (2) in Hg

based LAJs the top electrode is covered by alkane monolayers (Fig. 5a, b), (3) in

E-GaIn-based junction the electrode carries always a film of oxide (Fig. 5c) and (4)

in the interlayer-based junctions (IJs) there is a film between the molecules and the

top electrode (Fig. 1).

Furthermore, a different molecular conductance for the same molecule can

be expected, depending on whether the leads are contacting (1) an isolated molecule,

either by “fishing for it” with the STM tip [29–31] or in a break junction, (2) a single

molecule embedded in a SAM [66, 67] or (3) a number of molecules contacted

through metal nanoparticles [53, 68, 69]. In fact, the conductance of the same

molecule measured when embedded in a SAM or as an isolated unit in BJs shows

values differing by several orders of magnitude [70]. This difference can be under-

stood by considering that the SAM is a 2D supramolecular system, where lateral

intermolecular interactions can perturb the molecular electronic structure, and there-

fore affect the electrical properties. On this basis, individual and collective charge

transport phenomena can be very different, and the size of the deviations depends on

the type of molecule [71].

In contrast with the large differences observed for molecular conductance, the

values of the decay factor b calculated from measurements performed by different

types of molecular junctions, for molecules of similar electronic structures, are in

good agreement, as shown in Table 1. As expected, b decreases by increasing the

molecular conjugation. In addition and significantly, Table 1 shows that the b
parameters extracted from D–B–A systems and M–B–M junctions for the same

type of B, are similar. In fact the b value reflects the intrinsic conductivity of the

core of B, independently of other parameters, such as the molecular environment

and/or interaction of the anchoring group with the electrodes.

Fig. 5 Schematic representation of LAJs based on liquid metal electrodes. (a) The two Hg drops

junction. The drops are extruded from two microsyringes and covered singularly by similar or

different SAMs before being brought in contact. (b) An Hg-drop electrode covered by SAM(1)

(usually formed by hexadecane thiol) is brought in electrical contact with a SAM(2) formed on a

solid metal surface. (c) A drop of In/Ga eutectic alloy (E-GaIn) contacts a SAM formed on a solid

electrode surface
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Recently, it has been reported that by incorporation into non-active molecular

junctions of Bs with low-lying energy sites, the conduction mechanism can be

dominated by electron hopping [32, 47, 84, 85].

In addition and importantly, even in non-active junctions, when the electrode

Fermi level matches the molecular bridge energy levels, resonance phenomena can

generate electrical behaviours similar to those of conventional electronic devices,

such as rectification [86–89] and negative differential resistance (NDR) [90, 91].

2.2 Active Molecular Junctions

The early studies on non-active molecular junctions showed that the electrical

properties of organic molecules are generally dominated by a non-resonant

tunnelling mechanism, that is, a mechanism occurring in insulating materials.

Therefore, electronic devices based on molecular systems seemed unlikely to

compete with silicon-based integrated circuits. Nonetheless, as proof of principle,

molecules have been used as nanometer semiconductors: by borrowing concepts

from conventional electronics, many studies have shown that single molecules

connected to a source and a drain electrode can perform transistor-like functions

[92–94].

On the other hand, with respect to inorganic semiconductors, molecules offer

additional electronic features, based on a rich spectrum of structures. Unlike

inorganic semiconductors, the electronic properties of molecular systems can be

tailored by a proper design and/or by functionalization with a large variety of

chemical groups, and most importantly, their electronic structure can be changed

by external magnetic, electromagnetic or electrochemical signals. Figures 4a and b

suggest the possibility to switch current flowing through molecular junctions by

changing DE via an external trigger [95, 96], as described below.

Table 1 Values of the decay factor, b, for aliphatic and oligophenylene chains obtained with

different experimental systems

Experimental system Aliphatics b/Å�1 Oligophenylenes b/Å�1

D–B–A Molecular systems 0.8–1 [72, 73] 0.4–0.6 [74, 75]

LAJ 1.4 [6]

0.89 [76] 0.66 [77]

0.87 [77]

0.86 [78] 0.61 [79]

0.9 [79]

0.57–0.66a [80]

0.43 [81]

STM 1.2 [82]

cp-AFM 0.94 [83] 0.42 [83]
aBias dependent
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2.2.1 Photoactive Molecular Junctions

In principle, a variation of DE (see Fig. 4) can be achieved by inducing a change in

the electronic structure of B by light absorption. Therefore, in molecular junctions

incorporating photoactive compounds, light can be used as external trigger to tune

the current flow. For a molecular junction to behave as a photoswitch, three

conditions of different nature are required: (1) the geometry of the junction should

allow for irradiation “in situ” of the molecular systems when sandwiched between

the electrodes, (2) irradiation of the chromophore must produce isomers of intrinsic

different conductance and (3) the excited state of the chromophore should not be

quenched by the metal electrodes [97]. In some cases, the quenching of chromo-

phore excited states by the electrodes’ metal surfaces via energy or electron transfer

process can be avoided by careful control of the electronic coupling of the

photoactive molecular cores with the metal leads (see below) [98, 99].

To date, two types of chromophores have been successfully incorporated in

molecular junctions: diarylethenes (DAE) [100] and azobenzene (AZO) derivatives

[101].

DAE-based compounds have attracted great attention because of their unique

characteristic, consisting of a reversible photo-induced isomerization under irradi-

ation at two different wavelengths (see Fig.13 and a detailed discussion in

Sect. 4.2.1).

The open form (O) of the DAE moiety, under irradiation in the UV region,

undergoes a photoisomerization to the closed DAE form (C); a reversible

photoisomerization to O isomer takes place under irradiation of C in the visible

region. The O and C forms exhibit a different degree of conjugation, and therefore

different HOMO–LUMO gaps. DAE-based compounds have been incorporated

into a number of different types of junctions (BJs [102, 103], STMJs [104], PBJs

[99]): the results, often controversial, have finally demonstrated that, under

alternating irradiation, a partially reversible switch in current takes place. However,

basic information are still missing about the effects of the electrode metal surface

on the photophysical properties of the DAE, as the quantum yields of the photo-

isomerizations, the efficiency of the photoconversion to the photostationary state

and the reversibility of the photoisomerization processes.

AZO-based compounds have been extensively studied. An isomerization from

the thermodynamically more stable trans to the cis conformation can be induced by

irradiation with UV light, and reversed upon heating or irradiation with visible light

[101, 105] (see Fig.14a). Rigid and fully conjugated AZO compounds, in spite of

forming densely packed SAMs on Au surfaces, have shown a high yield of

photoconversion [34, 106]. These AZO compounds have been incorporated either

in LAJ or in STM junctions [107, 108], showing that the current density increases

and decreases reversibly over one order of magnitude upon alternating irradiation at

l ¼ 370 nm and l ¼ 450 nm respectively (details are discussed in Sect. 4.2.1).
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2.2.2 Electrochemical Molecular Junctions

A second type of active junctions is that based on electrochemical systems, where

the current flowing through junctions incorporating electroactive molecules

depends on the molecular redox state. While in two-electrode junctions the relative

positions of the Fermi levels of the electrodes with respect to the molecular energy

levels is undefined, in an electrochemical junction the Fermi level can be changed

relatively to the redox potential of the electroactive species by an applied potential

measured against an external reference electrode. Therefore, the Fermi level of the

electrodes can be tuned and become isoenergetic with the molecular orbitals, as

schematized in Fig. 4b. In this case the reference electrode acts as a gate of a

conventional transistor, while the two electrodes sandwiching the molecules are the

source and the drain [109, 110].

After the pioneering work of Tao [111], a number of studies reported how to

control the current flow via an external reference electrode in electrochemical

STMJs and LAJs [93, 112–143].

It has been reported that the electrical properties of single molecules incorporating

redox groups (e.g. viologens [114, 119, 120, 123, 124], oligophenylene ethynylenes

[122, 123], porphyrins [111, 126], oligo-anilines and thiophenes [116, 127], metal

transition complexes [118, 128–132], carotenes [133], ferrocenes [134, 135], perylene

tetracarboxylic bisimide [93, 136, 137] and redox-active proteins [138–143]), can

be switched electrochemically. Such experiments, typically performed by STM on

redox-active molecules tethered via Au–S bonds between a gold substrate and a

tip under potential control, allow the possibility to examine directly the correlation

between redox state and the conductance of individual molecules.

3 Large-Area Junctions

Even if, in the future, the dimensions of the metal contacts of electronic circuits will

become compatible with those of organic molecule – therefore allowing for single-

molecule based circuitry – the fabrication of single-molecule-based devices will

always require sophisticated and expensive equipments. For commercial

applications the processing cost of molecular devices should be as low as possible.

Mesoscale devices as LAJs incorporating organic films and able to perform elec-

tronic functions can provide comparatively simpler and more convenient fabrica-

tion. LAJs, in addition, uniquely allow spectroscopic characterization “in situ” of

the chemisorbed molecular layers [144].

3.1 Fabrication of Different LAJs

The fundamental requirement to obtain reliable electrical measurements in molec-

ular junctions is the absence of electrical artefacts, such as formation of conducting
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filaments and short-circuits. The first, LAJs were fabricated by forming an organic

film on top of a metal surface (bottom electrode) and depositing on top of the film a

second electrode by standard metal-deposition techniques, such as electron-beam

evaporation or sputtering. Nonetheless, even when SAMs are well-organized and

well-packed on an atomically flat surfaces of noble metals (Au, Ag, Pd) [145],

the presence of pinholes and defects at the grain boundaries and the fragility of the

organic molecular monolayer represent a source of shorting events masking the

electrical response. A number of strategies have been adopted to fabricate top

electrodes that can make electrical contact with the organic SAM [19, 63, 146],

each one presenting a number of advantages and disadvantages, as outlined in the

following.

3.1.1 Gold Atoms Deposition

Vacuum deposition of metals by evaporation is one of the most common methods

used in laboratories and industry for making electrical contacts. However, the

vaporized metal atoms and clusters, by recondensing on top of the SAMs, can

reach the substrate with high temperatures and kinetic energies, so that they can

percolate along the molecules forming the organic layer [13, 144, 147, 148].

Deposition of low-melting metals on a cooled sample can in some cases circumvent

thermal damage of the SAM [14]. In very early studies, Reed et al., in order to avoid

short-circuits, reduced the area of the SAM exposed to the Au evaporation by

fabricating nanopores in a film of silicon nitride membrane deposited on top of the

SAM [28]. The top electrode was fabricated by Au deposition inside the nanopore.

Alternatively, “indirect” evaporation can be adopted to reduce the damage and to

provide more reproducible results; it is performed in an inert atmosphere on a

cooled sample not directly exposed to the crucible [149]. Recently, McCreery and

Bonifas presented a method of forming soft metallic contacts on molecular layers

through surface-diffusion-mediated deposition (SDMD) [35]. The metal atoms,

deposited remotely, diffuse onto the molecular layer, thus eliminating the problems

of penetration and damage to the organic SAM.

3.1.2 Nano-Transfer Printing and Lift-Off, Float-On

The techniques of nano-transfer printing (nTP) and lift-off, float-on (LOFO) used

to fabricate top electrodes in LAJs are based on transferring preformed electrodes

onto the molecular-device substrate, thus eliminating metal penetration into mono-

layer defects. In particular, a number of authors [150–153] has shown that LAJs

can be fabricated successfully by nTP, i.e. by transferring metal patterns from an

elastomeric stamp onto a molecular layer chemically bonded to a substrate. By

using the nTP approach it is possible to fabricate arrays of electrodes, suitable for

testing multiple devices. However, the nTP technique requires a molecular layer

that adheres to the top contact, usually via a thiol group, and therefore it severely
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restricts the materials that can be incorporated. This approach, when used to

fabricate large-area top electrodes, produces wrinkled, problematic metal films.

The LOFO approach, based on capillary interactions induced by liquid–solid

interfaces, is used for transferring prefabricated thin solid metal films onto molecu-

larly modified solid substrates. In spite of the fact that the glass/metal pad during the

lift-off process leaves a relatively rough (1 nm) surface, several types of device

have been fabricated by LOFO [154–156].

The polymer-assisted lift-off (PALO) method, a particular application of LOFO,

aims to mitigate energetic and kinetic phenomena that lead to wrinkling and tearing

of the preformed electrode [78]. The key component is a hydrophobic polymer

backing layer on the preformed electrodes that provides mechanical stability and a

thermodynamic driving force to eliminate wrinkling. Through this technique high-

quality metal-electrode devices can be fabricated in parallel over a wide range of

electrode dimensions, and with lithographically defined spatial registry. Non-shorting

molecular junctions with active areas up to 9 mm2 were obtained with a very low

number of short circuits (<10%). A PALO technique has recently been used to probe

molecular junctions by using Surface Plasmon Resonance Spectroscopy [157].

3.1.3 Interlayers Based Junctions (IJs)

A different strategy in fabricating LAJs consists of depositing on top of self-

assembled organic monolayers an organic or inorganic ultrathin film as protection.

Polymer films, acting as a mechanical protective barrier, allow for simple metal

deposition and prevent short circuits or molecular damage. De Boer et al. [80] have

shown that a layer of PEDOT:PSS polymer allows one to evaporate a film of gold

on top of the SAMs, preventing Au atom percolation. Rampi et al. [79] covered the

organic SAMs by spin-coating a nanometer-thick layer of commercial PPV poly-

mer. These junctions seem to be very stable and provide highly reproducible

electrical measurements [80].

Recently, Melosh has obtained electrically stable LAJs as large as 9 mm2 by

atomic deposition of a nanometer-thick passivating layer of aluminium oxide on top

of self-assembled organic monolayers with hydrophilic terminal groups [158, 159].

Obviously, interlayers based junctions limit electrical measurements only to

organic SAMs less conductive than the protecting layer.

3.1.4 Liquid Metal Based Junctions (LMJs)

LAJs based on liquid metal electrodes have been extensively used in different

geometries and modes to incorporate and study a large number of organic

compounds [76, 85, 88, 106–108, 132, 160–171]. The wide use of Hg-based

electrodes relies on the properties of this metal: (1) it is highly conductive, (2) it

forms well-ordered SAMs in a few seconds [166], (3) its surface, as a liquid, is free

of structural features that cause defects in adsorbed monolayers and (4) it can form a
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good conformal contact with molecular SAMs organized on metal electrodes

(Fig. 5a, b).

The fabrication of these junctions is straightforward: in all cases, SAMs(1) are

formed separately on the Hg drop extruded from a syringe, and SAMs(2) are

formed on the solid metal surface.

The two metal surfaces covered by SAMs are brought into contact by the use of a

micro-manipulator in the presence of a liquid medium, such as hexadecane: the

presence of hexadecane transforms the defects of the SAMs into insulating sites.

The use of a semitransparent solid surface (Au or Ag) allows (1) evaluation of the

contact area by collecting the image of the contact area by a mirror and (2) electrical

measurements under irradiation of the SAMs through the Au surface. The disad-

vantage of Hg-based junctions is related to the environmental unfriendly

characteristics of Hg, which prevent any application. For this main reason, these

junctions are valuable only as versatile test-beds for organic electronics.

Recently, Whitesides et al. [88, 164, 165] have replaced Hg with an In/Ga

eutectic alloy (E-GaIn) (Fig. 5c). In/Ga alloy-based electrodes present few

advantages related to (1) the lower affinity for the bottom Au or Ag electrode, so

that the junction can be assembled in air, (2) low toxicity and (3) good processabil-

ity and mouldability. These characteristics indicate E-GaIn electrodes as possible

candidates for incorporation into functional devices. Some disadvantages are

related to the surface of the In/Ga alloy: (1) unlike Hg, it is not atomically flat

and (2) it forms in few minutes a discontinuous layer of oxide [81].

4 Results

4.1 Non-Active LAJs

4.1.1 Correlation Between Electrical Properties and Chemical Structure:

The b Factor

In 1971 the results obtained by Kuhn [6], by incorporating LB films of fatty acids in

LAJs based on Hg electrodes, showed a decrease in the measured current with

increasing length of the fatty acid chains. In 1998 Rampi et al. assembled and

characterized a junction based on two Hg drop electrodes (Fig. 5a) and opened the

door to the use of a variety of different Hg-based LAJs [160–171]. Majda et al., by

using this two-Hg-drop junction, extracted a b parameter for alkane chains of

0.89 Å�1 [76]. By replacing of one of the Hg electrodes with a solid Au or Ag

surface (Fig. 5b) it was possible to characterize the organization of the SAMs

incorporated into the junction [167]. By measuring the current flowing through

SAMs formed by alkanethiols, oligophenylene thiols and benzylic derivatives of

oligophenylene thiols of different lengths (Fig. 6), the respective decay factors b of

0.87, 0.61 and 0.66 Å�1 [77, 167, 168] have been calculated.
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Significantly, these values of b are in good agreement both with those extracted

from measurements performed on the same compounds with c-AFM [83], and with

those measured by transient spectroscopy on D-B-A supramolecular systems

incorporating similar bridges, Bs (see Table 1). McCreery has used junctions

based on Hg-drop electrodes to measure electrical properties of SAMs formed by

monolayers of phenyl homologues covalently bonded to flat, graphitic carbon

[169]. Cahen has extensively used Hg-based junctions to study charge transport

through SAMs assembled on surfaces of semiconductors of different nature

[64, 161, 162, 170]. In recent work, Whitesides et al. [164], using LAJ based on

E-GaIn, reported for alkane chains a value of b ¼ 0.43 Å�1 significantly lower

than that reported in the literature [76, 77, 83, 84, 168].

LAJs incorporating polymer films on top of the organic SAMs showed that these

junctions allow for studying the correlation between electrical properties and

chemical structure. Both de Boer et al. [80] (Fig. 7) and Rampi et al. [79], by

spin-coating respectively PEDOT:PSS and PPV on top of alkane SAMs, extracted

from the electrical measurement b ¼ 0.57 Å�1 and b ¼ 0.90 Å�1. Rampi et al.

also showed that it is possible to measure electrical properties of polyphenyl chains

with a b ¼ 0.61 Å�1, and that the PPV polymer layer is much more conductive that

polyphenyl-based SAMs [79].

LAJs fabricated based using the PALO technique provided for alkane chains a b
factor of 0.86 Å�1 (Fig. 8), a value in good agreement with literature [78].

By using Hg-electrode-based junctions, the electrical properties of the highly

conjugated units of hexa-peri-hexabenzocoronene (HBC) have been characterized

[171]. The HBC unit was anchored to the Au metal surface in an Hg-based junction

by a decanonanethiol tether (C19), as depicted in Fig. 9. Comparison of the

electrical behaviour of three different junctions, whose interfaces are schematized

Fig. 6 Schematic representation of an Hg-drop LAJ incorporating SAMs of organic molecules of

(a) alkanethiols, (b) oligophenylene thiols and (c) benzylic derivatives of oligophenylene thiols of

different length formed on an Ag electrode. (d) Semi-logarithmic plot of measured current at

applied bias V ¼ 0.5 V vs electrode gap flowing through the a, b, c interfaces
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in Fig. 9a–c, indicates that the aliphatic chains are mostly responsible for the total

barrier to electron transport of the monolayer, whereas the HBC cores are compa-

rably electron-“transparent”.

4.1.2 Electron Transfer Through Different Molecular Interactions

The mechanical mode used to assemble the Hg-drop-based junctions (see

Sect. 3.1.4), has been used to measure and compare rates of electron flow through

different molecular interactions. By bringing in contact the two Hg electrodes

functionalized with SAMs carrying different functional groups, such as –CH3,

–COOH, and –NH2 (see Fig. 10), it was possible to measure and compare the

current flowing through (1) van der Waals interactions, (2) hydrogen bonds and

(3) covalent bonds. By forming on the Au surface a SAM terminated with anhy-

dride groups and a SAM terminated in amine groups on the Hg drop, it was

also possible to bridge the two electrodes by a covalent amide C(O)–NH bond.

Figure 10b shows the large difference in currents flowing through these
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interactions. These results agree with the limited experimental and theoretical data

obtained in D-B-A systems [172, 173].

4.1.3 Molecular Wires Based on Metal Centres (MCMWs)

Highly conductive and extra-long MWs are systems interesting both for gaining

new insight into CT processes and for providing the possibility to bridge large-gap
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(b) Semilogarithmic plot of current density vs the chain-length of fatty-acid monolayers. The fit to

a straight line gives a slope of b ¼ 0.86 Å–1. (Reprinted with permission from [78])
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electrodes. MWs of different length, formed by chains of redox centres based on Fe

(II) and Co(II) ions, were assembled as schematized in Fig. 11a, and have been

incorporated in Hg-based LAJs [85]. The measured current values, plotted

according to the equation I ¼ I0e
–bd, yields b values which are extremely low,

with respect to those obtained for other organic molecular wires, b ¼ 0.028 and

b ¼ 0.001 Å�1 respectively for Fe(II)- and Co(II)-based MWs. While a tunnelling

mechanism is inadequate for modelling the charge transfer process occurring across

these MWs [174], a multistep electron/hole hopping mechanism between redox

sites is suggested to be operative [85].

Fig. 9 Scheme of different Hg-drop LAJs incorporating: (a) SAMs of octadecanethiols (C18) on

both electrodes; (b) SAMs of C18 on the Hg electrode and of HBCS on an Au electrode; (c) SAMs

of HBCS on both electrodes; (d) i–V curves measured for the three a, b, c junctions

Fig. 10 (a) Scheme of the interfaces of Hg-drop junctions incorporating SAM with different X

and Y terminal groups. (b) i–V curves for the junctions incorporating the schematized interactions
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4.1.4 Rectification and NDR Effects

Since 1990 Ashwell et al. [12] and Metzger et al. [14] have used LAJs incorporating

LB films to demonstrate the molecular rectification envisaged by Aviram and

Ratner [11]. These authors are still very active in testing molecular rectification

[86, 87]. More recently, LAJs based on Hg electrodes have shown both rectification

and NDR effects when incorporating (1) SAMs carrying asymmetric defects at the

interface [175] and (2) redox centres based on Ferrocene units [165]. Kiehl et al.

also used LAJs based on Hg electrodes to demonstrate the widely discussed NDR

effects recorded in junctions incorporating phenylethynyl molecules substituted

with amino and nitro groups [176].

4.2 Active LAJs

4.2.1 Photoactive LAJs

LAJs formed at least by one electrode consisting of a semitransparent Au surface

allow for irradiation “in situ” of the incorporated molecular systems.

LAJs Incorporating Diarylethene SAMs

De Boer et al. [99], by using LAJs schematized in Fig. 1 incorporating SAMs of

DAE, have shown that (1) the current flowing through SAMs of the open (O) and the

closed (C) forms differ by one order of magnitude and (2) the currents measured

under irradiation “in situ” differ of a factor of about seven (Fig. 12). In this junction

Fig. 11 (a) Scheme of the stepwise assembly of the molecular wires (MWs) based on metal

centres incorporated into an Hg-drop junction. (b) lnJ vs length of the MWs containing Fe(II)

(circles) or Co(II) (blue triangles) (at 0.5 V). For comparison the plot lnJ vs length of polyphenyl

chains (green triangles) [85] is reported
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Fig. 12 In situ optical

switching of the current

flowing through a DAE

monolayer assembled in a

PEDOT:PSS interlayer-based

LAJ. (a) Comparison of the

current densities flowing

through “as assembled” open

and closed isomer and upon

in-situ photoisomerization.

(b) Comparison of the

normalized conductance

for DAE switches with

in situ measurements for

a non-switchable 1,12-

dodecanedithiol and for

PEDOT:PSS only. (c) Current

density (at 0.5 V) vs time for

the in situ optical switching of

a monolayer of diarylethenes.

Alternating UV and visible

illumination yields a temporal

modulation of the current

flowing through the junctions.

(Reprinted with permission

from [99])
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the irradiation of the DAE SAM takes place through both the PEDOT:PSS polymer

layer and the semitransparent gold films deposited on top of the polymer layer.

Similar results are obtained by using an Hg-based junction under alternating

irradiation of the DAE SAM through the semitransparent bottom electrode

(Fig. 13). Under this condition a difference between the minimum and the maxi-

mum measured currents is ~10 [177].

LAJs Incorporating Azobenzenes SAMs

Rigid and fully conjugated azobenzene compounds (AZOs) have been incorporated

into Hg based LAJs both in the trans and the cis form, as schematized in Fig. 14a, b

[106, 107]. The measured currents are reported in Fig. 14c. Significantly, the

currents flowing though the junction were also measured under in situ alternated

irradiations at l ¼ 370 nm and l ¼ 450 nm. Under these condition the current

density increases and decreases reversibly over one order of magnitude, as shown in

Fig. 14d.

This difference, in good agreement with the current flowing through the cis and
trans AZO SAMs measured ex situ, indicates that the junction behaves as a

photoswitch. This can be explained by suggesting that the cis form of the AZO

SAM can lift the Hg drop, when returning to the trans form under irradiation at

l ¼ 450 nm. The joint forces per unit area generated by the molecules in the AZO

SAM sum up to at least 1.0 � 105 N m�2, which are large enough to lift or displace

Fig. 13 Schematic representation of a photo-active molecular junction containing DAE-based

SAM sandwiched between a semitransparent Au bottom electrode and an SAM/Hg-drop top

electrode. The electrical response of the junction is measured upon irradiation at different

wavelengths through the semitransparent bottom electrode
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the Hg drop. Under the cooperative forces per unit area generated by the AZO SAM

triggered by light, the junction behaves both as an electrical switch and as a “cargo

lifter triggered by light” [107].

4.2.2 Electrochemical LAJs

Figure 5a schematizes LAJs based on two Hg electrodes. By bringing in contact the

two Hg-drops inside an electrolyte solution and connecting them to a macroscopic

reference electrode by a potentiostat (Figs. 15a and 16a), an electrochemical

junction is created: this junction allows for independent control of the potentials

applied to the two Hg electrodes, so that the cathode can act as electron donor

(source) and the anode as electron acceptor (drain) with respect to the redox centre.

Fig. 14 Schemes of the Hg-drop LAJ incorporating AZO-based SAM: (a) in the trans form and

(b) in the cis form. (c) I–V curves for junctions assembled by incorporating either the trans or the

cis isomers. (d) I–V curves measured under “in-situ” photoisomerization by alternating irradiation

at l ¼ 370 nm and l ¼ 450 nm through the semitransparent gold electrode
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Redox Centres Covalently Linked to the Electrodes

Redox centres can be incorporated inside the junction by forming at each

Hg electrode a SAM of HS-C10-Ru (Eo0
SAM ¼ �0.01 V vs Ag/AgCl), as

schematically shown in Fig. 15a [132, 184, 185]. The current flow is measured by

fixing the potential of the source (VS) at�0.20 V (the attached ruthenium is in its +2

oxidation state, yellow circles in Fig. 15a, c) and by sweeping the potential of the

drain (VD) across a half-wave potential of�0.04 V (that is near the formal potential

Eo0 of the RuII/III couple). The results reported in Fig. 15b show that the charge

transport through the junction occurs as a result of (1) oxidation of RuII to RuIII (red

circles) at the drain, (2) electron exchange between RuIII and RuII and (3) reduction

of RuIII at acceptor back to RuII ; these key steps are schematized in Fig. 15c. The

electrochemical junction behaves as a switch (or a diode), where the current flow is

Fig. 15 (a) Scheme of the interface of a two Hg-drops electrochemical junction incorporating

covalently linked Ru(II)-based redox sites (yellow circles). (b) I–V curves obtained by keeping one

electrode potential fixed at �0.02 V and sweeping the potential applied at the second electrode.

(c) Representation of the operating self-exchange mechanism: red circles represent the Ru(III)

oxidation state. All potentials are measured against an Ag/AgCl reference electrode

Fig. 16 (a) Scheme of the interface of a two Hg-drops electrochemical junction where Ru(NH3)6
3+

complexes (red circles) are electrostatically trapped in between the electrodes. (b) I–V curves

obtained by keeping constant the potential of the collector and sweeping the potential of the

generator (potentials are measured against an Ag/AgCl). (c) Scheme of the operating redox cycling

mechanism
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switched from “off” to “on” by an external signal controlled by the reference

electrode.

Redox Centres non-Covalently Linked to the Elelctrodes

Redox centres can be incorporated in a junction by electrostatic interactions.

Figure 16 a represents the interface of such an electrochemical junction. The

junction is assembled by immersing two Hg electrodes functionalised by

HSC10COOH SAMs in an electrolyte solution at pH 9 containing Ru(NH3)6
3+.

The positively charged Ru complexes remain trapped in the gap, as shown in Figure

16a, when the two electrodes are brought in contact by the micro-manipulator

[186]. Figure 16b shows that the current flows through the junction only when the

potential of the electrodes is controlled in such a way that one can reduce, and the

other can oxidize the ruthenium species. In the present case, the current flowing at

the electrodes is generated by the Ru(III) species diffusing between the electrodes in

the nanometer wide gap and being alternatively oxidized and reduced by a redox

cycling mechanism, as schematized in Fig. 16c [186–189].

5 Conclusions

The exponentially growing number of studies in the field of molecular electronics

has provided encouraging results. Three major points emerge from the results

presented in this chapter.

First, the comparison between the results provided by the kinetic and the

electrical approach to study charge trasfer/transport precesses is very informative.

In particular, we observe that electrical measurements performed by M-B-M

junctions of different design (BJs, STMJs, c-AFMJs. LAJs) incorporating the

same B, provide different conductance values but very often similar values of the

b factor (see Table 1). In fact, while the measured conductivity incorporates a

number of experimental parameters (geometry, electrical contacts, molecular envi-

ronment) which are related to the type of the molecular junction, the b decay factor,

calculated by scaling with length of the intrinsic conductivity of the MWs, is

independent of these parameters. Consequently, the discrepancy among the con-

ductance values represents a major source of information about the role of the

electrical contacts and the effects of molecular environment on the electrical

behaviour of a molecular device. From the data reported in Table 1 we can also

observe that the b parameters extracted from electrical measurements performed in

M–B–M junctions and from kinetic studies in D–B–A systems, by using respec-

tively the relations I ¼ Ioe
�bd and ke ¼ koe

–bd, are very similar.

Each of these two experimental approaches are charaterized by respective

advantages and disadvantages: (1) in D–B–A systems, the kinetic approach

measures the average rate of the one-electron transfer occurring in each D–B–A
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supramolecular unit isolated in solution, while in M–B–M junctions the electrical

approach measures the flux of many electrons reaching the electrodes; (2) while

the errors affecting the ET rate measurements in D–B–A systems are very small,

those affecting the electrical measurements in M–B–M junctions can be quite large

(about one order of magnitude); (3) the calculation of the b value requires

measurements on D–B–A or in M–B–M systems where the length of the molecular

bridge, B is varied; it is clear that the kinetic approach is based on a serious effort in

synthesizing a series of D–B–A systems with B of increasing length – in contrast, in

M–B–M junctions Bs of different lengths are directly incorporated between the

electrodes; (4) in M–B–M junctions, by tuning the applied bias, it is very easy to

change the value of the barrier of the charge transfer process – in fact, several

examples have shown that by tuning the applied bias, a change in the mechanism of

the charge-transport process from tunnelling to resonant tunnelling/hopping can be

induced; (5) in M–B–M junctions, by tuning the potential applied at the electrodes,

one can explore the energy levels of the molecules. This possibility, (1) provides the

condition for a new spectroscopy, and (2) produces interesting electronic effects as

rectification and NDR.

Second, in designing new molecule-based electronic devices, one of the major

goals is the precise control of the current flowing between the terminals. Electro-

chemical molecular junctions allow for control of the potentials of the electrodes

with respect to the redox potential of incorporated redox-active molecules with

well-defined, accessible, tunable energy states. These junctions represent unique

systems able to predict precisely at which applied potential the current flow will

take off. Even though the presence of a liquid electrolyte represents a detriment

towards possible applications, they provide the concepts for designing molecular

devices that mimic electronic functions and control electrical responses.

Three, even if molecular electronics remains still far from application, a number

of attempts are underway for fabricating molecular devices. In contrast to single-

molecule-based devices, LAJs are more suitable systems for applications in organic

electronics. Nonetheless, the fabrication of a large part of mechanically and elec-

trically stable LAJs requires nanometer-thick interlayers of a different nature: the

presence of this layer certainly can represent an electron blocking barrier masking

the results when measuring the electrical properties of highly conductive organic

molecules.

The large number of results obtained by LAJs based on liquid metal electrodes

(Hg, E-GaIn) indicates that these systems present a number of advantages: (1) they

are very inexpensive and easy to assemble and to use; (2) they are highly versatile

by supporting a range of organic structures on different substrates (Au, Ag, Pd,

SiO2, graphite); (3) by using semitransparent gold surfaces as electrodes, the

junctions allow for electrical measurements under irradiation of the SAM trapped

between the electrodes; (4) when used in the electrochemical mode they display

diode-like characteristics analogous to those of solid-state devices. The Hg based

junctions also present some disadvantages: (1) they are not compatible with

measurements over a wide range of temperature and (2) they cannot be developed

into practically useful microelectronic components. Nevertheless, these junctions
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can be considered as “horse-power test-beds” that can yield the electrical

characteristics of a large number of molecular systems useful in future organic

electronic devices. New sophisticated techniques have been suggested recently

towards fabrication of convenient LAJs, which combine mechanical stability with

a high level of electrical performance and considerable promise toward

applications.

Even if many fundamental questions remain still open in molecular electronics,

the answers to these issues are today the central topics in this field, and much of the

driving force for understanding and developing molecular junctions derives from

the original promise of possible applications in different fields, such as microelec-

tronics, chemical and biological sensing, and in the realm of photonics and the

photonic/electronic interface.
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Charge Transport in Single Molecular Junctions

at the Solid/Liquid Interface

Chen Li, Artem Mishchenko, and Thomas Wandlowski

Abstract Charge transport characteristics in metal–metal nanocontacts and single

molecular junctions were studied at electrified solid–liquid interfaces employing a

scanning tunneling microscope-based break junction technique, in combination

with macroscopic electrochemical methods, in non-conducting solvents and in

an electrochemical environment. We aim to demonstrate recent attempts in devel-

oping fundamental relationships between molecular structure, charge transport

characteristics, and nanoscale electrochemical concepts. After an introduction and

brief description of the experimental methodology, a case study on the electrical

and mechanical properties of gold atomic contacts in aqueous electrolytes is

presented. In experiments with alkanedithiol and a,o-biphenyldithiol molecular

junctions the role of sulfur–gold couplings and molecular conformation, such as

gauche defects in alkyl chains and the torsion angle between two phenyl rings,

are addressed. The combination with quantum chemistry calculations enabled a

detailed molecular-level understanding of the electronic structure and transport

characteristics of both systems. Employing the concept of “electrolyte gating” to

4,40-bipyridine and redox-active molecules, such as perylene bisimide derivatives,

the construction of “active” symmetric and asymmetric molecular junctions with

transistor- and diode-like behavior upon polarization in an electrochemical envi-

ronment will be demonstrated. The latter experimental data could be represented

quantitatively by the Kutznetsov/Ulstrup model, assuming a two-step electron

transfer with partial vibration relaxation. Finally, we show that (individual) surface-

immobilized gold clusters within the quantum-confined size range exhibit features

of locally addressable multistate electronic switching upon electrolyte gating,

which appears to be reminiscent of a sequential charging through several redox
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states. The examples addressed here demonstrate the uniqueness and capabilities of

an electrochemical approach for the fundamental understanding and for potential

applications in nano- and molecular electronics.

Keywords Break junction � Charge transport � Electrolyte gate � Metal

nanocluster � Molecular junction � Scanning tunneling microscopy � Scanning

tunneling spectroscopy
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1 Introduction

The idea of developing a single molecule-based electronics was first proposed by

Aviram and Ratner [1], which is nowadays termed Molecular Electronics [2, 3].
The molecule-based approach bears several unique opportunities: (1) custom-

design of nanoscale units, (2) self-organization and recognition properties of

molecular building blocks, and (3) implementation of localized functions such

rectification, switching or amplification [4–16]. The ability to measure and control

charge transport through (single-) molecule junctions is of considerable fundamen-

tal interest, and represents a key step towards the development of a molecule-based

electronics.

The following fundamental aspects represent some of the key challenges in

attempts to understand charge transport in (single-) molecule junctions in more

detail:

1. How does a metal electrode behave at an atomic scale?

2. How does one reliably “wire” a single molecule to macroscopic leads?

3. What role does the contact between an electrode and a molecule play?

4. What is the relation between molecular structure and charge transport

characteristics, and what is the mechanism of charge transport in such

configurations?

5. How could one control/tune electron transport through single molecules?

Molecular junctions represent model configurations, in which a voltage bias, as

imposed by an outside source, triggers an electric current between two electrodes

and a single embedded molecule, which reflects the electronic characteristics of the

molecular junctions (Fig. 1).

Three challenges must be overcome to realize such a configuration: (1) fabrica-

tion of atomically sharp electrodes, (2) creation of a molecule-sized gap between

the enclosed electrodes, and (3) a reliable embedding of the molecule into the gap.

The former two were realized in various experimental approaches [17–23]. These

Fig. 1 Schematics of a typical “metal–molecule–metal” junction and energy level alignment
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include scanning probe microscopies (SPM), scanning tunneling microscopy

(STM) [24–27], conductive-probe atomic force microscopy (CP-AFM) [28–30],

scanning tunneling spectroscopy (STS) [31–34]), nanoparticle (NP)-assisted

junctions [35, 36], mechanical [37–41] and electromigration [42, 43] break

junctions, crossed wires [44], nanopores [45], mercury drop electrodes [46], etc.

“Wiring” molecules to metal electrodes relies on the formation of specific

chemical bonds. This is typically accomplished by modifying the core of the target

molecules with “sticky” anchoring groups (“alligator clips” [47]) on both sides. In

addition to the most prevalent thiol group (–SH), many other functional groups

have been explored to establish a well-defined electronic coupling between molec-

ular wires and metal contacts. These include amine (–NH2) [48, 49], pyridine [32,

50, 51], isocyanide (–NC) [52], nitrile (–CN) [53, 54], isothiocyanate (–NCS) [55],

selenol [56–58], carboxylic acid (–COOH) [59, 60], dimethyl phosphine

(–P(CH3)2) [61], methyl sulfide (–SCH3) [61], carbodithionate [62], N,N’-dimethyl

amine [49], and fullerene [63] anchors. The different linker groups possess different

coupling strengths and contact geometries, which affect considerably the charge

transport characteristics of the various molecular junctions. For instance, covalent

Au–S bonds exhibit strong geometry-dependent coupling properties [64, 65] while

amine linkers were shown to prefer exclusively binding to undercoordinated gold

atoms [66]. Complementary to the concept of covalent bonds, several groups

recently demonstrated the formation of stable and conducting molecular junctions

based on non-covalent intermolecular interactions. For example, Wu et al. for the

first time verified the formation of an oligophenylene ethynylene (OPE) junction

based on p–p interactions between adjacent molecular rods [67]. Chang et al.

measured the tunneling conductance of hydrogen-bonded DNA bases [68].

Molecular wires, the “simplest” molecular targets, have attracted particularly

high attention during the past decade. One may distinguish between two classes: (1)

s-bonded aliphatic molecules and (2) p-bonded aromatic molecules [9, 10]. a,o-
Alkanedithiols [28, 29, 64], oligophenylene vinylenes (OPV), and OPE rods [30,

35, 69] attached to gold electrodes or nanoclusters are prominent examples. Com-

pared to the saturated aliphatic molecular wires, p-conjugated wires are more

conducting. Experimental and theoretical studies have demonstrated that the

conductances decrease exponentially with molecular length, indicating an electron

tunneling model as the dominant electron transport mechanism. However, with

increasing molecular length a transition from transport through tunneling to an

activated (“hopping”) mechanism was demonstrated. A recent example was

published by Frisbie et al., who investigated p-conjugated molecular wires with a

length of up to 7 nm [70]. Studies with substituted a,o-alkane derivatives by

Huggins [71], with various biphenyl and benzene derivatives by Venkataraman

[72, 73], Haiss [74], and us [75, 76], as well as recent experiments reported by Tao

on substituted tetraphenyl rods [77], clearly illustrated the huge potential of chemi-

cal control, e.g., the effect of electron-donating or -withdrawing substituents,

molecular conformations, or anchoring groups on the conductance signature of

single-molecule junctions at “solid/liquid” interfaces. However, there is still a
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considerable lack in understanding the basic relationships between molecular

structure and conductance properties.

Complementary to “passive” molecular wires, several groups carried out proof-

of-concept experiments on “active” solid-state “metal–molecule–metal” junctions,

for instance with redox centers under ex-situ (ambient) and ultra-high vacuum

(UHV) cryogenic conditions. They discovered various phenomena mimicking

fundamental functions of silicon-based electronics, such as rectification [78, 79],

negative differential resistance (NDR) [45, 80, 81], amplification [41, 42], and

switching and memory characteristics [16, 82–86]. The experimental investigations

are currently accompanied by powerful theoretical and computational approaches

to interpret molecular signatures in these transport junctions. The realization of these

functions requires external stimuli (temperature, applied potential, light, magnetic

field, etc.) to modulate charge transport in a controlled way [42, 87–89]. Additional

challenges appear upon introduction of a gate, i.e., the extension of two-terminal

molecular junctions into three-terminal configurations. Working in an electro-

chemical environment offers the particular opportunity of introducing the concept

of “electrolyte gating” [90–93]. The electrochemical approach is unique, as the

measured current represents both the electrical contact to the external circuit and

the functional state of the wired molecules or nanoclusters.

In the following sections we shall present selected examples of our own recent

work on charge transport with tailored molecules and clusters at electrified
“solid/liquid” interfaces. We will introduce in Sect. 2 a scanning tunneling

microscope-based break junction (STM-BJ) technique and the concept of “Electro-

chemical Gating.” Case studies on the electrical and mechanical properties of gold

atomic contacts in an electrochemical environment will be discussed in Sect. 3.

Sections 4 and 5 will focus on charge transport studies with a,o-alkanedithiols and
biphenyl-type molecular wires in non-polar organic solvents. The role of orienta-

tion gating upon application of an electrochemical gate field will be discussed

with 4,40-bipyridine as an example in Sect. 6. In Sect. 7 we will focus on single

redox-active molecular nanojunctions in an electrochemical environment, as

illustrated by perylene bisimide-type molecules bound either to one (asymmetric

configuration) or to two (symmetrical configuration) adjacent electrodes. These

molecular studies will be complemented with an example of quantized double-layer

charging of gold nanoparticles. The chapter will end with Conclusions and Outlook.

2 Methodology

Experimental approaches for investigating charge transport characteristics in

“metal–molecule–metal” junctions should fulfil the following requirements: (1)

providing robust and reproducible contacts between the bridged molecule(s) and

the outside world, (2) identification of molecular signatures, and (3) access to

tuning molecular electronic signatures by external stimuli under well-defined

conditions.
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In the following we will focus on three “molecular electronics test beds” as

developed and employed for applications at electrified “solid/liquid” interfaces: (1)

STM and STS, (2) assemblies based on horizontal nanogap electrodes, and (3)

mechanically-controlled break junction experiments. For a more detailed descrip-

tion of the methods we refer to several excellent reviews published recently

[16–22]. We will also address specific aspects of “electrolyte gating” and of data

analysis.

2.1 Scanning Probe Microscope

The power of STM for measuring electronic properties of single molecules lies in

the combination of high-resolution imaging (STM) and spatially resolved current-

sensing spectroscopy (STS). The latter is capable of providing the local density of

states (LDOS) with atomic spatial resolution [94]. In an asymmetric tunneling

junction “metal tip–molecule–conducting substrate,” the resulting “apparent

height” images contain coupled information on both the electronic and topological

properties (true height). As an example, a conjugated molecule may appear higher

than a non-conjugated one of the same geometric dimensions. Experiments at

cryogenic temperatures and under UHV demonstrated access to well-resolved

signatures in the differential conductance and vibrational excitations [95, 96], and

enabled a wide range of manipulations with single atoms and molecules [97].

Studies under ambient conditions require the immobilization of the target

molecules. This is accomplished by either matrix-isolation experiments, where

the “active” molecule is inserted into an inert matrix of alkanethiols [98–100],

the formation of highly ordered self-assembled monolayers [31, 101–105] or the

chemical anchoring of the “active” molecules onto appropriate substrates

[106–108]. These studies provide access to exploring electrical phenomena such

as NDR, dielectric break-down, switching and diode-like responses at room tem-

perature, and in solution from monolayers down to the level of a few and even

single molecules and clusters embedded in nanoscale tunneling junctions [34, 109,

110]. All three approaches have also been applied to electrochemical systems with

target molecules immobilized at “solid/liquid” interfaces [111, 112].

Tao et al. [32] pioneered a technique based on the formation of single molecular

junctions between the tip of an STM and a metal substrate. The method was adapted

by other groups, modified and applied to a large number of molecular conductance

studies at (electrified) “solid/liquid” interfaces [33, 113–119]. For details we refer

to Sect. 2.3.

Frisbie et al. [120] and Lindsay et al. [28] introduced CP-AFM for conductance

measurements in (single) molecular junctions. CP-AFM allows precise control of

the AFM probe, employing the feedback of the force signal and the simultaneous

acquisition of the molecular current response. In order to achieve a better electric

contact between the conducting AFM tip and the target molecules of interest, Cui

et al. proposed contacting bifunctionalized target molecules embedded in inert
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alkanethiol-based matrices with metal nanoclusters. While the first attempt with

cluster diameters ~1.5 nm led to artifacts due to Coulomb blockade, Lindsay et al.

demonstrated later that larger gold nanoclusters (~4–5 nm diameter) provided direct

access to clearly resolved molecular conductance signatures [121]. The cluster

approach was also applied under electrochemical conditions [122]. In particular,

Albrecht et al. resolved, for the first time, the intrinsic multistate switching of

a single, monolayer-protected gold Au147 cluster through electrochemical

gating [123].

2.2 Nanoscale Electrodes and Gaps

Conceptually perhaps the simplest method for wiring molecules in metallic

junctions is the fabrication of constant-size metallic gaps with nanometer separa-

tion. The fabrication of electrodes with defined molecular-sized separation is

technically challenging, but can be achieved by electron-beam lithography [124].

To trap molecules into the nanofabricated gap, as well as to tune gap dimensions,

one uses electromigration [42], electrochemical dissolution or deposition strategies

[125], molecular recognition and click-chemistry, employing acceptor-modified

electrodes [126–128].

Due to the inherent size difference between nanofabricated gaps (>10 nm) and

small organic molecules (~1 nm), many groups propose bridging these gaps by

intermediate-size objects, such as carbon nanotubes [129, 130], nanoparticles [24,

35, 36, 131, 132], or oligomer strands [133]. For example, the Nuckolls group

demonstrated how individual molecules can be trapped within a single-wall carbon

nanotube, which was locally cut by oxidative etching [129, 130]. The nanotube

itself is connected to two large nanofabricated metallic electrodes. Dadosh et al.

have demonstrated that short dithiolates can connect with pairs of gold

nanoparticles, giving rise to large particle–molecule–particle dumbbells, which

could be successfully trapped and electrically addressed in larger gaps formed

between two metallic leads [35].

2.3 Break Junction

The formation of molecule-sized gaps between electrodes embedding a few or even

a single molecule comprises a major challenge. Gold appears to be one of the most

suitable contact materials for application at electrified solid/liquid interfaces for

several reasons: (1) it is malleable and ductile, (2) it forms covalent bonds with a

large number of functional groups, (3) it could form atomically sharp contacts upon

breaking a “simple” wire, and (4) it shows a rather large range of ideal polarizability

in many electrolytes. Furthermore, using a piezoelectric transducer or other

mechanical actuators (stepper motor, etc.) enables the formation of well-defined
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gaps between two adjacent electrodes with high stability and sub-Ångstrom preci-

sion. These reasons led to the development of the so-called “break junction”

techniques. We shall introduce next the two main types of break junction

approaches: (1) mechanically controllable break junction (MCBJ) and (2) STM-

based break junction (STM-BJ), (see Fig. 2).

2.3.1 Mechanically Controllable Break Junction

The basic working principle of an MCBJ is as follows. A flexible substrate is

connected by two fixed beams on top and one pushing rod on the bottom. A

mechanical actuator, such as a piezoelectric transducer or stepper motor, drives

the pushing rod (moveable beam) to bend a substrate, leading to an elongation and

subsequently the breaking of the metallic bridge on the substrate. The metallic

bridge can be manually created by notching a metal wire [134], or by using micro-

respective nanofabrication techniques [135] (see the inset of Fig. 2a). Applying a

small bias voltage may lead to bridging the freshly created gap by bifunctional

target molecules just after breaking of the metallic connection. Subsequently,

(single) molecular junctions are formed. The reduction factor for the displacement

Fig. 2 (a) Schematic representation of a mechanically controlled break junction (MCBJ). The

inset shows the SEM image of a nanofabricated gold bridge [40]. (b) Principle of an STM-based

break junction experiment (STM-BJ)
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Dd of the notched wire or of a microfabricated metallic bridge with respect to the

movement Dz of the pushing rod is Dd/Dz ¼ 1:100 or 1:105, respectively. This

ensures a precise control of the gap width down to sub-nanometer dimensions,

leading to a highly stable configuration.

The MCBJ technique was first introduced by Moreland et al. for studying the

tunneling characteristics of Josephson junctions [136]. M€uller et al. employed the

approach to create metal quantum point contacts. These authors demonstrated in

their studies conductance quantization phenomena [137]. The first (single) molecu-

lar junction employing an MCBJ set-up was reported by Reed et al., who measured

the conductance of benzene-1,4-dithiol molecules (BDT) embedded between gold

leads [37]. These authors used a BDT-coated gold wire before notching it under

ambient conditions. Reichert et al. showed a superior stability of current–voltage

characteristics measured with an MCBJ set-up under UHV conditions in a cryo-

genic environment [39]. Sch€onenberger et al. applied the MCBJ-approach to

tunneling and conductance studies at solid/liquid interfaces [40, 138] and, rather

recently, demonstrated a first application under electrochemical conditions [139].

2.3.2 Scanning Tunneling Microscopy Based Break Junction

Similar to the MCBJ technique, an STM configuration may also realize a break

junction geometry. Different from the MCBJ, where two identical electrodes

approach each other to form a horizontal molecular junction, the STM tip

approaches and withdraws from the substrate in a vertical geometry. The STM-

BJ was first applied to characterize electrical properties of metal nanocontacts

[140]. Xu et al. extended the approach to form and to study single-molecule

junctions [32]. The following sequence of steps was applied (see Fig. 2b). (1) The

STM tip was driven to the initial position under feedback control by setting the

appropriate tunneling conditions in a solution containing the target-molecule as

solute. (2) Subsequently, the STM feedback was switched off, and the tip was

moved by a piezoelectric transducer towards the adsorbate-modified substrate at

constant x-y position, until a preset upper limit of the current (typically 1–20 mA for

0.1 V bias voltage) was reached. (3) After a short waiting time, long enough to form

molecular junctions, the tip is pulled away from the substrate at a controlled rate.

The current–distance curves are recorded while the tip is being retracted. The

breaking of the previously formed molecular (single) junctions is indicated by

abrupt steps following plateau-like regions of conductance.

In the present work, we applied two different strategies. (1) “Hard touch”: the

upper limit of the current is chosen to be higher than the quantum conductance. (i.e.,

the tip is gently driven into the substrate.) This strategy ensures “in situ” the fresh

preparation of atomically-sharp electrodes before molecular junctions are being

formed [32, 59, 76]. (2) “Gentle touch”: this strategy avoids physical contact

between tip and substrate, and thus keeps intact both the organic adlayer and the

atomically flat substrate surface [33, 64].
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Compared to the MCBJ, the STM-BJ has some unique advantages. (1) The

STM-BJ facilitates a faster formation/breaking process, and gives access to a larger

amount of data, thus yielding statistically more reliable data. (2) Due to the relative

maturity of the STM technique, the approach can be directly applied to studies in

solution [32], and even under electrochemical conditions [33, 34, 141]. (3) The

STM configuration also enables the direct monitoring of the substrate surface

before, during and after the transport measurements, leading to a superior structure

control of the junctions. (4) The STM tip can be positioned precisely on the target

area of an adsorbate-modified substrate, i.e., selectivity and flexibility in two

dimensions (2D) during the measurements. A major drawback of the STM-BJ

approach under ambient conditions and in solution is its limited stability as com-

pared to the MCBJ approach.

Comparing the existing BJ techniques and their particular applications for

studies at the solid/liquid interface, we emphasize the following concerns. (1) All

technical realizations involve a fully “dynamic” process, in particular when com-

paring them to nano-fabricated chip assemblies. As a consequence, the lifetime of a

molecular junction is often too short to be readily characterized by I–V measure-

ment, local spectroscopy, and other structure-sensitive techniques. (2) The target

molecules are always under tensile or compressive stress during the stretching

process, which may lead to variations of the electronic properties of the respective

molecular junctions. (3) When stretching the junctions, the microscopic geometry

of the enclosing electrodes can vary from measurement to measurement, causing

large variations of the interfacial geometric and electronic structure of the respec-

tive junctions.

2.3.3 Statistical Analysis

The formation and breaking of atomic contacts in BJ experiments is indicated by

the existence of characteristic plateaus separated by steps in current–distance (i-Dz)
traces with currents of the order of a few microamperes for typical bias voltages

between 0.02 V and 0.30 V. In the case of molecular junctions one can observe

additional plateaus and steps in the i-Dz traces, rather than a purely exponentially

decaying tunneling current, or a sudden drop. However, they appear at significantly

smaller currents, as compared to those in atomic metal contacts. The shape of

individual traces varies considerably, due to variations in the structure of the

nanojunctions, as well as because of mechanical instabilities of the assembly. The

determination of most probable junction conductances, plateau lengths, stability,

dynamics, etc., require the statistical analysis of a large number of individual curves

recorded experimentally under a wide range of conditions, as well as their compar-

ison with electronic structure and transport model calculations (simulations).

While initial attempts of quantification of i-Dz traces obtained in (single)

molecule conductance studies suffered from rather poorly defined data selection

strategies and limited current ranges [64, 116], most of the leading groups in the

field focus now on the construction of all-data point conductance and plateau length
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histograms from a large number of individual traces (often >1,000), recorded in a

wide current range, to evaluate the most probable junction characteristics. Linear

histograms are based on the splitting of individual experimental traces into many

equal-current respective conductance intervals (bins) and counting the number of

data points in each interval. The statistical analysis of a complete experiment is

based on adding up a large number of single-curve histograms. The most frequently

observed conductance values appear as characteristic peaks in the conductance

histograms.

An alternative strategy is based on the all-data point analysis on a logarithmic

scale [40, 48]. This approach is equivalent to the construction of a linear histogram

with a logarithmically increasing bin width. This analysis has two advantages.

(1) The logarithmic-scale representation enables the direct visualization of experi-

mental data in a wide current range, from several hundreds of microamps down to a

few picoamps, covering the range of breaking of metal–metal contacts down to the

molecular junctions and down to the tunneling regime. (2) The logarithmic repre-

sentation also enables a straightforward distinction between molecular junction-

related features and background [40, 54].

Complementary strategies for the statistical analysis of the experimental traces

are based on plateau data-point histograms, plateau count histograms, and two-
dimensional (2D) conductance–distance histograms [54]. The first two methods

lead to the identifications of the plateaus in the conductance traces. A plateau is

defined as a series of consecutive data points limited by two “abrupt changes,”

allowing a certain scatter in the current, which are found by computing the first

derivative of the respective single traces. The number of data-points of the

identified plateaus is subsequently collected to build the plateau data-point conduc-

tance histogram. Alternatively, in the plateau-count histogram each selected plateau

adds one count to the histogram.

The extension of the data analysis to 2D histograms provides correlations between

three variables, such as conductance, plateau length, and their probabilities, and

therefore may lead to a wealth of additional information, as compared to 1D

histograms. However, this is currently not yet fully exploited. Two examples of 2D

histograms are the 2D conductance–distance histogram and the 2D covariance

conductance histogram [54].

The 2D conductance–distance histogram shows the logarithm of the experimen-

tally obtained conductance in units of G0 plotted vs distance [54, 63, 142]. The

distance axis is normalized with respect to the atomic contact rupture, to align the

experimental traces to a common point. Examples are z ¼ 0 at G ¼ 0.7 G0 [54].

Individual conductance–distance traces obtained in this manner are binned in 2D

space (usually 1,000 � 1,000 bins), and then all individual 2D histograms are

added together. The result represents statistically significant conductance–distance

trends.

The covariance analysis was inspired by work of Halbritter et al. [143]. The

covariance provides a measure of the strength of a correlation between different

parts of the 1D logarithmic conductance histograms. In other words, the covariance

analysis enables evaluating whether different parts of a histogram are correlated to
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each other. The covariance is zero if the variations of counts in two different bins

are independent. The covariance is positive if they are correlated, and negative if

they are anti-correlated.

2.4 Electrolyte Gating

The addressing of nanoelectronic assemblies “metal–molecule (nanocluster)–metal”

with device-like functions, such as rectifiers, switches, or transistors requires a source

and a drain, and one or more localized electronic levels. The roles of source and

drain (both as working electrodes WE1 and WE2) may be represented by the tip

of an STM, combined with an appropriate substrate or, alternatively, a pair of

nanoelectrodes; see Fig. 3.

Working in an electrochemical environment, such as an electrified solid/liquid

interface, has the advantage that two potential differences can be controlled indi-

vidually: the bias voltage, Ebias, between two working electrodes (WE1 and WE2)

and the potential drop between each individual working electrode and the reference

electrode (RE). The latter acts as an “electrochemical gate” and modulates the

tunneling current between source (WE2) and drain (WE1) [144, 145]. The idea of

an “electrochemical gate” to control charge transport in molecular electronics was

introduced by Wrighton [90], Meulenkamp [91], Sch€onenberger [92], and McEuen

[93], and further developed by Tao [31, 141, 146], Ulstrup et al. [144, 145, 147],

Lindsay [113], Haiss et al. [33], Vanmaekelbergh [148], Mao [149], and us [34,

110, 150]. The effective “gate–molecule” distance is determined by the double

layer thickness at the “electrode/electrolyte” interface, which is typically of the

order of a few solvated ions. The “electrolyte gating” ensures a strong coupling, due

to low contact resistances, thin adjacent double-layers (<1 nm) and the high

mobility of the charge carriers (ions). The magnitude of the field in the electro-

chemical double layer (EDL) is close to the gate field required to modulate

Fig. 3 Principle of “electrolyte gating.” Tuning of the Fermi levels of WE1 and WE2 relative to

the molecular levels enables measuring of current (i)–voltage (E) characteristics i vs

(EWE1�EWE2) at fixed EWE1 or EWE2, i vs EWE1 or EWE2 at fixed bias Ebias ¼ (EWE1�EWE2) as

well as barrier height profiles i vs distance z of tailored molecular junctions in a vertical SPM-

based configuration respective horizontal nanoelectrode assembly
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significantly the current through a molecule-sized nanostructure, according to first-

principle calculation by di Ventra et al. [151, 152]. The electrochemical approach is

powerful, as the measured current represents both electrical contact to the external

circuit and the functional state of the nanostructures (single molecule, nanocluster).

Redox molecules are particularly interesting for an electrochemical approach,

because they offer addressable (functional) energy states in an electrochemically

accessible potential window, which can be tuned upon polarization between

oxidized and reduced states. The difference in the junction conductance of

the oxidized and the reduced forms of redox molecules may span several orders

of magnitude. Examples of functional molecules used in these studies include

porphyrins [31, 153], viologens [33, 34, 110, 114, 154, 155], aniline and thiophene

oligomers [113, 146, 156, 157], metal–organic terpyridine complexes [46,

158–163], carotenes [164], nitro derivatives of OPE (OPV) [165, 166], ferrocene

[150, 167, 168], perylene tetracarboxylic bisimide [141, 169, 170], tetrathia-

fulvalenes [155], fullerene derivatives [171], redox-active proteins [109,

172–174], and hydroxyquinones [175].

Employing an electrochemical surface-science-based strategy provides direct

access to explore the properties of “metal–metal” atomic contacts (i.e., electrodes)

as well as functional molecules and/or nanocluster under conditions of a strongly

coupled gate field. The approach offers unique opportunities to develop a nanoscale

electrochemistry, and to contribute to the better understanding of the basic knowl-

edge on gating inorganic–organic hybrid nanostructures upon polarization in a

well-controlled environment.

3 Electron Transport Through Gold Atomic Contacts

in an Electrochemical Environment

3.1 Introduction

Landauer proposed in 1957 the first mesoscopic theoretical approach to charge

transport [176]. Transport is treated as a scattering problem, ignoring initially all

inelastic interactions. Phase coherence is assumed to be preserved within the entire

conductor. Transport properties, such as the electrical conductance, are intimately

related to the transmission probability for an electron to cross the system. Landauer

considered the current as a consequence of the injection of electrons at one end of a

sample, and the probability of the electrons reaching the other end. The total

conductance is determined by the sum of all current-carrying eigenmodes and

their transmission probability, which leads to the Landauer formula of a 1D system:

G ¼ 2e2

h

XN
n¼1

Tn; (1)
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where e is the electron charge, h is Plank’s constant, and N is the number of

channels with the transmission probability Tn.
In the case of a three-dimensional (3D) conductor, a more general formulation

using a finite bias with a series of modes is given by

G ¼ 2e2

h

XN
i;j

Tij; (2)

where Tij is the probability that an electron transmits from the ith mode of the left

electrode to the jth mode at the right electrode. The quantum unit of the conduc-

tance G0 is defined by

G0 ¼ 2e2

h
� 77:5 mS � ð12:9 kOÞ�1: (3)

For an ideal conductor, no scattering occurs, and the transmission is given

by T ¼ 1. The quantum of conductance G0 is obtained, indicating a maximum

conductance. In other words, a perfect single-channel conductor between two

electrodes has a finite, non-zero resistance. The exact interpretation of this result

was provided by Imry [177], who associated the finite resistance with resistance

arising at the interface between leads and the electrodes.

Systematic studies of I–V curves [178] and conductance histograms [134] of

atomic contacts of different metals being characterized by different chemical

valence states, supported by theoretical simulations [179], lead to the following

discovery. The number of conducting channels of monatomic metal contacts is

determined by the number of available valence orbitals [180]. In the case of gold,

the conduction channel is only a single 6 s channel with an almost perfect transmis-

sion possibility. Thus, it possesses a total quantum conductance, which is quantized

in units of G0 (i.e., G ¼ N�G0). These characteristics made gold an archetypal

candidate to investigate properties of metal atomic contacts. Other s-metals such

as Cu, Ag [181, 182], and the free electron metals Li, Na, K [183], exhibit a

dominant conductance peak at 1 G0, or slightly below that, in the respective

conductance histograms. Metals like Al [184], Pb, Pt, Pd, Ir, Rh [185, 186], as

well as magnetic metals, such as Fe, Co, Ni [187], do not have conductances with

integer multiples of the quantum unit. For example, the first conductance peak for

Nb was reported to be rather broad, in the range of 2.3–2.5 G0 while Pt shows a

pronounced feature at 1.6 G0 in the conductance histogram.

The fabrication and characterization of atomic metal contacts have been based

mainly on electro-deposition/dissolution [182] and break junction techniques (see

review [134] and literatures cited therein). In particular, gold nanocontacts have

been studied in great detail, due to the chemical inertness of the material, the

malleability and ductility of gold. The processes of formation, evolution, and

breaking of gold atomic contacts leads to step-like features in the current–distance

curves [188, 189]. The abrupt changes in the current (conductance) response were
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attributed to sudden alternations of the atomic arrangement (i.e., plastic deforma-

tion), while the plateaus were assigned to relatively stable atomic configurations

(i.e., elastic deformation) [190–192]. The plateau regions, often characterized by

integers of the quantum conductance unit G0 (e.g., 1 G0, 2 G0 and 3 G0), represent

specific atomic configurations, which are currently interpreted as one, two or three

atoms bridging the gap between the enclosing metal leads. Other parameters, such

as plateau length and the scattering level, are determined by the mechanical

properties of the respective atomic configurations. We also note that a certain

variation in each individual conductance trace can be found, due to a rather poor

control of the structural arrangement during the elongation of the contacts.

In addition to the study of bare (clean) metal atomic contacts, adsorbates were

explored, due to the unique reactivity properties of nanoscale junctions [193]. For

example, a large Au surface is known to be completely inert to H2, while single gold

contacts form a strong chemical bond with H2 [194]. Current experimental (ex situ

and in situ, e.g., in solution) and theoretical studies on adsorbates could be

separated into three groups: (1) small and inert gaseous molecules; examples are

H2 [194–196], O2 [197, 198], CO [199], and H2O [200]; (2) organic molecules

[192, 201, 202]; (3) inorganic anions [203]. Molecular species can interact rather

strongly with atomic contacts, which may lead to dissociation and local reactions

[204]. The incorporation of molecules into atomic contacts often enhances the

stability of metal atomic configurations, and significantly decreases the transmis-

sion probability of electrons through contacts, causing the appearance of additional

fractional conductance peaks at G � G0 in the conductance histograms.

To date, most experiments with Au atomic contacts have been carried out at

cryogenic temperatures or at room temperature in UHV, at ambient conditions in

the gas phase, or in solution. Very few studies were reported in an electrochemical

environment [205–208]. Electrochemical polarization offers the unique opportunity

of tuning both the electrical and the mechanical properties of the respective atomic

contacts by variation of the electrode potential. The electrodes could be “charged”

and the local concentration of adsorbates at the atomic contacts can be varied in a

rather controlled matter.

In the following we present an experimental study of gold atomic contacts

formed in various aqueous electrolytes under electrochemical potential control.

We will focus in particular on the electrical and mechanical properties of the

electrochemical nanojunctions, as well as on their interplay in the presence/absence

of various adsorbates (e.g., H2, ClO4
�, SO4

2�, Cl�, Br�, and I�) [209, 210].

3.2 Gold Atomic Contacts in 0.1 M H2SO4: A Case Study

3.2.1 Characterization of Au(111) in H2SO4 Solution

Figure 4 shows a typical cyclic voltammogram (CV) and the corresponding in situ

STM images of an Au(111) electrode in 0.1 M H2SO4. The CV (red) as recorded in

the bias range �0.35 V < ES < 1.35 V, reveals the characteristic oxidation peaks
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OA1 and OA2, attributed to the oxidation of step and terrace sites, respectively, the

corresponding reduction peak OC1, and the onset of hydrogen evolution at the most

negative potentials. The black trace in Fig. 4 represents the double-layer region,

with three pairs of peaks (note the change in the current scale!). The pair of peaks

labeled P1/P1’ corresponds to the lifting/formation of the Au(111)�(22 � √3)
reconstruction, which is close to the potential of zero charge (PZC) [211]. Figure 4a

shows an STM image of the thermally reconstructed Au(111)�(p � √3) surface
with the characteristic zig-zag pattern. The broad peak P2/P2’ marks the potential

region of disordered SO4
2� adsorption. Adsorbed anions are rather mobile in this

region. Figure 4b represents the unreconstructed Au (111)�(1 � 1) surface. The

reversible sharp peaks P3/P3’ indicate the transition between the disordered and the

ordered ((√3 � √7)R19.10) SO4
2� overlayers, as illustrated in Fig. 4c [212, 213].

In consequence, we distinguish between the following characteristic potential

regions: (1) hydrogen evolution at very negative potentials, (2) negatively charged

gold surface with adsorbed, rather weakly hydrogen-bonded water [214], (3)

Fig. 4 Cyclic voltammograms (CV) of an Au(111) electrode in 0.05 M H2SO4 (red), scan rate

10 mV s�1. The black curve represents the trace as recorded in the double layer region (current

scale magnified by factor 12). The red curve extends the potential excursion into the surface

oxidation/reduction potential region. The in situ STM images represent surface structures at

different potentials: (a) thermally reconstructed Au(111)-(p � √3) surface, ES ¼ �0.20 V;

(b) Au (111)-(1�1) surface after lifting of the reconstruction; (c) transition between a disordered

and the ordered (√3 � √7)R19.10 sulfate adlayer; (d) oxidized gold surface; (e) reduction of the

oxidized gold surface during a negative-going potential scan; (f) gold surface with monatomic

deep holes obtained after ten successive ox/red cycles
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positively charged gold electrode with (hydrogen-) sulfate ions forming a disor-

dered adlayer, (4) an ordered ((√3 � √7)R19.10) adlayer at ES > P3 until the onset

of surface oxidation in region (5) at E > OA1.

3.2.2 Conductance of Gold Atomic Contacts at Various Potentials

Figure 5 shows representative 1D conductance histograms (upper panel) and the

corresponding plateau length distributions (lower panel) for Au–Au nanocontacts

formed at various electrode potentials in the double-layer region of Au(111) in

0.1 M H2SO4 solution. All histograms show characteristic conductance peaks at

integer multiples of G0 (1 G0, 2 G0, and 3 G0). The following additional features

were observed. (1) At the most negative potential (�0.35 V), where hydrogen

evolution takes place, fractional conductance peaks evolve at 0.1 G0, 0.5 G0, and

1.5 G0, respectively. (2) The fractional conductance peaks disappear with the onset

of sulfate anion adsorption at the positively charged electrode. (3) The plateau

length distributions appear to be narrower with higher potentials, where the

nanoelectrodes bear positive charges.

The appearance of fractional conductance peaks at the negatively charged

electrode are attributed to the presence of hydrogen molecules or atoms (see

Sect. 3.2.3), as supported by a study of Csonka et al. [194, 195], and in agreement

with recent observations reported by Kiguchi et al. [207]. The decreasing width of

the plateau length distribution with more positive potentials, i.e., with the onset of

Fig. 5 All data-point conductance histograms (upper panel) of gold atomic contacts formed at

various electrode potentials in 0.1 M H2SO4 solution. The histograms were built from 1,000 single

curves without data selection. The corresponding plateau distributions are plotted in the lower
panel. All measurements were carried out with a bias voltage of 0.10 V. The tip moving rate was

60 nm s�1
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sulfate ion adsorption (Fig. 5), is interpreted as an adsorbate-induced stabilization

of certain atomic configurations [192, 201, 202, 215].

The exponential tail in the conductance histograms in regions �Go is attributed

to an adsorbate-induced decrease in the adhesive interactions between Au atoms,

and prevents the occurrence of a “jump-out-of-contact” characteristics. Similar

observations were also reported under UHV conditions [195] and in air [216].

3.2.3 Effect of H2 on Gold Atomic Contacts

Figure 6a illustrates conductance histograms recorded at E ¼ Epzc � 0.30 V at

various solution pH values. These experiments demonstrate that the fractional

conductance is sensitive to the concentration of hydronium ions or hydrogen in

Fig. 6 (a) Conductance histograms obtained at a negatively charged electrode surface, in

particular at E ¼ 0.050 V (vs SCE) at various pH values: pH 1: 0.1 M H2SO4; pH 3: 0.1 M

K2SO4 + 1 mM H2SO4; pH 10: 0.1 M K2SO4 + 1 mM KOH; pH 12: 0.1 M K2SO4 + 0.01 M

KOH. The pronounced fractional peaks are marked by red arrows. (b) A typical single-conductance

trace with fractional G0 conductance plateaus and the respective histogram. The inset shows an
enlarged trace in the low conductance region. (c) Schematic representation displaying the various

types of H2-incorporation into Au–Au atomic contacts [209]
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either atomic or molecular forms, i.e., it is modulated chemically and not by the

surface charge state.

Figure 6b shows a representative single-conductance trace, as well as the

respective histograms. They exhibit well-developed plateaus at 0.1 G0 and

0.5 G0. The careful inspection of the low-conductance plateaus around 0.1 G0

(see inset in Fig. 6b) reveals small jumps from ~0.1 G0 to ~0.2 G0, just before

the conductance drops to values close to zero.

In an attempt to interpret these observations we refer to a recent ab initio density

function theory (DFT) study by Barnett et al. [217]. These authors demonstrated

that H2 molecules form rather stable bridging structures with Au atomic contacts.

They also report that a configuration of the H2 molecules, with the H–H axis

perpendicular to the axis of the contacting gold, leads to a conductance of

~0.1 G0, while the conductances of tilted or parallel H2 assemblies yield higher

values, ranging between 0.20 and 0.25 G0. We hypothesize that the breaking of

Au–Au atomic contacts in the hydrogen evolution region of an electrochemical

system might lead to a similar scenario, e.g., the relative positions of H2 and gold

leads are changing from a perpendicular one, via a tilted one, to a parallel one, just

before the Au–Au nanocontacts breaks. Our tentative interpretation is supported by

Au–Au pulling curves under cryogenic conditions [194].

The conductance peak near half-multiples ofG0 was found under both cryogenic

[194, 195] and electrochemical [205, 207] conditions. Theoretical studies revealed

that stretched single atomic chains have a strong tendency to form dimers sponta-

neously [218, 219]. DFT-based calculations suggest that the dimerization-induced

conductances range from 0.58 G0 [220] to 0.4 G0 [218]. Adopting this result to our

experimental observations, and supported by a recent work of Jelinek et al. [204],

we suggest that the plateaus around 0.5 G0 represent H2-assisted dimerized gold

atomic contacts (see Fig. 6c).

In consequence, the following scenario is suggested (c.f. Fig. 6c). During the

elongation of an atomic contact, an H2 molecule (which is electrochemically

generated at the leads at potentials under consideration) couples weakly with gold

atoms in the constriction region, assisting the formation of an Au dimer, which

leads to a junction conductance of 0.5 G0. Further stretching of the contact is

followed by the incorporation of H2 into the contact, initially in a perpendicular

and subsequently into a parallel relative orientation of molecular and nanocontact

axis, as represented by the small jump in the 0.1 G0 plateau just before the contact

breaks [209].

3.2.4 Statistical Analysis of the Plateau Lengths

The mechanical properties of Au atomic contacts were investigated by analyzing

plateau lengths histograms. Figure 7a illustrates the most probable plateau lengths,

obtained in a series of experiments with a stretching rate of 40 nm s�1, as a function

of the applied electrochemical potential for the first conductance peak developed in

the interval between 0.75 G0 and 1.25 G0. The graph reveals a distinct maximum,

Charge Transport in Single Molecular Junctions at the Solid/Liquid Interface 139



in the vicinity of the PZC Epzc ¼ 0.25 V, on the Au(111) electrode under the

current experimental conditions, which correlates with the position of the maxi-

mum in surface energy [221].

Every atom of the nanocontact constriction represents an active “surface” atom.

The tensile force in the plateau region increases upon stretching atomic contacts

elastically [188, 189]. The rupture of the gold monatomic contact takes place when

the applied tensile force reaches a critical value, sufficient to break a single Au–Au

bond. As a consequence, the atomic contact with the most “sticky” atoms at the Epzc

is the most difficult one to be break. The stronger adhesion eventually requires a

larger load, which seems to be reflected in a longer stretching distance until the

contact breaks. This interpretation is supported by the observation, that the plateau

length of Au–Au atomic contacts before breaking is longer in the presence of

weakly adsorbed ClO4
� ions, as compared to the much stronger adsorbed SO4

2�

ions. The latter enhance the mobility (i.e., weaken adhesion) of surface Au atoms.

We extracted the dependence of the plateau length on the stretching rate in an

attempt to explore the mechanical properties of Au–Au nanocontacts under elec-

trochemical conditions. Figure 7b illustrates a typical example, obtained for the

main conductance peak around 1 G0 at ES ¼ �0.200 V. One may distinguish

between three regions. At low stretching rates (v < 16 nm s�1) the plateau length

maintains a constant value of ~0.12 nm. At stretching rates higher than

v ~ 48 nm s�1 the plateau length reaches a maximum of ~0.18 nm and remains

rather constant. In the intermediate regions a monotonic increase of the plateau

length with the stretching rate is observed. These observations illustrate that the

Au–Au bond breaking process depends on the applied stretching rate.

In this context we note those force-dependent experiments with biological

molecules [222–226] and the very few case studies reported for non-biological

Fig. 7 (a) Plateau length of the first Au–Au nanocontact conductance peak (developed between

0.75 G0 and 1.25 G0) in function of the electrode potential in 0.1 M H2SO4, stretching rate

v ¼ 40 nm s�1. (b) Dependence of the plateau length l of Au atomic contacts on the stretching

rate v recorded at ES ¼ �0.200 V (vs SCE). Three characteristic regions are indicated as SB, FA,
and FB (see text for more details)
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systems [224, 227, 228] demonstrate that bond rupture forces depend on the applied

load. Specifically, barriers in the energy landscape are lowered, and bond lifetimes

are shortened under external force. Evans et al. [229, 230] developed a thermo-

dynamic model of the bond-breaking process. The theory predicts the spontaneous

dissociation of a chemical bond in the absence of external forces, due to thermal

fluctuations (spontaneous breakdown). At faster stretching rates the external force

increases quickly enough to lower the dissociation energy barrier Eb before sponta-

neous breakdown takes place. In this regime, the breakdown force is finite and

increases linearly with the logarithm of the force loading rate [229]. Finally, at very

fast stretching rates the external force lowers Eb to zero, and a maximum of the

breakdown force is reached, which leads to the adiabatic regime.

This approach is adopted to discuss the load-dependence of breaking Au–Au

nanocontacts at different stretching rates (Fig. 7b). We benefited from a discovery

of Tao et al. [227, 228], who found that the external force is linearly proportional to

the plateau length. Thus, the breaking force and the loading rate of force can be

replaced by plateau length and stretching rate. Considering the analogy between

force and stretching rate in the current experiment, we assign the regions at low

(v < 16 nm s�1) stretching rate to a self-breaking (SB) regime, the intermediate

(16 nm s�1 < v < 48 nm s�1) stretching rate to a force-assisting (FA) regime, and

the high (v > 48 nm s�1) stretching rate to a force-breaking (FB) regime [231]. The

three regimes observed are also consistent with the theoretical simulations by Leiva

et al. [232] and Liu et al. [233].

3.3 Role of Anion Adsorption on Gold Atomic Contacts

3.3.1 Electrochemical Characterization

The adsorption strength of anions on Au electrodes follows the sequence of ClO4
�

< SO4
2� < Cl� < Br� < I�. The strong specific adsorption of halide ions leads

to a partial charge transfer between the adsorbate and the metal electrode [234].

The CVs of Au(111) in 0.1 M HClO4, 0.1 M H2SO4, 0.1 M HClO4 + 1 mM KCl,

0.1 M HClO4 + 1 mM KBr, and 0.1 M HClO4 + 1 mM KI are displayed in Fig. 8.

All curves, except that for 0.1 M HClO4,, exhibit common features. However, they

are located in different potential regions. The most prominent peaks reveal the

lifting/formation of reconstruction of the Au(111) surface, coinciding approxi-

mately with the respective potentials of zero charge Epzc, followed by a potential

region of disordered (mobile) anion adsorption. At the most positive potentials

displayed, various ordered overlayers of the specifically adsorbed anions are

formed (for a detailed review we refer to [235]). In addition, we would like to

emphasize two trends: (1) the potentials of zero charge shift with increasing

strength of specific adsorption towards more negative values (I� < Br� < Cl� <
SO4

2� < ClO4
�) [234] and (2) the regions of disordered anion adsorption shrink

with increasing adsorption strength.
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3.3.2 Single Conductance Traces and Conductance Histograms

Figure 9a displays selected conductance–distance traces and Fig. 9b, c the

corresponding conductance histograms of Au atomic contacts formed in the pres-

ence of SO4
2� and Cl� ions at various potentials.

At negative potentials and charge densities, i.e., in the absence of specific anion

adsorption, all conductance histograms display distinct maxima, reflecting the

well-developed, flat, and long steps at integer multiples of G0 in the individual

conductance–distance traces. Examples are displayed in Fig. 9a as curves A.
Conductance histograms constructed in the potential regions of the ordered sulfate

and halide ion adlayers also exhibit pronounced peaks. However, one observes that

the corresponding single traces exhibit rather unstable and fluctuating plateaus

(curves B in Fig. 9a). In potential regions of the disordered anion adsorption we

found mostly individual conductance–distance traces, with rather abrupt steps

resulting in a completely broken junction (curves C in Fig. 9a). The temporarily

created atomic junctions appear to be very fragile, which does not allow a “step-by-

step” evolution during the elongation of contacts. This leads to a rather small data

base for the quantitative analysis, as reflected in the low number of counts in the

histograms at potentials of disordered anion adsorption.

These experimental results demonstrate that the specific adsorption of anions

leads to a significant decrease in junction stability, as illustrated in particular in the

potential regions of disordered anion adsorption, as well as in the fluctuations in the

plateau currents at potentials of the 2D-ordered anion adlayers. The instability of

the conductance plateaus were statistically analyzed, by determining the standard

Fig. 8 Cyclic voltammograms of Au(111) in 0.1 M HClO4 (dotted line), 0.1 M H2SO4

(green), 0.1 M HClO4 + 1 mM KCl (red), 0.1 M HClO4 + 1 mM KBr (blue), and 0.1 M HClO4 +

1 mM KI (black) in the double layer region. Scan rate 50 mV s�1
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deviations of the plateau currents in individual traces, and subsequently summing

over all families of plateaus, as recorded for a large number of individual traces.

The standard deviation basically reflects the population of data points of a specific

plateau, and thus provides information on the noise level of the respective plateau.

Figure 10 shows a 2D plot of the plateau position vs scattering level, as

constructed from 1,000 single traces at various potentials in the double-layer region

for Au atomic contacts in 0.1 M H2SO4. The scattering levels (�0.075 G0) of

plateaus formed at a positively-charged surface are larger, approximately by a

factor of 3, as compared to those at a negatively charged electrode (�0.025 G0).

This result correlates with the shape of the families of conductance–distance traces

displayed in Fig. 9a as curves A and curves B, respectively. The trend is more

pronounced for the more strongly specifically adsorbed halide ions. The strong

Fig. 9 (a) Three types of single conductance traces for Au atomic contacts as observed in the

presence of specifically adsorbed anions characterized by well-developed plateaus (curves A),
noisy plateaus (curves B), and abrupt steps with no plateaus (curves C), respectively. The

stretching rate was 60 nm s�1, and bias voltage applied was 0.100 V. (b,c) All data-point

conductance histograms at various electrode potentials in the presence of specifically adsorbed

SO4
2� (b) and Cl� (c), respectively
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binding between adsorbates and Au atoms weakens the bonds between metal atoms.

These observations in the presence of specifically adsorbed anions are in agreement

with results on the dynamics of metal surfaces, such as step fluctuations and island

mobility [192, 201, 215]. In contrast, the generation and adsorption of H2 at a

negatively charged gold surface stabilizes the created Au–Au nanocontacts.

3.3.3 Shift of the 1 G0 Conductance Peak

A closer inspection of the predominant peak in the conductance histogram at ~ G0

(¼77.5 mS) reveals that its position and magnitude depend on the applied electrode

potential, as well as on the strength of anion adsorption (Fig. 11). The peak position

shifts in the presence of weakly specifically adsorbed ions (e.g., ClO4
�, SO4

2�) to
value smaller than G0.

The down-shift of the 1 G0 peak in the conductance histogram has been

observed experimentally and theoretically [236, 237]. In addition, the above

study revealed that the down-shifts are larger for higher-order conductance

peaks. The down-shift observed for the 1 G0 peak of the Au atomic contacts

cover a range between 100 and 500 Ω. Theoretical model studies suggest that this

downshift could be attributed to impurities or lattice defects, disorder or bound-

ary corrugations, which generate backscattering in the atomic contact region

[238, 239].

Fig. 10 Two-dimensional (2D) histograms (plateau scattering vs position) at various electrode

potentials for Au(111) in 0.1 M H2SO4. The statistical analysis is based on 2D bins
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In the presence of specifically adsorbed ions, e.g., for halides at potentials

E > Epzc, the trend changes and the position of the 1 G0 peaks shifts to higher

values than the quantum conductance unit. The up-shifts follow the order of

adsorption strength, Cl� < Br� < I�.
We note that the measured conductances are the total conductance, which is

determined by the number of conducting channels and the transmission probability

of the respective channels. The number of channels of monatomic contacts is

determined by the number of available valence orbitals [180]. The transmissions of

these channels vary from zero to one, and are affected by the atomic configuration

and the state of strain [240]. The strong adsorption of halides on the gold surface

shows a partially covalent character, which increases in the order Cl� < Br� < I�.
The mixture (hybridization) of electronic states of absorbed anions and metal atoms

may lead to a non-negligible alteration in the electronic state and atomic structures. In

other words, the number of conductance channels contributing to the experimentally

measured signal might increase upon specific anion adsorption.

The enhancement of the ballistic transmission through atomic wires upon strong

chemical adsorption is supported by ab initio DFT-based calculations [220], and

was also observed in the presence of molecular adsorbates [201].

4 Charge Transport in “Au–a,v-Alkanedithiol–Au” Junctions

“Au–a,o-alkanedithiol–Au” junctions represent one of the simplest molecular

junctions which have been studied since 1971 [241]. These alkanedithiol-based

junctions were developed as a model system and test bed for various experimental

approaches, as well as for theoretical studies for exploring fundamental concepts of

charge transport in molecular junctions.

Fig. 11 Dependence of DG0 ¼ GP – G0 on the electrode potential upon adsorption of different

anions. GP is defined by a Gaussian fit to the conductance peak closest to G0 in the respective

conductance histograms
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4.1 Introduction

Alkane(di)thiols possess a large energy gap between the HOMO and LUMO of

about 7–8 eV and strongly localized s-orbitals. Thus, these molecules are consid-

ered as insulators, and, consequently, the tunneling current is expected to decrease

exponentially with increasing molecule length and to be temperature-independent.

Charge transport properties of alkane(di)thiol-based molecular junctions have

been extensively studied, employing various techniques (c.f. reviews in [9, 10, 20,

23]). Most transport experiments were carried out under ambient conditions in air

and/or in non-polar organic solvents. 1,8-Octanedithiol (ODT) embedded between

two gold leads developed as a particularly well-studied system, employing a wide

range of experimental techniques. Single-molecule conductance data of ODT have

been obtained from STM-BJ experiments in the groups of Tao [32, 59, 242],

Venkataraman [61, 116], Haiss [243–245], Fujihira [115], Segalman [117], Chen

[55], and us [64, 114], by CP-AFM in the groups of Lindsay [28, 171, 246, 247],

Frisbie [29, 248, 249], Xu [250], and Scoles [251], and by MCBJ in the groups of

Schoenenberger [40, 252] and Ruitenbeek [253]. Dropping mercury electrode [254,

255], nanopores [256], and crossed wire assemblies [257] have also been used to

measure the conductance of alkane(di)thiol molecular junctions composed of a few

or a larger number of contacted target molecules.

Apart from the more conventional transport measurements of molecular

junctions at constant bias voltage, alkane(di)thiols-based molecular junctions

were also characterized by transition voltage spectroscopy [258, 259], AC voltage

modulation [260], and inelastic electron tunneling spectroscopies [261].

The conductance values of ODT single-molecular junctions can be categorized

in three distinctly different families around 2.5 � 10�4G0 (~20 nS), 0.5 � 10�4G0

(~4 nS), and 0.1 � 10�4 G0 (~1 nS). The mid-conductance value was reported

by almost all research groups, while the high and the low values were strongly

dependent on the chosen experimental conditions, as well as on strategies of data

analysis [19, 242, 245, 252]. Systematic studies on the distance respective molecular

length dependence have led to decay parameters bN ranging between 0.5 and 1.2

[9, 10, 28, 32, 40, 64, 242, 244].

The nature of the conductance families reported for single alkanedithiol

junctions is still under debate. Current interpretations are based on different contact

geometries [64, 115, 242], different molecular conformations [64, 244], substrate

roughness [245], or the control of tip movement [252].

The discrepancies in the reported conductance data of “Au–alkanedithiol–Au”

junctions attracted our attention, and we decided to carry out an in-depth experimental

study of the charge transport properties of “Au–a,o-alkanedithiol–Au” molecule

junctions in a non-conducting solvent. The combination with quantum chemistry ab

initio simulations yielded a detailed view of this archetype of molecular junctions,

and helped to resolve the puzzle on the role of microscopic geometries at the

contacts and in the molecular conformation.
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4.2 Single-Molecule Conductance Measurements

Charge transport characteristics in “gold–alkanedithiol–gold” junctions were

recorded with an STM-based contact junction approach (“gentle touch”) with

0.1 mM of the respective alkanedithiol in 1,3,5-trimethylbenzene [64]. The i-Dz
retraction curves were either exponentially decaying (50%), noisy (10%), or

showed characteristic plateaus with a typical length of 0.04–0.15 nm, separated

by abrupt steps (40%). Figure 12 illustrates a set of representative i-Dz curves of the
latter type for the breaking of nonanedithiol (NDT) junctions. The observed

currents are three to four orders of magnitude smaller as compared to metal

nanocontacts. These conductance steps are ascribed to the breaking of individual

respective multi-molecule junctions formed between the gold STM tip and the

substrate. Control experiments in the absence of NDT displayed almost exclusively

(98%) exponentially decaying traces.

The statistical analysis of the plateau current yields histograms with characteris-

tic peaks (Fig. 13). The careful analysis of these current peaks allows the identifi-

cation of three distinctly different sequences of equally spaced maxima, which are

attributed to low (L), medium (M), and high (H) conductance molecular junctions.

The current within each series scales approximately linearly with the number

of peaks. The peak of each sequence is attributed to a single molecular junction.

The corresponding currents also depend linearly on the applied bias voltage up

to � 0.2 V (see insets in Fig. 13a, b). By fitting the current maxima with a Gaussian

function, the following conductance values of the three specific single-molecule

“Au-NDT-Au” junctions were obtained: 0.47 � 0.03 nS (L), 2.0 � 0.2 nS (M) and

9.9 � 0.9 nS (H).

Fig. 12 (a) Current–distance retraction traces recorded with a gold STM tip for 1 mM 1,9-

nonanedithiol in 1,3,5-trimethylbenzene on Au(111)-(1 � 1), at Ebias ¼ 0.10 V. The setpoint

current before disabling the feedback was chosen at i0 ¼ 0.1 nA. The retraction rate was

4 nm s�1. (b) Same conditions as in (a), except that the preamplifier limit was chosen at 10 nA.

The dotted lines represent characteristic regions of the low, mid, and high conductances
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Following the same experimental protocol and analysis strategy, multiple sets of

conductance values for 1,5-pentanedithiol (PDT), 1,6-hexanedithiol (HDT), 1,8-

octanedithiol (ODT), and 1,10-decanedithiol (DDT) were measured. The results are

summarized in Table 1. Inspection of the data reveals that the high-conductance

values (H) are approximately five times larger than the medium-conductance values

(M), while the low values (L) do not scale with a constant ratio with respect to the

M or L data sets.

The H, M, and L values obtained in the present work are in good agreement with

data reported in the literature [9, 23, 32, 40, 117, 242, 243]. However, none of the

previous contributions reported all three sets of conductance values simultaneously,

i.e., as derived from a single set of experiments. Several groups attempted to discuss

this situation. For example, Haiss et al. pointed out recently, based on a case

study with ODT, that surface roughness of the substrate, as well as the approach

regime, have a pronounced effect on the accessibility of certain families of single

molecule conductances [245]. Gonzalez et al. put forward an interpretation based

on multimolecular junctions in certain most probable microscopic arrangements of

lead-molecule contact geometries [252].

Fig. 13 Plateau count conductance histograms constructed from the plateaus found in the step-

like conductance–distance traces for Au–1,9-nonanedithiol–Au junctions. (a) 1,600 selected out of

4,300 traces employing a 1 nA (max) preamplifier; (b) 1,100 selected out of 4,300 traces recorded

with the 10 nA (max) preamplifier. All other conditions are identical to those in Fig. 12. The insets
in (a) and (b) show that the currents within each series scale approximately linearly with the

number of peaks [64]

Table 1 Summary of the conductance values of Au–a,o-alkanedithiols–Au molecular junctions

recorded in 1,3,5-trimethylbenzene [64]

a,o-Alkanedithiol Conductance values (nS)

L M H

PDT (N ¼ 5) 1.9 � 0.05 64 � 5 –

HDT (N ¼ 6) 2.45 � 0.06 20 � 2 95 � 10

ODT (N ¼ 8) 0.89 � 0.08 4.4 � 0.4 21 � 2

NDT (N ¼ 9) 0.47 � 0.03 2.0 � 0.2 9.9 � 0.9

DDT (N ¼ 10) 0.22 � 0.02 0.45 � 0.04 1.68 � 0.03
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Figure 14 shows the semi-logarithmic plots of the various single junction

conductances vs molecular length (Fig. 14a – experimental data; Fig. 14b – calculated

conductances). The length is expressed as the number of CH2 units. The H and M

conductance values follow a simple tunneling model given by G ¼ GCexp(�bNN)
with decay constants bN of 0.96 � 0.15 for H and 0.94 � 0.05 for M. These

values of bN are in a good agreement with the literature on single junctions

“Au–alkanedithiol–Au” data [32, 118], as well as the electron transfer through

compact and aligned monolayers of alkanethiols using nanopores [262], mercury

contacts [254, 263, 264], CP-AFM [247], or redox probes [265, 266].

On the other hand, the low-conductance values (L) give a poor linear correlation

of the molecular length with an approximate decay constant bN ~ 0.45 � 0.09,

distinctively different from the H and M sequences. The estimated value of bN(L)
is rather close to results reported by Cui [28] and Haiss [243]. Haiss et al. [244]

found a pronounced temperature dependence of these L values, which scales

logarithmically with T�1 in the temperature range 293–353 K, indicating a transport

mechanism different from a simple tunneling model.

4.3 Interpretation of Multiple Conduction States

To provide further insight into the nature of multiple conduction states observed

experimentally, DFT-based calculations of alkanedithiols coupled to Au electrodes

were carried out. Calculations were performed for different configurations of an

“extended molecule” composed of an n-alkanedithiol with variable chain length

(n ¼ 4. . .10) bridged between two pyramids of 45–55 Au atoms (Fig. 15a–c).

These clusters mimic the contact region of the gold electrodes. Molecular

Fig. 14 Experimental (a) and calculated (b) conductance values of Au–n-alkanedithiol–Au
junctions vs number n of methylene units in a semilogarithmic representation. The three sets of

conductance values – high (H), medium (M), and low (L) – are shown as squares, circles, and
triangles. The straight lines were obtained from a linear regression analysis with decay constants

bN defined per methylene (CH2) unit. The conductances of many different, nonequivalent gauche

isomers cover the window below the medium values in (b) [64]

Charge Transport in Single Molecular Junctions at the Solid/Liquid Interface 149



conformation and contact geometries have been varied. Examples are gauche and

trans conformation of the alkyl chain, with the sulfur atoms bridged to one (atop),
two (bridge) or three (hollow) gold atoms and/or combinations of them. The electron

charge flow was described within the Landauer approach, formulated in terms of

Green’s functions, as implemented in a custom-made simulation package [64, 267].

Figure 15d illustrates a typical energy-dependent transmission curve, as calculated

for n-nonanedithiol molecular junctions. The transmission represents the probability

for electrons injected with the energy E from one electrode to be transmitted

through the molecular junction. The conductance is defined by the transmission

T(EF), evaluated at the Fermi energy EF in units of the quantum of conductance

G0 ¼ 2e2/h. Molecular states of alkanedithiols appear as resonance peaks in the

transmission spectrum (see Fig. 15d).

Fig. 15 Three typical arrangements of a single alkanedithiol molecule bridged between Au

electrodes as used for the conductance calculations. (a) 1,9-Nonanedithiol (NDT) with one gauche

defect and both terminal sulfur atoms coordinated in atop position (low, L). (b) NDT in all-trans

conformation and atop–atop coordination (medium, M). (c) All-trans NDT in a bridge–bridge

coordination (high, H). (d) Calculated energy-dependent transmission T(E) for a single NDT

molecule bridged between gold electrodes in an all-trans atop–atop arrangement. The inset
shows a molecular orbital of the Au–S–(CH2)9–S–Au cluster, formed by the HOMO of nonane

hybridized with the sulfur and the Au electronic levels. This state determines the tunneling barrier.

(e) Energy-dependent transmissions of n-alkanedithiols of various lengths n around the Fermi

level. The inset displays the alkanedithiol’s HOMO, which is an antisymmetric superposition of

atomic wave functions localized on both sulfur atoms. The energy difference within its symmetric

part, HOMO-1, is exponentially decaying with n
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The Fermi energy EF is situated in the alkane HOMO–LUMO gap (7.5 eV),

giving rise to an effective barrier FB ¼ EF�EHOMO* ¼ 2.14 eV. The current flow

involves mainly the HOMO (HOMO* of the alkanedithiol) depicted in the inset of

Fig. 15d. Accordingly, the transmission T(E) drops rapidly around �2.2 eV below

EF, and a nearly insulating gap spreads up all the way until 5.3 eV above EF (alkane-

LUMO, Fig. 15d, inset). Furthermore, the conductance through the n-alkanedithiol
junction of the all-trans isomers with the sulfur coupled to single gold atoms at each

electrode (atop–atop geometry) decays exponentially according to G(N) ¼ GCexp

(�bNN) with a decay constant bN ¼ 0.83 per CH2 unit GC ¼ 0.24, G ¼ 18.5 nS as

contact conductance (Fig. 14d, circle). We note that the thiol linker-groups intro-

duce two evanescent gap states, built of symmetric and anti-symmetric combination

of wave functions, and localized at the sulfur atoms (Fig. 15e, inset). These states

appear as broad resonances centered around 1.4 eV below EF in the transmission

spectrum (see Fig. 15e). The tails of such broad peaks, when approaching

the Fermi energy (Fig. 6e), define the amplitude of the molecular conductance

GðnÞ � 2G0GSg0exp½�b EFð Þn�=ðEF � ESÞ2 and, therefore, predict an exponential

distance dependence. GS denotes an on-resonance probability amplitude (inverse

lifetime) for an electron to hop from the sulfur atom to the nearest electrode.

The other probability gnðEÞ � GS reflects tunneling through the molecule and is

exponentially small, gnðEÞ ¼ g0exp½�bðEÞn�, where b(E) / [E�E*HOMO]
1/2d0

with d0 as the unit length of the alkane chain, d0 ¼ 1.28 Å. Note that an evanescent

state localized close to an Au surface does not change the tunneling asymptotics.

The model calculations revealed that the bridge contact geometry increases the

conductance twice, as compared to the atop one. Due to the increase of the

coordination number of the sulfur to the Au atoms (factor 2), the opening angle

for the incoming electron wave is enlarged, providing an unchanged conformation

of the alkyl chain. In other words, when two Au atoms are placed near one sulfur

atom, the hopping probability increases by a factor of 2. On the other hand, this

trend does not continue with a threefold hollow contact geometry. The contributions

of three simultaneously contacted gold atoms to the overall junction conductance

are overcompensated by a significant increase of the Au–S bond length.

Independent of the contact geometry, the calculations also demonstrated that the

introduction of gauche defects resulted in a decrease of the bridge conductance by a
factor of 10, as compared to an all-trans alkanedithiol chain (see Fig. 14b,

triangles). Due to variations in the number and positions of gauche defects, as

well as various contact geometries, the molecular junctions can exhibit conductance

values up to two orders of magnitude below the conductance values of an all-trans
conformation of the alkyl chain.

Comparison of the experimental data with the trends predicted from quantum

chemistry ab initio simulations demonstrated that the multiple conductance values

of “Au–alkanedithiol–Au” junctions could be attributed to different Au–sulfur

coordination geometries and to different conformations of the alkyl chain. In

particular, the medium conductance corresponds to an all-trans conformation of

the alkyl chain, with each sulfur atom coordinated in atop position to a single
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Au atom (see Fig. 15b). The “high” conductance values H represent an all-trans

alkyl chain in combination with both sulfurs coordinated to two Au atoms in a

bridge geometry (Fig. 15c). The theoretically predicted fourfold increase of the

conductance, as compared to an atop–atop all-trans bridge, is close to the experi-

mentally observed increase by a factor of 5. Other possible configurations with all-
trans conformations (e.g., atop–bridge, multiple molecular junctions) are assumed

to contribute as part of the distribution to the less-dominant peaks in the conduc-

tance histograms (e.g., M2, H2, and H3 in Fig. 13).

The sequence of low conductance values L is attributed to isomers of

alkanedithiols with gauche defects. This interpretation is also supported by the

experimentally observed temperature dependence of L conductance values. The

alteration of gauche states appears to be an activated process [244].

5 Chemically Controlled Conductance: Torsion-Angle

Dependence in Single-Molecule Biphenyl Junctions

5.1 Introduction

Biphenyl derivatives (Fig. 16), consisting of two aromatic rings interconnected by

a single C–C bond, gained considerable interest as subunits for single-molecule

rectifying or switching systems, as the two p systems can be either in the same

plane, or perpendicular to each other, representing “on” and “off” states

[74, 268–272]. p–p coupling dominates the electron transport in aromatic bridges,

and transport can be manipulated and tailored by controlling the degree of electron

delocalization. Examples are the triplet energy transfer in a series of mixed

Fig. 16 Molecular structures of the biphenyldithiols T1–T8 and of the biphenyldinitrile N1–N6.

The interplanar torsion angle ’ of the biphenyl backbone is adjusted by methyl-group substitution

or the length of the inter-ring alkyl chain [54, 75]
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Ru–Os–bis(2,2 0:60,200) terpyridine complexes attached to biphenyl spacer groups

[273] and the electron transport characteristics of ferrocene covalently bound to

OPE rods [274] or oligoaniline junctions [275].

The effect of rotating the middle ring of 1,4-bis-phenylethynyl-benzene on the

conductance was estimated by Thomfohr and Sankey using the Landauer formalism

in combination with a complex band structure analysis [276]. Venkataraman et al.

demonstrated, in a series of terminally amine-functionalized biphenyls comprising

electron-donating and -withdrawing substituents, that the junction conductances

scale approximately linearly with the square of the cosine of the torsion angle ’
between the planes of the two rings [48].

Despite the strong interest in the correlation between torsion angle and transport

properties, suitable model compounds enabling the systematic variation of the

torsion angle in biphenyl systems have not been realized so far, and the role of

geometric and electric effects of the substituents is still being actively discussed

[48, 72, 74, 271, 277].

As displayed in Fig. 16, an alkyl chain of varying length connected at the 2,2’-

positions of the biphenyl system can adjust the resulting torsion angles ’. For both
families of compounds, T and N, the length of the inter-ring alkyl chain is the only

structural variation, keeping the electronic structure of the biphenyl systems as

uniform as possible. Furthermore, the biphenyl conformation is locked by an intra-

molecular bridge, with the number of CH2 units dictating the torsion angle ’,
lowering the expected motion and conformational variation of each molecule

immobilized in the junction. The torsion angles ’ have been estimated, based on

crystal structure data and DFT calculations of the isolated molecules in the gas

phase [54, 75].

The choice of the thiol anchoring groups ensures a strong chemical bonding to

the leads, i.e., a stable junction configuration, with the current flow dominated by

the molecular HOMO level [271].

We note that, although the thiol anchoring groups have been used most often,

this choice is far from ideal. It shows a large variation in binding geometries, and

does not allow an optimal electronic coupling between target molecules and

contacting leads [64].

Venkataraman et al. [49] recently introduced the amine group (–NH2) as a

promising alternative, characterized by a more uniform contact geometry [73].

Other anchoring groups that have been explored in (single) molecule conductance

studies are pyridine [32, 51], isonitrile (–NC) [49, 52], isothiocyanate (–NdCdS)

[55], methyl selenide (–SeCH3) [56], methyl thiol (–SCH3) [56], dithiocarboxylic

acid [–CS–SH] [62], dimethylphosphine [–P(CH3)2] [56], carboxylic acid

(–COOH) [59], nitro (–NO2) [278], and even fullerene [60]. The search for the

“best” anchoring group for the formation of stable and energetically well-aligned

metal-molecule contacts still represents a major challenge for fundamental and

applied work in molecular-based electronics.

In this paragraph we complement experimental conductance data of a family of

structurally well-tuned biphenyldithiols (BPDT) T1 to T8 [75, 76] with a family of

biphenyl-dinitriles (BPDN) N1 to N6 [54] having the same molecular backbone,
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but different anchoring groups. The electron-withdrawing nitrile group causes a

LUMO-controlled electron transport in BPDN molecular junctions [54], which are

distinctively different from BPDT. Conductance properties of the –CN anchoring

group have been explored in only two previous studies. Kiguchi et al. [53] reported

preliminary data with 1,4-dicyanobenzene, but did not observe any clear molecular

conductance signatures. Zotti et al. [278] performed current–voltage measurements

of 4,4’-dicyanotolane molecules attached to gold leads using an MCBJ technique,

but did not report a statistical analysis of their experimental traces, such as based on

1D or 2D conductance histograms.

5.2 Single-Molecule Junctions of Thiol-Terminated Biphenyls

The conductances of single-molecule “Au–BPDT–Au” junctions were extracted

from STM-BJ experiments based on the repeated formation and breaking of atomic

contacts between a gold STM tip and an Au(111) substrate in 0.25 mM solutions of

the respective BPDT in a 1:4 (v/v) mixture of tetrahydrofuran (THF) and

mesitylene (“hard touch”) [75, 76].

Figure 17a shows, as an example, the plateau data-point histograms of T3 at

three bias voltages. Each histogram, constructed from more than 1,000 individual

traces, reveals a distinct maximum. The peak positions from individual experiments

are very reproducible for low bias voltages jVbias < 0.30 Vj. The broad asymmetric

tail region toward higher conductance values is attributed to contributions from

Fig. 17 (a) Plateau data-point histograms of the (CH2)2-bridged biphenyldithiol derivate T3, as

recorded from individual current–distance traces in an STM-based break junction experiment

(gold tip, Au (111) substrate) at three different bias voltages in mesitylene; Ebias ¼ 0.065 V

(black), 0.10 V (red), and 0.18 V (blue). (b) Experimentally determined single-molecule junction

conductances of a series of biphenyldithiol molecules vs cos2’, where ’ is the torsion angle

between the two phenyl rings as given by the X-ray data [76]
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minority junctions with multiple molecules, a modification in substrate-adsorbate

coordination, atomic rearrangements upon stretching, or local surface roughness

[64, 66, 116, 169, 245].

Introducing a bridging alkyl chain (CH2)n, n ¼ 0–5, in the 2,20-position (T1 to

T6) or –CH3 substitution in 2,20- (T7) and 6,60- (T8) hinders the free rotation and

enables tuning of the torsion angles ’ between the two phenyl rings from 0
	
to 90

	
.

The values of ’ were estimated experimentally from the X-ray structure analysis of

the acetyl-protected derivatives [75, 279, 280]. As the angle between the two

phenyl rings increases, the conductance drops from 2.2 � 10�4 G0 (T2) to

9.0 � 10�6 G0 (T8). The lowest conductance was found for 2,20,6,60-tetramethyl-

biphenyl-4,40-dithiol (T8) with ’ ¼ 89
	
.

Figure 17b displays a linear correlation between the experimentally obtained

single junction conductances of the eight BPDT derivatives and cos2’. The fluorine
derivative T2 appears to be an exception. Using G ¼ b + a cos2’ and excluding T2

from the data fit, we estimate the slope and the intersection as aex ¼ (2.44 � 0.097)

� 10�4 G0 and bex ¼ (3.4 � 4.7) � 10�6 G0, respectively. The residual conduc-

tance bex at ’ ¼ 90
	
stems mostly from s–p couplings [276, 281]. However, this

contribution is rather small. Clearly, the p–p overlap between the phenyl rings

dominates the junction conductance [48, 271, 272, 277]. We conclude that twisting

the BPDT systems from flat (’ ¼ 0
	
) to perpendicular (’ ¼ 90

	
) decreased the

conductance by a factor of 30, following a linear cos2’ dependence.

A HOMO-controlled transport mechanism and the experimentally observed

linear relation between the junction conductance G and the square of the cosine

of the torsion angle ’ were also predicted by DFT-based model calculations

[282–284] as well as by a simple Two-Level Model (TLM) [267, 285]. In these

calculations, the molecular junctions were represented by an “extended molecule”

composed of the BPDTs bridging two pyramids of 14–120 gold atoms. Figure 18a

exhibits the two most probable and optimized structures atop–atop and

bridge–bridge, which have been subsequently employed in the transport

calculations. Figure 18b displays the resulting conductances of T1–T8. The fits of

G ¼ aDFT cos2’ to both series of data reveal a nearly linear behavior (Fig. 17b).

However, one should note that the slopes aDFT ¼ 0.094 G0 (atop) and aDFT ¼ 0.13

G0 (bridge) are approximately three orders of magnitude higher, as compared to

the experimental values: this is attributed to insufficient accuracy in the

HOMO–LUMO level alignment and level broadening in DFT, a still unresolved

problem [2, 286].

The main result of the transport measurement and DFT calculations is under-

stood in terms of a TLM [76]. The model as parameterized by the DFT calculations

demonstrated that the transmission through the molecular junction factorizes under

“off-resonance” conditions, which enables the separate treatment of the “ring-to-

ring” and “electrode-ring” transmission components. The electron path through the

“extended molecule” is shown to be represented by three barriers, two of them

representing the coupling to the leads, and the third defined by the torsion angle ’
between the two phenyl rings. The theoretical analysis revealed unambiguously that

the angular dependence of the overlap of the p-orbitals dominates the junction
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conductance for torsion angles in the range 0
	 
 ’ < 80

	
. Contributions from

degenerate s–p and p–s channels were only observed for biphenyl derivatives

with completely broken conjugation, i.e., for ’ ¼ 90
	
.

5.3 Single Molecule Junctions with Nitrile-Terminated Biphenyls

Figure 19a shows, as an example, single stretching traces and the 1D histogram of

molecular junctions created between the dinitrile derivative N4, torsion angle

’ ¼ 44.8
	
, and two gold leads. The predominant peak with a maximum at Gmax

¼ 4 � 10�5 G0 is attributed to the most probable conductance [54].

Figure 19b displays the 2D histogram of the experimentally obtained conduc-

tance of N4 plotted vs distance [63]. The distance scale z0 is normalized with respect

to z0 ¼ 0 at G ¼ 0.7 G0, to a common point. The chosen procedure is justified,

because of the steep decay of the tunneling current after breaking of the last atomic

contact. The histogram counts the occurrence of [log(G/G0), z
0] pairs in a 2D field.

Figure 19b exhibits the features of gold quantum contacts at G � G0, and a second

cloud-like pattern in [10�5 ~ 10�4 G0, 0 ~ 0.5 nm]. We attribute the latter to the

formation of single-molecule junctions of only one type. The center of the cloud is

located atG ¼ 3.5 ~ 4.5 � 10�5 G0, close to the peak position in the 1D histogram

(Fig. 19a). The extension of the cloud along the distance scale is around 0.5 nm,

close to the typical length of the plateaus (the inset of Fig. 19a).

The dependence of the single-molecular conductances on the torsion angle ’
between the two phenyl rings was addressed by choosing a series of five additional

BPDN derivatives (Figs. 16 and 20a) [287]. All conductance histograms exhibited

only one dominant single molecular junction-related feature, which is rather sharp

Fig. 18 (a) Examples of junction geometries of biphenyldithioles. Upper panel: T7 attached to

gold pyramids in atop–atop position; lower panel: T4 attached in a bridge-bonded position.

(b) Conductances as obtained from DFT-based transport calculations as a function of cos2’:
The dashed lines represent linear fits G ¼ aDFT� cos2’ with slopes aDFT ¼ 0.094 G0 (atop–atop)

and aDFT ¼ 0.130 G0 (bridge–bridge) [76]
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and well-defined [54]. The result reflects the more uniform nitrile-gold bond,

as compared to the family of BPDT derivatives T1 to T8 [64, 76, 242, 243]. The

conductance values of all six BPDNs were plotted in Fig. 20a as a function of

cos2’, which demonstrates a linear dependence with the slope of (7.3 � 0.2) �
10�5 G0. This slope, as well as the absolute magnitude of the BPDN molecular

Fig. 19 (a) All data-point logarithmic conductance histogram as constructed from ~2,000 indi-

vidual conductance–distance traces of N4 without any data selection. The experiment was carried

out with 0.1 mM N4 solution in mesitylene: THF (4:1, v/v) at Ebias ¼ 0.1 V. The inset shows
selected individual stretching traces in a logarithmic conductance scale. (b) Two-dimensional (2D)

conductance–distance histograms for N4, displaying the range of Au–Au contacts between 1 G0

and 10 G0, and a cloud-like feature between 10�3�G0 and 10�5�G0 representing the region of

molecular junctions [54]

Fig. 20 (a) Experimentally measured conductances G/G0 of the six biphenyl dinitriles N1–N6 as

a function of cos2’. (b) Computed conductances of N1–N6 as a function of cos2’ for the low-

coordination (l.c., circles) contact geometry and the high-coordination (h.c., squares) contact

geometry [54]
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junction conductances, is smaller, as compared to the results for BPDT. Both

revealed the stronger electronic coupling of the thiol group to the Au leads, as

compared to the nitrile group.

Ab initio transport calculations on electronic structure and zero-bias

conductances of the molecular junctions showed a monotonic decrease of the

HOMO–LUMO gap with decreasing torsion angle, except for a deviation for the

fluorene derivative N2 [285]. The calculations also predicted two stable atop
binding geometries of the nitrile-gold contact. The target molecules can bind either

to a low-coordinated gold adatom (referred to as l.c.) or to a “terrace-type” gold

atom (referred to as h.c.) in atop position. Hollow and bridge binding geometries

were demonstrated to be unstable for the BPDN derivatives. The calculated trans-

mission curves at zero bias of N1 to N6 for both l.c. and h.c. geometries reveal that

the transport pathway proceeds by off-resonance tunneling through the tail of the

LUMO. This is consistent with the results of previous calculations [278, 288] and

with thermopower measurements [289].

The computed conductance values of the BPDN junctions are plotted in Fig. 20b

as function of cos2’. The correlation is linear, with a higher slope for the h.c.
geometry (a ¼ 1.44 � 10�2 G0 and a ¼ 5.9 � 10�3 G0, respectively). The higher

slope for the h.c. geometry reflects the better coupling (broader resonance) between

the molecular p-system and the metal states, as caused by the tilt of the molecular

backbone and the presence of additional gold atoms on the surface. Experimentally,

the two theoretically predicted most probable junction geometries for the BPDN

family could not be distinguished, due to the rather broad conductance maxima in

the respective histograms [76].

6 Electrochemically Gate-Controlled Conductance

of 4,4’- Bipyridine Single-Molecule Junctions

The experiments discussed in the previous sections were carried out in non-

conductive organic solvents, with a focus on chemically tuning charge transport

characteristics in single-molecule junctions. In the following a gate voltage is applied

to tune the orientation of a molecular wire in a nanoscale gap in a polar electrolyte

under full electrochemical potential control. The approach will be exemplified by

4,40-bipyridine attached to two gold contacts in aqueous electrolyte [290].

6.1 Introduction

4,40-Bipyridine (44-BP) is a bifunctional, non-chelating molecule, which consists

of two planar pyridyl rings connected by a C–C bond in 4 and 40 positions. It has
been extensively employed as a bridging ligand in coordination chemistry [291].
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The binding energy per N-site in 44-BP–metal coordination complexes amounts

to 60–120 kJ mol�1, i.e., it ranges between strong covalent bonding and weak bonds

in biological systems [292].

The rotation angle between the two planar pyridyl-rings was found to vary

between 18.2
	
(solid-state [293]) and 37.2

	
(gas-phase [294]). H-NMR experiments

in several solvents of different dielectric constants revealed that 4,40-BP appears

either highly twisted, or as a free rotor. The barrier to internal rotation has been

estimated to be 17.0 kJ mol�1. The two rings are rotating almost freely in most

liquid environments [295–297].

44-BP has two lone electron pairs at each nitrogen atom. These lone pairs enable

an effective molecule-substrate coordination, that is, the electronic overlap of

molecule and substrate states. The relatively low lying p*-orbitals may act as

good acceptors of d-orbital electron density in metal (electrode)-ligand back-bond-

ing. However, the nitrogen lone-pair electrons are not delocalized. They are

orthogonal to the molecular p-system, causing the conductance of a 44-BP-based

molecular wire to be quite sensitive to the orientation of the Au–N bond, relative to

its principal conducting orbital. Theoretical calculations have demonstrated that

the LUMO lies relatively close to the FERMI level, i.e., the LUMO p-state provides
the dominant contribution to charge transport through the molecule. The

HOMO–LUMO gap is around 5 eV [298, 299].

Tao et al. reported the first single-junction conductance data of 44-BP

attached to two gold leads in an aqueous environment as ~ 0.01 G0 [32, 300]

by using the STM-BJ technique. Multiple single-conductance values have

recently been reported by Zhou et al.: 4.7 � 10�3 G0 and 0.59 � 10�3 G0

[301] and Wang et al.: (1.34 � 0.17) � 10�4 G0, (5.38 � 0.64) � 10�4 G0,

and (75.5 � 15.3) � 10�4 G0, which were obtained in aqueous electrolyte, as

well as in nonconductive organic solvents. These experimental observations

were attributed to different contact geometries between the pyridyl anchoring

groups and the gold electrodes [50]. Venkataraman et al. demonstrated experi-

mentally, and in combination with DFT calculations, that two conductance states

of 44-BP molecular junctions could be rationalized by a tilted (high conductance:

~6 � 10�4 G0) and an elongated perpendicular orientation (low conductance:

~1.6 � 10�4 G0) of the molecule between the two gold leads. These authors

demonstrated reversible binary switching between the two conducting states in

a single molecular junction by mechanical control of the metal-molecule contact

geometry [299]. This interpretation was recently shown to be more general, in

a conductance study with an extended family of pyridine-terminated derivatives

in 1,2,4-trichlorobenzene [51].

In the following we will present results of a single-junction conductance study

with 44-BP under electrochemical potential control, enabling the precise tuning of

the molecular orientation, relative to the substrate, upon application of an adjustable

gate voltage [290] in a well-controlled environment [86, 302].
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6.2 Interfacial Electrochemical Characterization
of 4,4’- Bipyridine on Au(111)

Figure 21 shows the cyclic voltammogram of 3 mM 44-BP in an aqueous solution

of 0.05 M KClO4 on Au(111) [304]. Four different interfacial regions, labeled I to

IV, can be distinguished, which are separated by distinct peaks. The double-layer

region was limited between the onset of OH� adsorption or the beginning of gold

oxidation, and the desorption/reduction of 44-BP on Au (111).

Excursion of the electrode potential from region I to more negative values triggers

two first-order phase transitions, characterized by the loss of the parallel stacking

rows, and accompanied by an orientation change of 44-BP from a perpendicular to a

more tilted one, simultaneously with the rearrangement of co-adsorbed interfacial

water molecules. The adlayer coverage decreases from 6.8 � 10�10 mol cm�2

(densely packed phase in region I, Fig. 21a) via 5.7 � 10�10 mol cm�2 (striped

phase in region II, Fig. 21b) to 3.4 � 10�10 mol cm�2 (rhombohedral phase in region

III, Fig 20c). The corresponding molecular orientations, as shown in Fig. 21d–f,

display a tilt angle, with respect to the normal axis of the electrode surface, changing

from zero via ~25
	
to ~60

	
. The position of the neighboring molecules are determined

by the competition between molecular and substrate coordination sites and intermo-

lecular interactions of the p-systems. The variation of the 44-BP surface structures,

upon decreasing the electrode potential, is accompanied by a decrease in surface

Fig. 21 Cyclic voltammogram and corresponding in situ STM images of 3 mM 4,40-bipyridine
(44-BP) on Au(111) in 0.05 M KClO4, scan rate 10 mV s�1. The sizes of the STM images are

10 � 10 nm2. The following 44-BP adlayer structures have been observed in the potential regions

I, II, and III: (a) high coverage densely packed phase, (b) striped structure, and (c) rhombohedral

phase. The corresponding molecular orientations as derived from in situ IR studies on Au(111) are

shown in panels (d–f) [303]. The pairs of peaks P1/P10, P2/P20, and P3/P30 indicate first-order

phase transitions between the respective adlayers [304]
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coverage. Polarization at more negative potentials also leads to a decrease of the

Au–N binding strength [303–306].

6.3 Single-Molecule Junction Conductance

STM-BJ experiments were performed to extract single-junction conductances of

44-BP bridged between a gold STM tip and an Au (111) substrate in non-polar

solvents, such as mesitylene, isopropanol, and 1,2,4-trichlorobenzene, as well as

under full electrochemical potential control in aqueous solutions of HClO4 and

LiClO4 at various pH.

Figure 22 shows typical individual conductance traces of 44-BP molecular

junctions, recorded over seven orders of magnitude with an STM-BJ technique,

and the corresponding conductance histograms. The experiment started with the

breaking of metal atomic contacts (“hard contact”), as indicated by the region

labeled with G0 in Fig. 22a. Several groups reported that, immediately after

breaking an atomic Au–Au contact, the gap relaxes due to adhesion between Au

atoms leading to an immediate separation between the leads of 3–5 Å [307, 192,

308]). Therefore, one can expect a large drop in conductance, which is observed

experimentally. Simultaneously, adsorbed solution-based 44-BP molecules with a

molecular length of ~7.2 Å will bridge the gap. The subsequent breaking of these

(single) molecular junctions leads to plateaus and steps in the conductance–distance

traces below 10�3 G0 (c.f. Fig. 22a).

The statistical analysis of these conductance traces (an example is given in

Fig. 22b for ES ¼ 0.25 V, which is close to the PZC [304]) reveals three distinct

conductance peaks (high H, mediumM, and low L) in the region between 10�2.5 G0

and 10�4.5 G0, with the most probable conductances evaluated by Gaussian fits as

14 nS (L), 38 nS (M), and 78 nS (H). The high conductance value H is twice as large

as the medium one M, and the M value is three to four times larger than L. Similar

Fig. 22 (a) Conductance–distance traces for 3 mM 44-BP in 0.1 M HClO4 at ES ¼ 0.25 V (vs

SCE), stretching rate 60 nm s�1. (b) Conductance histogram in logarithmic and linear (inset) scales
built from ~2,000 single traces, created without any data selection
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values of the three conductance states, as just reported for electrochemical

conditions at the PZC (ES ~ 0.25 V), were also found in non-conducting organic

solvents, such as 1,3,5-trimethylbenzene, 1,2,4-trichlorobenzene, or isopropanol

[290]. The M and L values are also in good agreement with results previously

reported by Quek et al. [299] and Wang et al. [305].

The statistical analysis of the plateau-length histograms, c.f. Fig. 23, revealed

that the most probable plateau length of an Au–Au atomic contact junction in the

presence of 44-BP amounts to lAu ~ 0.16 nm, which is slightly shorter than data

obtained for Au nanocontacts in aqueous electrolytes containing weakly specifi-

cally adsorbed ions but no organic molecules (see also Sect. 3). The values for the

44-BP-related single-molecule junctions H andM, lH ¼ 0.30 nm and lM ¼ 0.28 nm,

are significantly higher, while the low-conductance molecular junctions exhibit

a rather short most probable plateau length lL ¼ 0.12 nm. These qualitative

differences point to distinct differences in the respective single-molecule junctions.

Kamenetska et al. pointed out that plateaus in the conductance–distance traces are

usually caused by the stretching of gold electrodes and molecular contacts, the

rearrangement of gold atoms, “molecular sliding” on the electrodes, as well as by

orientation changes of molecules in the gap [66].

The combination of experimental observations on most probable single-junction

conductances and plateau lengths with electronic and transport calculations

employing the SMEAGOL code [309] suggests the following scenario [290].

A monatomic contact is initially formed, and subsequently elongated upon stretching,

which leads to the plateaus in the conductance–distance traces around 1 G0. Since the

gap between the “pulled” electrodes formed immediately after relaxation of the

Fig. 23 Plateau length histograms [54] of the breaking of Au–Au nanocontacts in the presence of

44-BP, i.e., around 1 G0, as well as of the molecular junctions labeled H, M, and L in Fig. 22.

Gaussian fits (solid red line) revealed the most frequently observed plateau length in the individual

conductance–distance curves
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Au atom positions (“snap back” [299]) is shorter than the molecular length of 44-

BP, one or more 44-BP molecules can only bind sideways (c.f. Fig. 24a) with the

conducting p-system being inclined with respect to the N–Au bond of the pyridyl

nitrogen to an under-coordinated gold surface atom. This gives rise to an H-type

high-conductance junction. As the junction is elongated, only one molecule is

allowed to slide on the surface, due to the limited binding site near the apex of

the electrode, causing the M plateaus. The further elongation leads finally to a

binding geometry with the pyridyl nitrogen–gold bond to an under-coordinated Au

atom being perpendicular to the molecular p-system, until the junction breaks,

causing the L-type plateaus. Ideally, these four events are expected to take place

sequentially. Figure 24 shows cartoons illustrating the various suggested junction

geometries during the evolution of a “most probable” stretching trace [290].

6.4 Electrochemical Gate Effect

The conductance experiments with 44-BP junctions were extended to an electro-

chemical environment. This approach enables the application of an “electrolyte

gate field” for tuning the 44-BP surface orientation on the Au(111) electrode

between upright (in the potential region I) and strongly inclined with the p-system
facing the substrate (in region III). The electrochemical experiments were

performed in LiClO4 or HClO4 solutions containing 3 mM 44-BP. The solution

pH was also varied to address the influence of 44-BP protonation, i.e., 44-BPH+

and 44-BPH2
2+, on the junction conductance characteristics (pKa1 ¼ 2.69;

pKa2 ¼ 4.77) [310].

Figure 25a, as an example, shows the potential dependence of the single-junction

conductances of 44-BP measured in 0.1 M HClO4 solution (pH 1) in �0.10 V < E

< 0.90 V in a semi-logarithmic representation. The values of L, M, and H decrease

with more positive electrode potentials, and follow nearly the same trend for each

family. The single-junction conductances decrease by a factor of 3–5 upon potential

excursion towards positive values in the accessible potential region. A similar trend

is also observed for electrolytes with variable pH ranging between 1 and 10, as

Fig. 24 (a) Suggested junction geometries representing a typical stretching trace: High (H) – two

44-BP molecules with the p-system of the pyridyl rings coupled to the gold electrodes; Mid (M) –

single 44-BP coupled to sides of Au tip and substrate via adatom assemblies; Low (L) – single 44-

BP molecule bound in upright orientation to two lower-coordinated gold adatoms [290]
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exemplified for the case of low conductance values L in Fig. 25b. The

L conductances increase monotonously with a decrease of the electrode potential,

and do not depend on the solution pH. A deprotonation process seems to precede the

formation of the molecule–metal contacts. We also note that the electrochemically-

induced tuning of the junction conductance (“electrolyte gating”) is fully reversible.

We attribute the enhancement of the junction conductance driven by an electro-

chemical potential to the alignment of the molecular frontier level with the Fermi

levels of the gold leads. As illustrated in Fig. 25c, upon sweeping the electrode

potential towards more negative values, the Fermi levels of the electrodes shift

upwards and align better with the LUMO of 44-BP. We note that charge transport

through 44-BP single-molecule junctions is dominated by the LUMO of the 44-BP

extended molecule. Due to the relatively small HOMO–LUMO gap of 44-BP,

the alignment of the 44-BP LUMO and the Au Fermi levels changes from off-

resonance to a “partially” resonant state, leading to an increase in the transmission

Fig. 25 (a) Potential dependence (ES) of the single molecular junction conductances of 3 mM 44-

BP in 0.1 M HClO4. Ebias ¼ 0.10 V; tip retraction rate 60 nm s�1 (see also Fig. 22). (b) Low

conductance L plotted as a function of the applied electrode potential for different values of the

solution pH. The pH was adjusted by HClO4 or NaOH. (c) Schematic representation of the energy

level alignment between the electrode’s Fermi levels Etip and ES and the molecular frontier level

upon sweeping the electrode potentials to more negative values. (d) Comparison between the

experimentally measured conductances shown in (a) and computed conductances log (G(Eg)/

G0) ¼ log [T (EF(EG))] + A at various gate voltages [290]
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through the 44-BP single-molecule junctions. This trend is corroborated by a

simultaneous change in orientation of the adsorbed 44-BP molecules on Au(111)

from upright to tilted upon negative polarization of the electrode [303].

The above qualitative reasoning is supported by a theoretical study of the effect

of electrochemical gating in molecular transport. The gate potential EG ¼
�(ES�ESCE) produces a shift in the Fermi energy, relative to the non-gated

value. The gate-shifted Fermi level is expressed as EF(EG) ¼ bEG + EF(0), where

EF(0) is the value of EF in the absence of gating, and b is the gate control parameter

[311]. Figure 25d shows the calculated gated conductances log(G/G0) ¼ log T
(EF(EG)) + A, obtained from the tails of the LUMO resonance, where the optimum

fit is obtained by choosing b ¼ 0.5 and EF(0) ¼ EF
0 � 0.35 V (EF

0 is the bare

Fermi energy predicted by DFT) [290]. The correction factor A ¼ �0.74 is chosen

to account for the slight discrepancies between the measured and the computed

conductances, which arise from a range of factors, including the statistical distribu-

tion of atomic configurations and the choice of the basis set. Figure 25d shows that,

over a wide range of gate potentials, the ratio GMid/GLow is approximately 3.8,

which is in good agreement with the experimentally observed ratio of M and L

conductance values.

Finally, we note that the present observation is different from tunneling enhance-

ment mediated by an oxidation/reduction process, which is accompanied by elec-

tronic structure changes of the junction (“inner-sphere reorganization energy”) as

well as reorientation of dipolar solvent molecules (“outer-sphere reorganization

energy”). 44-BP keeps its neutral state, and therefore represents a universal case

study, which will have analogs in many junctions of organic molecules exhibiting a

relatively small HOMO–LUMO gap.

7 Electrochemically Gate-Controlled Charge Transport

in Redox-Active Molecular Junctions

Redox-active molecular junctions represent a particularly unique class of systems

for “electrolyte gating” and beyond. The electrochemical approach and a summary

of systems explored have already been introduced in Sect. 2. In an attempt to

contribute to a more advanced understanding of the phenomena involved, we

have recently carried out several systematic experimental and theoretical studies

with three families of molecules, i.e., derivatives of viologens [34, 110, 114],

perylene bisimides [170], and ferrocenes [150]. In the following, several results

as obtained with perylene bisimide derivatives (PBI) will be presented, to illustrate

the uniqueness of the electrochemical approach in single-junction charge-transport

experiments. In particular, the influence of anchoring group, chemical substitution

at “bay positions”, and electrochemical gating will be addressed.
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7.1 Introduction

As a class of n-type organic semiconductors, PBI derivatives have received consid-

erable attention for a variety of applications [312, 313], for example, for organic or

polymer light-emitting diodes (OLEDs and PLEDs) [314, 315], thin-film organic

field-effect transistors (OFETs) [316, 317], solar cells [318, 319], and liquid

crystals [320]. They are also interesting candidates for single-molecule device

applications, such as sensors [321], molecular wires [322], or transistors [141].

The PBI core exhibits a flat p-system, composed of two naphthalene half units,

each of which is attached to an imide unit, and connected to the other naphthalene

unit by two C sp2–C sp2 single bonds (Fig. 26a). The HOMO and LUMO exhibit

nodes at the positions of the imide nitrogens, which provide unique opportunities

for modifying the structure of the linker groups, without alterations of the electronic

properties of the core p-system. On the other hand, the introduction of substituents

at the 1,6,7,12 “bay positions” may significantly alter the electronic and optical

properties (c.f. inset of Fig. 26a), from electron-poor to electron-rich, without

changing the dimensions in the direction of the long molecular axis, which

determines the length of a molecular junction. In addition, these substituents

create steric strain in the bay area, leading to a propeller-like twisting of the two

naphthalene half units [312, 323], which prevents p–p stacking between adjacent

molecules, and therefore promotes the formation of single-molecule junctions.

The twist angle of the p-system can be tuned from 0
	
(no substituent) up to 37

	

(tetra-chloro substitution). Voltammetric and spectro-electrochemical studies with

PBI dissolved in organic solvents revealed two reversible one-electron reductions

(formation of the stable radical anion PBI•� and the dianion PBI2�) and a single

one-electron oxidation [324].

Fig. 26 (a) Structures of pyridine-, terpyridine-, and thiol-terminated PBI derivatives with

different substituents at the “bay positions” X and X’. The inset illustrates the alternation of

optical properties of the PBIs with different bay-area substituents. (b) Plateau data-point histogram

of Py-PBI in a mixture of mesitylene/THF (4:1). Ebias ¼ 0.1 V, tip retraction rate was 60 nm s�1.

The inset show the bias voltage dependence of the current through a molecular junction
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Li et al. [169] reported that the single-junction conductance of PBI-type

molecules can be modulated by two to three orders of magnitude by varying the

electrode potential. These authors also found a temperature-dependent junction

conductance, indicating a thermally activated process. Sun et al. predicted a

LUMO-mediated electron transport process [325]. The experimentally observed

temperature dependence was related to a modulation of hydrogen bonding between

the four oxygen atoms of PBI and the surrounding water molecules [326].

The following section reports the charge-transport characteristics of symmetric

PBI single-molecule junctions (where PBI is attached with two anchoring groups to

two contacting leads) and also asymmetric PBI-mediated tunneling junctions

(where the PBI derivative is bound only to one electrode), as a function of the

anchoring groups and the bay-area substitution in two different environments, in

non-conducting organic solvents, as well as under electrochemical conditions.

Basic relationships between electron transport properties and molecular structure

will be addressed [170].

7.2 Chemically Controlled Conductance of Perylene
Bisimide Derivatives

The PBI molecules studied include pyridyl-(P-PBI), terpyridyl (TP-PBI), and thiol-

terminated (T-PBI) perylene-3,4:9,10-tetra-carboxylic acid bisimides, that contain

bulky tert-butylphenoxy substituents at 1,6,7,12 bay positions, and pyridyl-

(Py-PBI) and terpyridyl- (TPy-PBI) terminated perylene-3,4:9,10-tetra-carboxylic

acid bisimides, that contain bulky pyrrolidinyl substituents at 1,7 bay positions

(Fig. 26a) [327–329].

Figure 26b shows, as an example, a plateau data-point histogram obtained for

0.1 mM Py-PBI at 0.1 V bias voltage in mesitylene/THF. The graph reveals three

equally spaced maxima, separated by integer values of the conductance of the most

prominent first peak at 6.0 � 0.1 nS, which is assigned to the single-molecule

conductance. The other peaks are interpreted as multi-molecule junctions. The

conductance histograms were constructed from 10–25% of the experimentally

recorded traces because of the low yield of successfully formed molecular

junctions. Table 2 summarizes the results.

The low conductance of the p-conjugated system is due to the nodes at the imide

nitrogen positions. Several additional trends have been observed. The conductance

of pyridine-terminated PBI derivatives (P-PBI) is typically a factor of 2 larger than

the thiol-terminated ones (T-PBI). Although the Au–S bond provides a stronger

electronic coupling than the Au–N bond, the T-PBI has two extra methylene

Table 2 Summary of measured conductances of single PBI-type molecular junctions

Molecule T-PBI P-PBI Py-PBI TP-PBI TPy-PBI

Conductance[nS] 2.5 � 0.1 5.0 � 0.2 6.0 � 0.1 4.8 � 0.3 3.8 � 0.2

Charge Transport in Single Molecular Junctions at the Solid/Liquid Interface 167



spacers at each side, which act as insulating units. The conductance of TP-PBI is

slightly smaller than that of P-PBI, possibly caused by the less efficient bonding

geometry (steric hindrance) and the longer bonding distance of the terpyridine

group, as compared to pyridine.

The conductance of 1,7-pyrrolidinyl-substituted PBI (Py-PBI) is slightly larger

than that of 1,6,7,12-butyl-phenoxy-substituted PBI (P-PBI). The bay-area

substituents affect the transport properties of PBI molecular junctions in two

ways: (1) the substituents alter the twist angle of the PBI core and (2) electron-

withdrawing or -donating substituents shift the molecular frontier orbital relative to

the electrode Fermi levels. According to a semiempirical AM1 calculation, the twist

angles of the bay area unit for P-PBI and Py-PBI are 27
	
and 25

	
, respectively [330].

It is evident that a smaller twist angle leads to a higher degree of p-conjugation, and
consequently also to a larger conductance. On the other hand, electron-donating

substituents of the PBI core could confine the HOMO level. Oxygen or nitrogen

lone-pair electrons delocalize into the PBI p-space, and thereby raise the HOMO

level. The pyrrolidine has a stronger electron-donating effect, compared to butyl-

phenoxy substituentens, causing a larger increase of the molecular frontier orbital

energies. In conclusion, the changes of both the conformation and the energy levels

of the frontier orbitals lead to the differences in single-junction conductances, as

observed between P-PBI and Py-PBI.

Finally, we note that the idea of manipulating transport properties of molecular

junctions by the modification of a “master rod” with electron-withdrawing or -

donating groups was demonstrated before, experimentally [49] and theoretically

[331–333].

7.3 Electrochemical Characterizations

Figure 27a shows a typical CV of 1 mM P-PBI in dicholoromethane (DCM) with

0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) as the supporting elec-

trolyte. One may distinguish three characteristic pairs of current peaks labeled as

Oc/Oa, R1
c/R1

a, and R2
c/R2

a. The positions of the corresponding potentials are

independent of scan rate v in the range 0.01 V s�1 < v < 1.00 V s�1. The peak

heights scale linearly with the square root of the scan rate v. These observations

indicate a reversible, bulk-diffusion-controlled process. Oc/Oa is assigned to a

reversible one-electron oxidation process PBI/PBI+, R1
c/R1

a and R2
c/R2

a to two

one-electron reduction processes PBI/PBI•� and PBI•�/PBI2�, respectively [312,

329]. The reduction of Py-PBI with the electron donating dipyrrolidinyl-bay-area

substituents requires more negative potentials. One also observes two reversible

one-electron reduction peaks [328].

Figure 27b shows typical voltammograms of monolayers of three PBI

derivatives on Au (111). The two reduction peaks merge into a single broad peak,

due to specific solvent-PBI interactions, as well as the possibility of incorporating

cations of the supporting electrolyte into the charged PBI adlayers. The peak-to-peak
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separations are 0.07 � 0.02 V for T-PBI, 0.15 � 0.03 V for P-PBI, and

0.03 � 0.01 V for Py-PBI. The peak positions are independent of scan rate v, and
their heights scale linearly with v in the range of 0.01 V s�1 < v < 1.00 V s�1,

indicating a reversible surface-confined redox process. The corresponding formal

potentials were estimated as ET-PBI
0 ¼ 0.790 � 0.035 V, EP-PBI

0 ¼ 0.725 � 0.095

V, and EPy-PBI
0 ¼ 0.820 � 0.010 V. Current integration, after correction of the

double-layer contribution and assuming a two-electron transfer process, yields

charges of ~20 mC cm�2 for all derivatives, which correspond to surface coverage

and cross sectional areas of G ~ 1.03 � 10�10 mol cm�2 and A ~ 1.6 nm2, respec-

tively. These cross-section areas represent densely packed monolayers of the

respective PBI derivatives, with the long molecular axis through the two imide

nitrogens slightly tilted with respect to the surface normal. A parallel orientation

could be ruled out, due to packing reasons.

7.4 Electrochemically Gate-Controlled Conductance
of Perylene Bisimide Derivatives

Figure 28a shows a set of typical current–distance traces (iT-Dz) recorded upon

retracting a coated-gold STM tip away from a T-PBI covered Au(111) surface in

0.05 M LiClO4 solution (pH 12). These curves exhibit characteristic single plateaus

(dominant) or a series of plateaus separated by current steps. The steps are assigned

to the breaking of individual (respectively multi-molecular) junctions of the PBI

derivatives previously formed between the Au STM tip and the substrate surface.

Fig. 27 (a) Cyclic voltammograms with (red line) and without (dotted black line) 1 mM P-PBI in

CH2Cl2 + 0.1 M TBAPF6 on Au (111), scan rate 0.1 V s�1. (b) Cyclic voltammograms of

monolayers of P-PBI (green), T-PBI (red), and Py-PBI (blue) immobilized on Au (111)-(1 � 1)

in 0.05 M LiClO4, pH ~ 12, scan rate 0.2 V s�1. The inset shows a typical STM image of the

disordered high coverage T-PBI adlayer on Au(111)-(1 � 1) in 0.05 M LiClO4, pH ~ 12

(200 � 200 nm, iT ¼ 0.1 nA; ES ¼ �0.02 V(vs SCE), Ebias ¼ 0.1 V) as recorded before or

during the transport measurements [170]
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The statistical analysis of these traces revealed all-data-point and plateau-counting

histograms with a series of uniformly spaced current peaks (Fig. 28b). The first peak

of each sequence could be identified as the single-junction conductance current.

The data set of T-PBI plotted in Fig. 28b leads to 21.7 � 3.8 nS at ES ¼ �0.820 V.

The potential dependence of the “Au–P-PBI(T-PBI)–Au” single-junction

conductances was obtained at variable substrate (ES) and tip (ET) potentials in

�0.90 V < ES (ET) < 0.00 V, while keeping the bias voltage Ebias constant.

Figure 28c shows semi-logarithmic plots of the single junctions conductances

“Au–P-PBI(T-PBI)–Au” vs the substrate potential ES. The conductances of P-PBI

junctions are typically, i.e., within the entire potential range studied, a factor of 3

larger than those of T-PBI. We also observed that the conductances of both systems

are rather independent of the electrode potential in the stability range of the neutral

PBI species. Decreasing the substrate and tip potentials toward negative values,

and approaching the potential regions of the reduction processes P-PBI|P-PBI•�,
relative to P-PBI•�|P-PBI2� (as for T-PBI), leads to a rapid increase of the junction

conductance (up to two orders of magnitude). No plateaus or peaks were observed

at E < �0.90 V. The recording of reliable data at E < �0.90 V is hampered due to

the onset of adlayer desorption.

Fig. 28 (a) Typical current-distance (i-Dz) retraction curves for T-PBI molecules immobilized on

Au(111)-(1 � 1) in 0.05 M LiClO4, pH ~ 12, at Ebias ¼ 0.10 V; ES ¼ 0.82 V (vs SCE).

(b) Plateau count conductance histogram constructed from individual current–distance curves of

T-PBI, 500 selected out of 2,500. The inset shows the corresponding all-data-point conductance

histogram. (c) Single junction conductances of P-PBI and T-PBI in dependence on the substrate

potential Es. The dashed line corresponds to the single scan voltammogram recorded for

a monolayer of immobilized T-PBI on Au(111)-(1 � 1) in 0.05 M LiClO4, pH ~ 12, scan rate

0.1 V s�1. (d) LUMO orbitals of P-PBI and T-PBI molecules attached to Au14 clusters (without the

bulky tert-butyl-phenoxy groups in the bay area) [170]
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Transport calculations revealed a LUMO-controlled mechanism, with the cur-

rent flowing through the p-orbitals of the connecting pyridyl/phenyl-units

(Fig. 28d). The LUMO hybridization is controlled entirely by how this p-system
is connected to the electrodes. With the pyridine coupling there is a direct overlap

with the Au-surface states, while in the case of a thiol coupling a mediating S-atom

has been introduced. Since the S-levels mix with the benzene p-orbitals only at

energies more than 0.5 eV below the Fermi energy, the S-atom constitutes a barrier

for the current flow through the LUMO, which expresses itself as a reduced

coupling. The coupling of P-PBI to the adjacent electrodes is larger, as compared

to T-PBI by ~ 2.6, which scales nicely with the experimentally observed threefold

higher junction conductance of the pyridyl-terminated PBI derivative.

7.5 Redox-Mediated Tunneling Current

The above transport experiments in a symmetric “Au–T-PBI(P-PBI)–Au” junction
are complemented by single-molecule tunneling experiments [170]. Here, a redox-

molecule modified tunneling junction is created, with an asymmetric PBI derivative
bound chemically either to the Au tip or to the Au(111) substrate surface. After

establishing a stable tunneling junction, the STM feedback was switched off, and

subsequently the tunneling current iT was recorded at constant xyz- position as a

function of the applied voltage, while keeping constant the voltage difference

between tip and substrate (bias voltage). In other words, the Fermi levels of tip

and substrate were shifted relative to the discrete molecular levels.

Figure 29a shows a typical iT vs ES tunneling curve for an “Au–T-PBI–Au”

junction, constructed by averaging ten individual traces, Ebias ¼ 0.10 V. The curve

exhibits a pronounced maximum at Emax ¼ �0.740 � 0.075 V, which is close to

the formal potential of the surface-confined molecule, E0 ¼ �0.790 � 0.075 V,

and does not scale with the scan rate v. The full-width-at-half-maximum (FWHM)

is estimated as 0.27 � 0.02 V. The current at the maximum is two orders of

magnitude higher than the values at the two turning points ES ¼ 0.00 V and

�1.200 V, which represent the stability regions of the neutral T-PBI species or its

dianion T-PBI2�, respectively. The large current of the maximum is also signifi-

cantly higher than the electrochemical background signal (faradaic current,

recorded upon retracting the tip in the z-direction out of the tunneling regime)

and convincingly demonstrates an enhanced tunneling response modulated by the

presence of the redox-active T-PBI molecule. The position of the current maximum

depends linearly on the applied bias voltage, according toEmax ¼ �0.668V�0.704�
Ebias (Fig. 29b). The FWHM of the tunneling resonance broadens with increasing bias

voltage. Clearly the enhanced tunneling current represents the “opening” or “gating”

of an additional molecular tunneling channel, which resembles a transistor-like

behavior. Due to the sharpness of the tip and the exponential distance dependence

of the tunneling signal, the main contribution to the enhanced tunneling signal in
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the asymmetric junction is assumed to originate from a rather small number of

redox-active molecules.

A maximum in the tunneling current is predicted by resonance tunneling, a

mechanism based on a coherent two-step electron transfer, or a sequential two-

(multi-) step electron transfer process (Fig. 29c) [144–147, 265, 266]. The former

two regimes imply a shift of the maximum in the tunneling current by the reorgani-

zation Gibbs free energy lR with respect to the formal potential E0. A maximum,

located close to the formal potential, as observed in the present study, is predicted

by the third mechanism. Additional support for this scenario is given by the linear

dependence of Emax vs Ebias (Fig. 29b). Within the limits of low bias voltages Ebias

and overvoltages � ¼ (E�E0), as well as sufficiently strong molecule-electrode

coupling (adiabatic limit), Ulstrup et al. proposed the following theoretical formal-

ism [144–147]:

iT ¼ ekr eEbiasð Þoeff

4p
exp �e lRþEbiasð Þ

4kBT

� �
cosh

e

2kBT
x�þ g�1

2

� �
Ebias

� �� �� ��1

(4)

with

iTð�Þ ¼ iTmax

cosh a � � �maxð Þ½ � ; (5)

Fig. 29 (a) Tunneling current (iT) vs substrate potential (ES) trace (red curve) recorded in 0.05 M
LiClO4 at pH ~ 12 for a monolayer of T-PBI immobilized on Au (111)-(1 � 1). The bias voltage

was fixed to 0.10 V. The scan started at ES ¼ �0.42 V, after switching off the tunneling feedback

(iT ¼ 0.1 nA), sweep rate 1 V s�1. The solid blue trace represents the fitted curve based on (4)

with the following parameters: lR ¼ 0.22 eV; � ¼ 0.55 and x ¼ 0.38. The black curve shows the
tip voltammogram when the tip was retracted out of the tunneling regime. (b) Bias voltage, Ebias,

dependence of the position of the maximum in the tunneling current, Emax, (c) Schematic energy

level diagram of a sequential two-step electron transfer process mediated by a redox-active

molecule [144, 145, 170]
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a ¼ ex
2kBT

¼ 19:4x; (6)

and

�max ¼
1

x
1

2
� g

� �
Ebias: (7)

The reorganization free energy lR represents the electronic–vibrational cou-

pling, x and g are fractions of the overpotential � and of the bias voltage Ebias at

the site of the redox center, e is the elementary charge, kB the Boltzmann constant,

and oeff a characteristic nuclear vibration frequency. k and r represent, respec-

tively, the microscopic transmission coefficient and the density of electronic levels

in the metal leads, which are assumed to be identical for both the reduction and the

oxidation of the intermediate redox group. iTmax and Zmax are the current and the

overvoltage at the maximum.

The fits of (4)–(7) to the experimental curves plotted in Fig. 29a, b lead to

lR ¼ 0.22 eV, x ¼ 0.38, and g ¼ 0.55 [170]. The fits of more than 30 negative

and positive going half-cycles yield average parameters lR ¼ (0.17 � 0.08) eV,

x ¼ (0.32 � 0.08), and g ¼ (0.45 � 0.15), indicating a substantial potential drop

at the position of the redox site. The value of the reorganization energy lR is

reasonable, and strengthens the mechanism proposed. The good coincidence

between the fitted and the measured trace provides additional support. A detailed

analysis of the theoretical formalism expressed by (4) is given in [110].

The asymmetric tunneling configuration is distinctly different from the symmet-

ric “Au–molecule–Au” configuration. The latter exhibits modifications of the

junction conductance with the molecules bound to both leads, due to electronic

structure changes of the redox-active unit (“inner-sphere reorganization energy”),

while the former exhibits a maximum of the tunneling current due to the coexis-

tence of the oxidized and the reduced forms, with dominant contributions of the

dynamics of the solvent molecules in the gap (“outer-sphere reorganization

energy”). The observed enhancement of the tunneling current in an electrochemical

environment is not restricted to perylene-type junctions. It has also been observed

for other redox systems, such as viologens [34, 110, 155], ferrocene [150], redox-

proteins [109, 172, 174], and very recently for a hydroquinone derivative chemi-

cally bound to a gold electrode [175].

8 Quantized Charging of Nanometer-Sized Gold Clusters

Metal nanoparticles (NPs), which represent an important family of nanoscale

objects with unique electronic, optical, catalytic, and magnetic properties, are

distinctly different from both molecular and bulk materials. In the following we
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address recent studies on quantized charging of individual (local approach) and

larger numbers of gold nanoclusters (macroscopic approach), in particular mono-

layer protected nanoclusters (MPC), in both ionic liquid and aqueous electrolyte.

8.1 Introduction

The electronic and electrochemical properties of metal nanoparticles (NP) can be

tuned through the metal core and the ligand shell. Depending on the core size of the

NPs [or monolayer-protected clusters (MPC), see Fig. 30a], one may distinguish

between bulk continuum (core diameter� 3–4 nm), quantized double-layer charg-

ing, and molecule-like charging (<1.5 nm) [336, 337]. In addition, the energetics of

electron uptake to an MPC is determined by three different energy scales [338].

Quantum confinement is manifested in the spacing of electron levels DE, such
as between HOMO and LUMO energy levels. Furthermore, in small crystals,

Fig. 30 (a) Schematic representation of an alkanedithiol monolayer protected cluster, MPC.

(b) High resolution TEM image together with a core diameter distribution histogram for the

Au144C6S MPC used. (c) Differential pulse voltammogram of a drop-cast Au144C6S film formed

on a Pt electrode in ionic liquid (HMImFET). Pulse width 60 ms, pulse height 50 mV, period

200 ms, scan rate 20 mV s�1, scan direction negative to positive. For the zero and plus/minus

one charge states, relevant potentials, E, and stability regions, DE, have been indicated. For

conciseness, all other regions are indentified by the assigned charge states z only. (d) Cyclic

voltammograms of a drop-cast Au145C6S film formed on a Pt electrode in BMPyFSI, for charge

states |z| < 2 as indicated. Scan rate 20, 50, 100 mV s�1 (inner to outer traces) [334, 335]
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Coulomb repulsion between the added electrons results in a considerable energy

cost EC. The third relevant energy scale is kBT. If DE and EC are both smaller than

kBT, the behavior is bulk continuum-like. In metal nanocrystals with core-size

diameters ranging between 1.5 nm and 3 ~ 4 nm, EC is often considerably larger

than either DE or kBT. Their charging state response is then determined by the

Coulomb blockade. In very small metal clusters and semiconductor NPs, both DE
and EC are smaller than kBT. In consequence, discrete and molecule-like electronic

energy levels are accessible upon charging. We notice that metal particles do not

show quantum confinement effects comparable to semiconductor quantum dots,

unless their core diameter is smaller than 1.5 nm. However, due to the sub-attofarad

capacitance (aF ¼ 10�18 F) of MPCs (CMPC), the electrostatic energy required to

add an electron, EC, substantially exceeds the thermal energy at room temperature

(RT). This means that the charge of the core can be controlled, and discrete electron

transfer is observed. In the presence of a sufficiently concentrated electrolyte, to

neglect diffuse-layer contributions, the classical concentric spheres capacitor for-

mula provides a good first approximation of the MPC capacitance [339, 340]:

CMPC ¼ 4pee0
rðr þ dÞ

d
; (8)

where e0 is the permittivity in vacuum, e the static dielectric constant of the ligand
shell, d its thickness, and r the radius of the gold core.

For perfect monodisperse MPC, a succession of regularly spaced charging peaks

is expected as the potential is varied:

DEz ¼ e

CMPC

: (9)

The subscript z refers to the charge state of the cluster, i.e., the sign and the

number of one-electron charges stored on the MPC core; DEz is then the potential

range where the charge state z is stable.
In conclusion, for larger core diameters, electron addition/removal is a purely

capacitive phenomenon, while for sub-nanometer core diameters, the energies are

determined both by the spacing of the molecular energy levels and the capacitive

charging. CMPC, which is typically in the sub-attofarad range, determines the

charging energy, and can be estimated from electrochemical measurements, such

as differential pulse voltammetry (DPV), from the potential spacing between

successive electron transfers DEz. [341]

8.2 Quantized Charging on Macroscopic Electrodes

Murray et al. demonstrated in two seminal contributions that freely diffusing,

monodisperse hexanethiol-capped 1.6-nm Au-NPs (~Au145) exhibit sequential

Charge Transport in Single Molecular Junctions at the Solid/Liquid Interface 175



charging in electrochemical experiments at room temperature, employing cyclic

voltammetry or DPV [341, 342]. Quinn et al. [343] and Mertens et al. [334, 335]

improved the monodispersity in terms of size and composition. Both groups

observed 15 separated charging peaks, each corresponding to single-electron

transfers between diffusing MPC and a metal electrode. The peaks can be

rationalized by quantized double-layer charging of the MPC in the electrolyte

solution near the electrode surface, with the MPC viewed as a multivalent “redox

species” [344, 345]. Murray et al. demonstrated that the charge state of the NPs can

be tuned by varying the electrode potential, and that the charged NPs retained

most of their charge upon removal from the solution and re-dissolution [346].

A number of studies have investigated the influence of capping ligand (layer

thickness, chemical structure), electrolyte, and temperature [123, 347]. Hicks

et al. demonstrated that the NPs capacitance can be modeled as the capacitance

of two concentric conducting spheres separated by a dielectric [348]. The model

was extended by Quinn et al. [337] and Su et al. [349], both taking medium effects

into account.

Summarizing, the energetics of MPC (with a core size ranging between ~1 nm

and 3–4 nm) charging in solution are determined by the capacitance. It is primarily

a function of core size and the nature of the protecting monolayer. However, the

capacitance can be significantly altered by medium effects, such as solvent and

electrolyte ions.

Quantized double-layer charging was also observed with immobilized mono-

[350] and multi-layer [351] assemblies of NPs on solid substrates, employing

covalent or electrostatic linking procedures ([336, 347] and literature cited therein).

Potential spacing DEz and the NP capacitance in low-polarity electrolytes were

found to be similar to the data from bulk-solution experiments. The charging

response in high-polarity solvents, such as aqueous electrolytes, was distinctly

different: DEz was smaller and an ion-induced rectification was observed. This

phenomenon was tentatively attributed to a coupled ion-transfer and electron-

transfer process [337]. However, this hypothesis is still not yet proven. Redox- or

otherwise active groups could be introduced, upon modification of the particles

ligand shell, by kinetically controlled place-exchange reactions. [352].

We have recently synthesized monodisperse hexanethiolate-protected gold

clusters, Au144-C6S, and determined an average core diameter of 1.7 � 0.3 nm,

in support of the estimated molecular formula Au144-(C6H11S)52 (Fig. 30b) [334].

Solution-phase DPV of Au144-C6S dispersed in 10 mM [bis(triphenylpho-

sphoranylidene)-ammoniumtetrakis-(pentafluorophenyl)-borate (BTPPATPFB)/

toluene]:[acetonitrile] 2:1 revealed well-behaved, equally spaced and symmetric

quantized double-layer charging peaks with DE ~ 0.270 � 0.010 V. Applying the

classical concentric spheres capacitor model (8) reveals an individual cluster

capacitance of ~0.6 aF [334, 335].

Immobilization of these clusters on Pt(hkl) surfaces, employing bifunctional

linkers with one pyridyl- and one thiol-based anchoring group, was achieved

[334, 335]. The terminal pyridyl anchor ensures a strong chemical bond to the
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Pt(hkl) substrate, while the thiol is attached to the NP via ligand exchange [353],

which could be characterized in aqueous and organic electrolytes.

We have also demonstrated that well-behaved quantized charging of gold

MPCs is possible in air- and water-stable room-temperature ionic liquids, such as

1-hexyl-3-methylimidazolium tris(penta-fluoroethyl)-trifluorophosphate (HMImFEP),

Fig. 30c, d [334, 335]. As ionic liquids have very attractive features, including near-

zero vapor pressure, considerable thermal stability, and an electrochemical stability

window that often exceeds 4 V, this demonstration is particularly significant from

a technological point of view.

8.3 Quantized Charging of Individual Nanoclusters

Single-electron Coulomb charging was observed for different types and sizes of

individual metal NPs in vacuum or in air, employing specifically STM and STS [24,

39, 353–355]. Albrecht et al. showed in a proof-of-principle experiment the possi-

bility of intrinsic multi-state switching of Au nanoclusters through electrochemical

gating [123]. Motivated by this pioneering report, we created a ferrocenethiol-based

self-assembled template monolayer on Au(111) electrodes with immobilized and

uniformly-distributed gold clusters of 2.4 � 0.5 nm diameter and a rather narrow

size distribution (Fig. 31a) [150].

We carried out a series of systematic constant-bias-mode in situ STS experiments,

with the gold tip positioned above a single gold cluster. We observed for the cluster-

modified junctions up to seven clearly resolved narrow peaks in the tunneling current

iT plotted vs the substrate potential ES (IT versus ES characteristics, Fig. 31b [150]).

These data were analyzed by fitting a series of Gaussians to distinguish individual

peaks, and to determine their positions, heights, and widths. An example is presented

in Fig. 31b. The peak-to-peak spacing in the current–voltage curves, based on a

statistical analysis of 73 individual traces, was found to be very regular (Fig. 31d) and

equal to DE ¼ 0.11 � 0.02 V. The FWHM is also rather uniform, and amounts to

0.07 � 0.03 V. On the other hand, we observed that the measured heights of the

individual peaks vary by two orders of magnitude, and are distributed exponentially

with a decay factor of ~0.5 nA. We noted that these regularly-spaced peaks were

positioned on both sides of the formal potential of the ferrocene-driven redox

process, e.g., at E � E0 ¼ 0.51 V. The heights of these peaks typically decrease

with distance from E0. In an attempt to generalize these observations, we constructed

two-dimensional peak-position vs peak-height distributions based on all experimental

data accessible. The plot in Fig. 31c clearly supports the trend formulated above.

On the basis of the distribution of peak spacings and peak heights, we attribute

our observations to a modulation of the tunneling current enhancement in the redox-

active tunneling junction by a sequential capacitive charging of single gold

nanoclusters. Following this hypothesis, we estimate [336, 339, 340, 344] the average

single-particle capacitance as C � e/DE ¼ 1.5 � 0.2 aF.
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Our study and the work of Albrecht et al. [123] reported, as a unique result, peak-

shaped modulations of the tunneling current. The peaks are equally spaced, as well

as rather close and narrow. This offers new perspectives on multistate electronic

switching in condensed media at room temperature. The observed feature of

sequential capacitive charging is reminiscent of a successive charging of multi-

valent redox molecules through several oxidation/reduction states. However, the

latter are usually much wider than the former, and limited to a rather small number

of individual states. The interplay of this redox resonance with the sequential

charging of Au NPs in an individual electrochemical tunneling junction has not

yet been treated theoretically, although the Coulomb charging effect under electro-

chemical conditions in a multistate redox molecule was recently addressed.

The results seem to be in agreement with our observations. However, we believe

that an appropriate model will need to consider the successive charging of the

particle Coulomb levels in combination with the solvent activation and relaxation,

as modified by the redox-active host lattice [150, 334, 335].

Fig. 31 (a) STM image (iT ¼ 0.05 nA, ES ¼ 0.7 V, ET ¼ 0.1 V; vertical scale 0.4 nm) and size

distribution histogram of gold nanoclusters formed with a self-assembled template monolayer on

Au (111) in 1.0 M HClO4. The dotted line represents the Gaussian fit. The corresponding

parameters are the average cluster diameter of 2.4 nm and the standard deviation s ¼ 0.45 nm.

(b) Example of a constant bias current–voltage response of a single gold cluster as triggered by

“electrolyte gating”, Ebias ¼ 0.10 V, iT ¼ 0.05 nA. The dotted traces represent its fit by a series of
Gaussians. (c) Contour map of peak position vs peak height distribution for 361 peaks. The various

shadings indicate areas with different amounts of counts per cell (0.05 V � 0.5 nA) inside.

(d) Peak spacing histogram and Gaussian fit for a data set 361 individual traces, such as shown

in (c). The corresponding parameter are the average spacing DE ¼ 0.11 V and s ¼ 0.017 V [150]
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9 Conclusions and Outlook

Employing an STM-BJ technique in various condensed phases, charge transport

properties through nanoscale objects at an electrified solid–liquid interface were

addressed. In particular, the following representative systems were discussed in

more detail: gold atomic contacts, alkanedithiols, biphenyl derivatives, 4,4’-

bipyridine, redox-active perylene bisimides, and surface-immobilized gold clusters.

The experimental investigation of these examples, together with quantum chemis-

try and transport calculations, provide a detailed understanding of selected funda-

mental relationships between molecular structure and conductance properties of

nanostructures upon polarization in a confined space. The uniqueness of the concept

of “electrolyte gating” to modulate charge transport at the nanoscale in condensed

media and at room temperature was demonstrated. In particular, the addressing of

the intrinsic electronic properties of single redox-active molecules and gold clusters

was presented. These conceptual studies open up fascinating perspectives toward

novel applications, such as multistate electronic switching, current amplification,

rectification, and other electronics functions at the nanoscale.

Further development, beyond the current state of the art, relies on a higher

diversity and reliability of experimental techniques and functionalized systems, as

well as on the identification of nanoscale signatures, which will continuously

inspire many physicists, chemists, biologists, and engineers. Examples include

the construction of functional 3D architectures based on 2D templates, the combi-

nation of local spectroscopy (IR, Raman) with transport problems, the creation of

organic–inorganic hybrid structures by rational combination of organic synthesis

with inorganic platforms, such as carbon- and/or silicon-based materials, and the

implementation of soft electronics (molecular basis and condensed medium) into

hard electronics (conventional semiconductor-based micro-fabrication). It is our

belief that the field of nano- and molecular-based electronics will continue growing

as a highly innovative interdisciplinary science, which has a significant influence on

various other scientific and engineering areas.
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Tunneling Spectroscopy of Organic

Monolayers and Single Molecules

K.W. Hipps

Abstract Basic concepts in tunneling spectroscopy applied to molecular systems

are presented. Junctions of the formM-A-M,M-I-A-M, andM-I-A-I0-M, where A is

an active molecular layer, are considered. Inelastic electron tunneling spectroscopy

(IETS) is found to be readily applied to all the above device types. It can provide

both vibrational and electron spectroscopic data about the molecules comprising the

A layer. In IETS there are no strong selection rules (although there are preferences)

so that transitions that are normally IR, Raman, or even photon-forbidden can be

observed. In the electronic transition domain, spin and Laporte forbidden transitions

may be observed. Both vibrational and electronic IETS can be acquired from single

molecules. The negative aspect of this seemingly ideal spectroscopic method is the

thermal line width of about 5 kBT. This limits the useful measurement of vibrational

IETS to temperatures below about 10 K. In the case of most electronic transitions

where the intrinsic linewidth is much broader, useful experiments above 100 K

are possible. One further limitation of electronic IETS is that it is generally limited

to transitions with energy less than about 20,000 cm�1. IETS can be identified

by peaks in d2I/dV2 vs bias voltage plots that occur at the same position (but not

necessarily same intensity) in either bias polarity.

Elastic tunneling spectroscopy is discussed in the context of processes involving

molecular ionization and electron affinity states, a technique we call orbital

mediated tunneling spectroscopy, or OMTS. OMTS can be applied readily to

M-I-A-M and M-I-A-I0-M systems, but application to M-A-M junctions is prob-

lematic. Spectra can be obtained from single molecules. Ionization state results

correlate well with UPS spectra obtained from the same systems in the same

environment. Both ionization and affinity levels measured by OMTS can usually

be correlated with one electron oxidation and reduction potentials for the molecular

species in solution. OMTS can be identified by peaks in dI/dV vs bias voltage plots

that do not occur at the same position in either bias polarity. Because of the intrinsic
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width of the ionization and affinity transitions, OMTS can be applied at tempera-

tures above 500 K.

This is not a comprehensive review of more than 20 years of research and there

are many excellent papers that are not cited here. An absence of a citation is not a

reflection on the quality of the work.

Keywords Inelastic � Elastic � Tunneling � Spectroscopy � Orbital mediated �
Vibrational � Electronic � Ionization levels � Affinity levels
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1 Introduction

As attested to by the breadth of topics in this volume, the subject of electron

transport in molecular devices is a broad and active area. Within this general

area, one often finds common fundamental problems relating to the nature of the

entity producing the observed electronic response. Some of these issues include:

l Attachment sites for a molecule within a single molecule junction
l Orientation of individual molecules within a self-assembled monolayer (SAM)
l Conformation of molecule(s) associated with a given electronic response
l Binding of molecules(s) to electrode surfaces
l Chemical transformations in molecules associated with device formation
l Location of molecular electronic energy levels in relation to device properties

All of these issues can be addressed through spectroscopy, but the structure of the

devices in question severely limits the applicable techniques. By nature, electronic

devices with single molecules, or single monolayers, as their active element are

buried interface problems. The generally metallic electrodes inhibit access to the

molecular materials by electromagnetic radiation. While there are examples of

resonance Raman and photoemission studies of buried interfaces [1–8], these

generally require large area devices that are quite difficult to make uniformly, that

contain a monolayer SAM, and are impossible (because of signal-to-noise issues) as

a single-molecule device. There are also a number of studies on what one would call

half-buried interfaces (those in which the molecular layer is exposed) [9–13]. These

latter studies are not appropriate for characterization of functioning devices. On the

other hand, tunneling spectroscopy requires a complete functioning electronic circuit.
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Moreover, tunneling spectra from singlemolecules can be obtained (see below). Thus,

tunneling spectroscopy is an excellent tool to address fundamental questions about the

molecular layer or single molecule in a molecular electronic device.

We will find that tunneling spectroscopy can provide vibrational and electronic

spectra. The vibrational transitions are not subject to the same selection rules in as

photon spectroscopy – IR active, Raman active, and even inactive vibrations are

sometimes observed. Thus we will be able to address questions about molecular

bonding, conformation, and (to a limited extent) molecular orientation. In the

electronic realm, both electronic transitions and ionization (and affinity) processes

can be observed. The constraint on non-ionizing electronic transitions is that

transitions requiring more than 2 eV are often difficult to observe. Thus, tunneling

spectroscopy will be most useful for the study of molecular excitations normally

associated with the near-infrared region of the spectrum. First ionization processes

falling into a window of roughly 4–8 eV below the vacuum level are readily

studied, as are affinity levels falling between 2 and 5 eV below the vacuum level.

Thus, organic systems with oxidation or reduction potentials falling in the window

from roughly �2.5 to +3.0 V (vs SCE) are likely to yield useful insights when

probed by tunneling spectroscopy.

In what follows we will explore the fundamentals of tunneling spectroscopy as

applied to molecular systems. Our primary emphasis will be on devices, primarily

metal-active molecular layer-metal (M-A-M), and metal-insulator-active molecular

layer-metal (M-I-A-M), and M-I-A-I0-M devices. The “active molecular layer” may

be a single organic molecule, a SAM, or a monolayer of organic material with

imperfect aggregation. By “device” we will generally mean stand-alone electronic

structures or scanning tunneling microscope (STM)-based measurements, since the

STM is a special case of an M-I-A-M structure.

2 Electron Tunneling

The nanoscale world is exciting because it is governed by rules differing from those

in the macroscopic, or even microscopic, realm. It is a world where quantum

mechanics dominates the scene, and events on the single-molecule scale are critical.

What we know about the behavior of material on our scale is no longer true on the

nanometer scale, and our formularies must be re-written. In order to study this

quantum world, a quantum-mechanical probe is essential. Electron tunneling pro-

vides that quantum-mechanical tool.

In the Newtonian world, a particle can never be in a region where its potential

energy is greater than its total energy. To do so would require a negative kinetic

energy – a clear impossibility since mv2/2 � 0. As the scale shrinks to molecular

dimensions, of the order of 1 nm, classical concepts fail and quantum mechanics is

required. Thus, it is possible for a particle to move between two classically allowed

regions by way of a region where its potential energy is greater than its total energy –

this is the phenomenon of tunneling.While it can occur for relatively heavy particles
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such as protons, it is far more probable for light particles such as electrons. Electron

tunneling is a particularly useful probe, because it is easy to control the rate of flow

and the energy of electrons, and to set up precisely controlled regions through which

the electron must tunnel. An early example of an electron-tunneling device was the

metal-insulator-metal (M-I-M) tunnel diode, Fig. 1 ([14] – these authors are the

fathers of all tunneling spectroscopy [15]; [16–20]). Since most of the active

molecular species of interest are insulators at low bias, this is also a diagram for

an M-A-M diode. Also shown in Fig. 1 are the corresponding features of an STM

[21–28]. Both devices rely on exactly the same physics. Within the conductors

(metal electrodes in the M-I-M’ case, substrate and atomically sharp tip in the STM

case) the electrons are in classically allowed regions I and III. Within these regions,

their total energy E is greater than their potential energy. However, the potential is

greater than E in the gap between conductors (the insulator in the M-I-M case, the

vacuum or solvent gap in the STM case), region II in Fig. 1. This region is classically

forbidden, but quantum-mechanically allowed. A simple quantum-mechanical cal-

culation quickly demonstrates that the probability of transmission through the

barrier decreases exponentially with the thickness of the barrier and the square

root of the potential (barrier height) relative to the electron energy. If distance, d, is

V

I

M’
M

Insulating Substrate

M-I-M (M-A-M) Diode

I = CV exp( –Ad√Φ )

STM

dregion I region III

I

Z = 0 Z = d

region II

U

|Y(z = d)| = |Y(z = 0)|e–Ad√(U-E / 4

E

Fig. 1 Schematic drawings of a tunnel diode, an STM, and the electronic energy diagram

appropriate for both. U is the height of the potential barrier, E is the energy of the incident

electron, d is the thickness of the barrier, A is approximately 1.02 Å/(eV)1/2 if U and E are in

electron volts and d is in angstroms, c0 is the wavefunction of the incident electron, and cd is the

wavefunction after transmission through the barrier. I is the measured tunneling current, V is the

applied bias, and M and M0 are the electrode metals
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measured in Angstroms (0.1 nm) and energies (E and U) are measured in electron

volts, then the constant A in Fig. 1 is approximately 1.02 [19, 21].

In reality, as the barrier becomes narrower, it deviates from the square shape.

One often used model is the parabolic barrier (dashed line in Fig. 1). When the

barrier is composed of molecules, not only is the barrier shape difficult to predict,

but the effective mass of the electron can deviate significantly from the free-

electron mass. In order to take these differences into account, a more sophisticated

treatment of the tunneling problem, based on the WKB method, can be used

[21, 29–31]. Even if the metals are the same, differences in deposition methods,

surface crystallographic orientation, and interaction with the active layer generally

result in slightly different work functions on either side of the barrier.

How this quantum-mechanical model relates to M-I-M devices can be seen by

considering Fig. 2, and by applying a particle-in-a-box model to the metal electro-

des. At T ¼ 0 K, valence electrons fill two at a time, according to the Pauli

principle, until charge neutrality is reached. The energy of the last electron to be

added, that with the highest energy, is said to be located at the Fermi energy, EF.

The energy required to remove that least bound electron to the vacuum level is the

work function, F. The Fermi energy is the electrochemical potential of an electron

in a metal. Thus, whenever two metals are brought into equilibrium, their Fermi

energies equalize. Since at thermodynamic equilibrium, all levels are equally filled,

and almost all are doubly filled, no net transfer of charge across the barrier can occur.

If, however, a bias voltage of V is applied between the electrodes, a small band of

states (ofwidth equalling the applied voltageinwidth) in one electrode (left in Fig. 2) is

M
elastic

M

Positive bias

C
ur

re
nt

, I

Bias, V

eV

Φ

Fig. 2 Elastic tunneling

through a structureless barrier
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at an appropriate energy for electrons to tunnel from those states into vacant states of

the other electrode (right in Fig. 2) without loss in energy. This is elastic tunneling.

If one assumes that the bias voltage is small compared to the barrier height

(thus U–E is approximately equal to the work function, F), that the barrier is a

simple square barrier, and that the density of states near EF varies slowly, then the

tunneling current is roughly given by

I ffi cV expð�d
ffiffiffiffi
F

p
Þ: (1)

The exponential dependence of tunneling current on electrode separation is the

essential element of the STM, a device that can produce exquisitely well-resolved

images of molecules and atoms. Modern scanning tunneling microscopes are

capable of resolving single atoms at temperatures ranging from near 0 K to above

600 K. STM images have been acquired in ultra-high vacuum (UHV), in air, even in

electrochemical cells. The STM has allowed us to visualize the nanoscale world in a

way that is essential for understanding processes on that scale. Because STM

imaging has been extensively reviewed, we will simply refer the reader to the

literature for a deeper understanding of the method [21, 22, 25, 28, 32–39].

Equation (1) suggests that tunnel junctions should be ohmic. This is true only for

very small bias. A much better description of the tunneling current results when the

effects of barrier shape, changes in barrier with applied potential, and effective

mass of the electron are all included. An example of such an improved relationship

is given by (2), where J is the current density, a is a unitless parameter used to

account empirically for non-rectangular barrier shape and deviations in the effec-

tive electron mass, and FB is the mean barrier height given by FB ¼ (FL + FR)/2

[30, 31]. FL is the work function of the left-hand metal:

J ¼ e

4p2�hd2
FB � eV

2

� �
exp � 8mð Þ1=2ad FB � eV

2

� �
�h

 !"

� FB þ eV

2

� �
exp � 8mð Þ1=2ad FB þ eV

2

� �
�h

 !#
: (2)

The voltage dependence predicted by (2) leads to a highly nonlinear I(V) curve if

plotted over a bias of several volts. If the barrier is sufficiently asymmetrical at zero

bias, the I(V) curve becomes asymmetrical as well as nonlinear. Such a curve is

shown in the lower part of Fig. 2. Equations for more complicated zero-bias

barriers, such as the combination of a trapezoid and a square barrier, have been

given by several authors [40, 41]. Equations like (2) and those for more complex

barriers can provide information about barrier height and barrier thickness

[30, 40–45].

However, there is more information in the tunneling current than just the surface

geometry (e.g., STM), barrier height and shape, or barrier thickness. If a structured

barrier is considered, one in which there are discrete electronic and/or vibrational
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states, the tunneling current can also reflect this energetic variation. Changes in

current with applied bias voltage at constant electrode separation provide spectro-

scopic information about the surface of the electrodes and any material located in

the barrier region. Moreover, there are several different types of interactions that

can lead to distinctly different spectroscopic methods. These electron tunneling

spectroscopies can be generally classed as based upon either inelastic or elastic

electron tunneling processes. Our primary interest in this chapter is on the spectro-

scopic information that can be obtained about molecular barriers through electron

tunneling. This encompasses both inelastic and elastic processes.

3 Inelastic Electron Tunneling Spectroscopy

Let us return to the simple model depicted in Fig. 2, but include the possibility of a

manifold of vibrational states and both ground and excited electronic states. We

will find that inelastic electron tunneling spectroscopy (IETS) gives the energy

level differences familiar to the conventional photon spectroscopist [19, 20, 25].

IETS is based upon inelastic scattering, as is shown in Fig. 3. The moving electronic

charge interacts with the time-varying molecular charges (electronic or vibrational)

to induce excitation of the molecule in the barrier with concomitant loss of energy

by the electron. This interaction has both long- and short-range interaction compo-

nents; thus, selection rules are more relaxed than in IR or electron energy loss

spectroscopy (EELS) [46–48]. As we will show later, there are very few (if any)

hard selection rules in IETS. Instead, we often speak of selection preferences. In

IETS we see some bands that appear in IR or Raman spectra, and others that are

totally optically forbidden. Electronic IETS transitions with DS 6¼0 are often

observed. Thus, IETS is an excellent complementary vibrational spectroscopy for

high-symmetry molecules, where many of the modes are optically forbidden.

An example of how Raman, IR, and IETS complement each other is given in

Fig. 4, which is drawn using data originally published in [49]. While the resolution

afforded by IETS (even at 4 K) is not as good as that provided by IR spectroscopy, it

is not much worse than seen in Raman and is sufficiently good to identify individual

normal modes. Of most interest is the fact that many more fundamentals are seen in

IETS than in the IR or Raman spectra of this D3h symmetry ion.

The vibrational analysis of the TCM ion gives Gvib ¼ 2A0
1 + A0

2 + 4E0 +

2A00
2 + E00. Of these, the A0

1 and E00 modes are only Raman-active, the E0 modes

are both IR- and Raman-active, the A00
2 modes are IR-active only, and the A0

2 mode

is inactive in both IR and Raman [49]. Since the inactive mode is a bending motion,

it is expected to occur in the region below 800 cm�1. This region of the IR, Raman,

and tunneling spectrum is shown in Fig. 4. Note that the low-frequency A00
2 mode is

observed in the tunneling spectrum. The assignments in Fig. 4 were made based

upon data acquired by all three spectroscopic methods. Moreover, the peak posi-

tions from three different isotopomers (the natural abundance, 13C-enriched, and
15N-enriched species) were measured, and an 11-parameter empirical force-field
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was fitted to the data. This procedure provided a �2 cm�1 standard deviation fit to

all the normal modes of the ion [49]. Note that the inactive A0
2 mode appears as a

medium-intensity band in the tunneling spectrum, making it easy to identify and to

evaluate isotopic shifts.

Another interesting facet of the vibrational IETS is the weakness of overtone and

combination bands. There are sound theoretical reasons to expect that overtone

bands should be very weak in IETS [46, 47]. To our knowledge, there has been

no theoretical investigation of the intensities of combination bands in tunneling

spectra. To be sure, there are experimental papers that contain tunneling band

assignments that include assignments as combination and overtone bands. Most

M Melastic

inelastic

positive bias: eV = hn

0.1 %

C
ur

re
nt

, I

Inelastic
Tunneling

Bias, v
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Bias, v
hν/e

hn/e

hn/e

eV

Φ
π∗

π
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/ d
v

d 
l2

/d
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x x

Fig. 3 Energy diagram for an M-A-M diode showing elastic and inelastic tunneling processes

(top). The HOMO (p) and LUMO (p*) orbital energies and a few vibrational levels are indicated.

Applied bias energy (eV) is just sufficient to allow inelastic tunneling with excitation of the first

vibrational level, eV ¼ hn. Also shown (bottom) are the I(V) curve, conductance-V curve, and the

IETS spectrum that would result from both elastic processes and the first inelastic channel.

(Reproduced by permission of the American Chemical Society from [19])
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of these are unreliable in that they were either made by simply choosing the

energetically nearest equivalent IR or Raman band assignment, or were used

when the real issue was chemical composition. Consider two examples. The best

known overtone band in all of IETS was the overtone of the Al–O motion that

occurs near 1,900 cm�1. In the mid-1980s, however, Adler [50] and Gauthier [51]

showed that this band was actually the Al–H fundamental stretching motion!

Another example comes from the otherwise excellent work of Yang and White

[52]. In their study of thiourea, they suggest that unspecified combination bands

may be responsible for the “extra bands” seen in the NH stretching region of the

tunneling spectrum. In the NH stretching region no individual bands are resolved,

and it is difficult to determine how many transitions occur near 3,300 cm�1. A more

likely explanation for the observed lumpy band is that the NH region is complex

because of inhomogeneity in adsorption sites. The observed texture might also be

due to coupling between lattice and internal motions (Fig. 5).

Based on empirical observation, a general statement about overtones and combi-

nation bands might be: “Overtones do occur, but they are very weak. Combination

bands are seldom observed.” Kirtley, for example, says that overtones are about a

factor of 200 weaker than fundamentals in the case of the benzoate ion [47, 53].

Ramsier, Henriksen, and Gent identify a single clear overtone in the tunneling

spectrum of the phosphite ion (HPO3
�2) [54]. The fundamental associated with

Fig. 4 Comparison of

Raman, IR, and IETS spectra

of the tricyanomethanide

(TCM) ion. IETS taken from

an Al-AlOx-CsTCM-Pb

device. Figure drawn using

data from [49]
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this overtone is a very strong P–H bending band, and occurs at 1,034 cm�1.

The overtone is about 1/50th the height of the fundamental. All the other bands in

the spectrum appear to be fundamentals. In our own work, we have seen little clear

evidence for combination and overtone bands. An exception to the rule about

overtones is afforded by the intense CH stretch in the tetraethylammonium ion

(2,971 cm�1) [55]. This band has a very weak overtone at 5,940 cm�1. The

integrated intensity of the overtone is about 1/60 of the fundamental band.

In the early days of IETS there were several attempts to calculate the IETS

intensities for real molecules (see for example [46–48, 56]). These calculations

required significant computational power (in their day), and produced results that

were qualitatively correct but quantitatively wrong. Perhaps the most useful result

of these studies was the observation of an orientational preference. For dipoles

close to one metal surface, maximum intensity was obtained when the dipole was

normal to the metal surface. For dipoles near the center of the barrier, the reverse

was true. Today, the ability to compute vibrational IETS has advanced significantly,

especially in the case of single-molecule tunneling [57–62]. An example of this

progress is provided by the work of Paulsson [60], Fig. 6, where the computed IETS

of a single alkanedithiol stretched between two gold contacts of varying separation

is displayed. Tao and coworkers provide one of many examples of IETS obtained

experimentally from a single molecular junction [63].

One can develop an understanding of IETS without performing difficult calcula-

tions. Let us consider the IETS spectrum on an energetic basis, while viewing

Fig. 3. If the applied voltage is less than hn/e, the inelastic channel is closed because
the energetically accessible final states are already filled (Pauli principle). At

V ¼ hn/e (hn ¼ vibrational energy) the inelastic channel opens, because now it is

just energetically possible for an electron with the Fermi energy of the left electrode
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Fig. 5 Magnitude of the

constant modulation

tunneling spectra (NTI) for

two different junctions.

Spectrum a was obtained

from an Al-Al2O3-(en)silane-

Pb junction. Spectrum b was

obtained from a similar

device but with Co2+

complexed to the (en)silane.

(Reproduced by permission

of the American Chemical

Society from [19])
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to scatter inelastically off the ground state molecule, leaving behind a vibrationally

excited molecule. The final state of that scattered electron has just enough energy to

find a vacant state in the right-hand metal. Further increases in V result in additional

occupied metal states, which can scatter inelastically and find empty states of

appropriate energy. This leads to an associated increase in current due to this

channel. As is depicted in the lower half of Fig. 3, there is a break in the I(V)
curve at V ¼ hn/e. If one measures the conductance, dI/dV, the opening of the

inelastic channel is signaled by a step. Plotting d2I/dV2 vs V produces a peak at

V ¼ hn/e. Both vibrational and electronic transitions may be observed as peaks in

the d2I/dV2 vs V plots. One can not only probe states of the barrier region but also of

the metal electrodes. Thus, phonons and magnons of metal and semiconductor films

have been studied by IETS [64–68].

In its simplest form, an IET spectrum is a plot of d2I/dV2 vs V [18–20, 25,

69–74]. It turns out that using d2I/dV2/(dI/dV) as the y axis provides spectra having
flatter baselines, and is most appropriate for high-bias work [71–74]. These are

called normalized tunneling intensities (NTI) or constant-modulation spectra. Sim-

ple tunneling spectra are measured by applying both a variable bias, V, and a small

modulation component, Vf, at frequency, f. A lock-in amplifier is used to detect the 2f
signal which is proportional to d2I/dV2. The instrumentation required for obtaining

normalized intensities, NTI, is a bit more complex [71–73]. In general, the bias voltage

may be converted to the more conventional wavenumbers through the factor of

8,066 cm-1/V. Vf is the rms amplitude in modulation always influences the observed

signal strength and resolution. The signal increases as Vf
2, but the experimental line

width is proportional toVf [75, 76]. If T is measured inKelvin,Vf in millivolts, andG0 is

the natural line width in cm�1, then the half-width at 1/e height for an IETS band

observed with normal metal contacts is given in cm�1 by

Fig. 6 Calculated inelastic electron tunneling spectra with the different stretching distances offset

by 2.5 V�1. The geometries with gauche defects are marked in the right margin for stretching

4.0–7.0 Å. Highlighted frequency bands are (1) top, ~82 (degenerate C–S) and 130 (C–C) meV,

and (2) bottom, 75 (nondegenerate C–S), 95 (rock), 165 (wag), and 365 (C–H) meV. (Reprinted

with permission from [60])
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G ¼ 2:29Tð Þ2 þ 7:07Vf

� �2 þ G0
2

h i1=2
: (3)

The width of the peaks in IETS depends upon the sharpness of the onset of the

inelastic process, which in turn depends upon the thermal distribution of electron

energies about EF. Thus, the IETS line width depends strongly on temperature and
as shown by (3) [75]. Because of this, vibrational IETS provides infrared-quality

resolution only when performed below 5 K. Electronic transitions are usually much

broader than vibrational transitions; therefore, electronic IETS is usually performed

at liquid nitrogen temperature and slightly above (�77 K). An example of a system

showing both vibrational and electronic IETS is presented in Fig. 5 [19].

IET spectra, whether vibrational or electronic, are characterized by appearing at

the same voltage magnitude in either bias. This can be seen in Fig. 5 for both the

labeled C–H stretch and the spin-allowed but Laporte-forbidden electronic transi-

tion. The relative intensities as a function of bias, however, can differ. The data

presented in Fig. 5 was taken from an M-I-A-M0 junction, and the electrons

traveling first through the insulator before scattering have a greater transmission

probability than those inelastically scattering prior to traversing the insulator. This

is, of course, due to the exponential dependence of the current on the barrier height

(1 or 2). For an M-A-M junction, a more symmetrical distribution of intensity with

bias is expected, but the peak positions should be unchanged.

The invariance of IETS in an M-A-M junction vs an M-I-A-M device is

exceptionally well demonstrated by the work of Reed [30]. Figure 7 shows

the Au–alkanedithiol–Au structure he used to create a single barrier tunnel diode.

The IET spectra obtained from this device were stable and repeatable upon succes-

sive bias sweeps. The spectrum at 4.2 K is characterized by three pronounced peaks

in the 0–200 mV region at 33, 133, and 158 mV. From comparison with previously

reported IR, Raman, and high-resolution electron energy-loss (HREEL) spectra of

Fig. 7 Schematics of a

nanometer scale M-A-M

diode (not drawn to scale in

relative thickness). Top
schematic is the cross section
of a silicon wafer with a

nanometer scale pore etched

through a suspended silicon

nitride membrane. Middle
and bottom schematics show
a Au/SAM/Au junction

formed in the pore area.

(Reprinted with permission

from [30])
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SAM-covered gold surfaces, these three peaks were assigned to Au–S, C–C, and

C–H modes of surface-bound alkanethiolates [30]. The absence of a strong S–H

signal at 329 mV suggests that most of the thiol groups have reacted with the gold

bottom and top contacts. Peaks are also reproducibly observed at 80, 107, and

186 mV. We note that all alkanethiolate peaks, without exception or omission,

occur in the spectra.

Another example comes from the work of Kushmerick [77]. He used the crossed

gold wire configuration, shown in Fig. 7, to obtain IETS spectra of C11 alkanethiol,

OPE, and OPV2. The peak positions observed agreed well with those expected for

the individual compounds. He also found that the strong transitions were those with

a large transverse dipole or polarizability component perpendicular to the Au

contacts. This is consistent both with early theoretical treatments and also with

the more recent work of Troisi and Ratner [58]. It is also interesting to note that

contact with metallic nanoparticles, even if they are not the electrode, can enhance

the IETS intensities and change line-shapes for some modes [78, 79]. One also

observes dramatic changes in IETS intensity in the STM environment, with many

bands being unobservable [80] (Fig. 8).

As a final note on the general character of electronic IET spectra, we point out

that vibronic structuring of electronic IETS has been known in M-I-A-M structures

for many years [55, 74]. In recent times, it has also been demonstrated in the STM

environment [81].

Fig. 8 IETS obtained from an Au-C11thiol-Au crossed wire junction. (Reprinted with permission

from [77], pp 20–25 )
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4 Elastic Electron Tunneling Spectroscopy

Until about 1988, essentially all of tunneling spectroscopy in tunnel diodes was

IETS. In 1989 Mazur and Hipps began observing strange vibrational line shapes

and huge new signals that were equal or greater in intensity than electronic IETS,

but that could not be explained by a molecular excitation process. These new

transitions produce peaks in dI/dV (rather than d2I/dV2), and are due to direct

tunneling via unoccupied or occupied molecular orbitals. The exact mechanism

of interaction can vary from case to case. It might be true resonance tunneling

where the effective residence time of the tunneling electron on the molecule is

negligible compared to nuclear motion. It might be a real oxidation or reduction of

the molecule followed by thermally induced return to the original charge state

(electron hopping), or it might be a redox that occurs too rapidly for thermal

relaxation, such as occurs in ultra-violet photoelectron spectroscopy (UPS) or

inverse photoemission spectroscopy (IPS). Because there are a number of different

physical processes that can give rise to these bands, we chose to call the spectros-

copy associated with measuring these transitions orbital mediated tunneling spec-

troscopy (OMTS) [82–84]. Because the time-scales are usually unknown, we

sometimes refer to transient redox processes. The technique might equally well

be called ionization and affinity-level spectroscopy. Ionization spectroscopy is the

measurement of the energy required to remove electrons from a filled (or partially

filled) orbital. Affinity-level spectroscopy measures the energy released when an

electron is captured by an atom or molecule. Since there are generally several

vacant orbitals that may be occupied, there is a spectrum of affinity levels asso-

ciated with the addition of a single electron, just as there is a spectrum of ionization

levels.

A qualitative understanding of OMTS may be obtained with reference to Fig. 9.

In this example we consider the simplest junction configuration, wherein a mole-

cule is in electronic equilibrium with one metal electrode, and a relatively large

insulating gap separates it from the other electrode. We will consider more complex

cases later.

When the sample is biased positively (Vb > 0) with respect to the tip, as in

Fig. 9c, and assuming that the molecular potential is essentially that of the substrate

[85], only the normal elastic current flows at low bias (�1.5 V). As the bias

increases, electrons at the Fermi surface of the tip approach, and eventually surpass,

the absolute energy of an unoccupied molecular orbital (the LUMO at +1.78 V in

Fig. 9c). OMT through the LUMO at F � 1.78 V below the vacuum level produces

a peak in dI/dV, seen in the actual STM based OMTS data for nickel(II) octaethyl-

porphyrin (NiOEP). If the bias is increased further, higher unoccupied orbitals

produce additional peaks in the OMTS. Thus, the positive sample bias portion of

the OMTS is associated with electron affinity levels (transient reductions). In

reverse (opposite) bias, as in Fig. 9b, the LUMO never comes into resonance with

the Fermi energy, and no peak due to unoccupied orbitals is seen. However,

occupied orbitals are probed in reverse bias. In the NiOEP case, the HOMO at
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F + 1.18 V below the vacuum level produces a peak in dI/dV at �1.18 V sample

bias. It is also clear from Fig. 9 that there are other occupied MOs, with one near

F + 1.70 V giving a well-defined shoulder. Note that peaks are observed in dI/dV
(and not I). This is because, once current starts to flow through orbital-mediated

channels, increasing the bias doesn’t turn it off. On the other hand, the probability

Fig. 9 OMT bands for NiOEP, associated with transient reduction (1.78 V) and transient oxida-

tion (�1.18 V). Data obtained from a single molecule in a UHV STM. The ultraviolet photoelec-

tron spectrum is also shown, with the energy origin shifted (by the work function of the sample, as

discussed in [25]) in order to allow direct comparison. The highest occupied molecular orbital, p,
and the lowest unoccupied molecular orbital, p*, are shown at their correct energy, relative to the

Fermi level of the substrate. As in previous diagrams, F is the barrier height in eV, and Vb is

the applied sample bias. This simplified model has a thin layer of porphyrin (NiOEP) on the

substrate and a relatively large vacuum gap between the porphyrin and the STM tip. (Reprinted

with permission from [26])
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of tunneling is greatest for electrons near the Fermi surface; so, as the Fermi surface

passes the appropriate orbitals, dI/dV is maximized.

The UPS of NiOEP on Au(111) is superimposed upon the OMTS of the same

system in Fig. 9a. In order to do this, one must be able to identify the vacuum level

of the molecular system in contact with the substrate. In the literature one finds

three approaches, but not all are equally valid. One approach is to assume that the

Fermi level for the free molecule is exactly midway between the HOMO and the

LUMO, and that the Fermi level of the metal substrate is the same as that “free-

molecule Fermi level.” Another approach sets the vacuum level of the free mole-

cule to match that of the metal substrate. Both of these methods are flawed because

they ignore the change in surface potential that occurs when a molecule adsorbs on

a metal surface. A common (and correct) way to handle this problem is to measure

the shift actually in the vacuum level, D, for the particular adsorbate on the given

substrate at the coverage of interest using UPS [25, 26, 86]. Once D is known, the

energy levels observed in tunneling, and measured relative to the Fermi level of the

metal substrate (the bias voltage at which the peaks occur) can be converted to

energy levels relative to the vacuum level, e. The relationship is given in (4) [25].

Ideally, both FM and D are measured for the particular system studied:

eOMTS ¼ �eVpeak þ FM þ D: (4)

Using (4), a number of STM-based OMTS spectra and UPS have been compared

[25, 26, 87–91]. It has been found that in the STM environment (basically an

M-I-A-M structure) the OMTS bands arising from occupied states agree well

with the UPS – both in terms of energy and band-width. This suggests, for the

systems studied to date that the ionization processes are essentially vertical pro-

cesses occurring without a significant change in nuclear geometry. On the other

hand, most of the systems studied to date have been rather large and the amount of

reorganization per mode is expected to be small.

A different view of the OMT process is that the molecule, M, is fully reduced,

M�, or oxidized, M+, during the tunneling process [25, 26, 92–95]. In this picture a

fully relaxed ion is formed in the junction. The absorption of a phonon (the creation

of a vibrational excitation) then induces the ion to decay back to the neutral

molecule with emission (or absorption) of an electron – which then completes

tunneling through the barrier. For simplicity, the reduction case will be discussed

in detail; however, the oxidation arguments are similar. A transition of the type

M + e–!M� is conventionally described as formation of an electron affinity level.

The most commonly used measure of condensed-phase electron affinity is the half-

wave reduction potential measured in non-aqueous solvents, E1/2. Often these

values are tabulated relative to the saturated calomel electrode (SCE). In order

to correlate OMTS data with electrochemical potentials, we need them referenced

to an electron in the vacuum state. That is, we need the potential for the half

reaction:

M solutionð Þ þ e� vacð Þ ! M�ðsolutionÞ:
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These values can be closely approximated, from those referenced to SCE, by

adding 4.71 V to E1/2(SCE) [25, 26, 93–97]. That is, E1/2(vacuum) ¼ E1/2(SCE) +

4.71 V. This connection between solution-phase electrochemical potentials and

vacuum-level-based spectroscopies, such as OMTS and UPS, is extremely useful,

but the derivation is rather complex, and the results are only approximate. For

example, the difference in electron affinity in the gas phase and in solution is

primarily due to solvation stabilizing the reduced form. The reader wishing to

understand better its origins is encouraged to consult [96, 97]. The various energy

conventions are depicted in Fig. 10, where the connection between OMTS bands

and electron affinities is made within the context of the model. This diagram is

based on one presented by Loutfy et al. [97] and expanded to OMTS by Mazur and

Hipps [25, 82–84, 88, 91, 98]. By using the measured values of E
F
and D (from

UPS), the OMTS bands can be located, both relative to the vacuum level and also to

electrochemical potentials.

Redox potentials in the solid state are expected to differ from those in solution

[97]. Moreover, there will be shifts in the potentials of a thin film, relative to that of

a solid, due to interactions with the metal support and counter electrode, including

image-charge effects. There may be an opposite signed shift due to the absence of a

covering layer of adsorbed molecules [99]. Another complication is the fact that

electrochemical potentials are equilibrium values, and therefore reflect the energy

associated with the formation of an ion in its equilibrium geometry. OMTS transi-

tions, as discussed above, may occur so rapidly that the ion is formed in an excited

Fig. 10 Electrochemical energy level model for orbital mediated tunneling. Ag and Ac are the gas-

and crystalline-phase electron affinities, E1/2(SCE) is the electrochemical potential referenced to

the saturated calomel electrode, and provides the solution-phase electron affinity. EF is the Fermi

level of the substrate (Au here). The corresponding positions in the OMT spectrum are shown

by Dr and Do and correspond to the electron affinity and ionization potential of the adsorbate

film modified by interaction with the supporting metal, Af. The spectrum is that of nickel(II)

tetraphenyl-porphyrin on Au (111). (Reprinted with permission from [26])
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state – a vertical transition in the Franck–Condon sense. For a wide range of

materials and film thicknesses (sub-monolayer to about 1 nm) studied to date, a

fortuitous cancellation of polarization terms and differences between vertical and

equilibrium affinities has resulted in many OMTS bands laying close to the posi-

tions predicted from electrochemistry (see Fig. 11). This correlation is especially

good for unoccupied orbitals. Unfortunately, OMTS bands associated with occu-
pied orbitals generally lay deeper than predicted by solution-phase electrochemical

oxidation potentials, and closer to the gas-phase ionization potentials.

The near transferability of electrochemical values to thin film band positions

for affinity levels, but not ionization levels, indicates that the polarization energy

terms differ for these processes. This is a failure in the simple model used to

generate Fig. 10, where it was assumed that only the sign of the polarization energy

changed. This failure is particularly large for porphyrins. Given the trends in

stabilization of ion energies by the surrounding molecules and image charges

induced in the metal substrate, we would expect the ionization potential of thin-

film NiOEP to be about 0.5–1.0 eV less than for the gas phase. Instead, the

ionization energies measured from a thin film are nearly identical to those reported

from the gas phase [91, 100]. These discrepancies also occur with UPS observations

(which agree with the OMTS), suggesting that the problem is in the model, not the

technique.

While the first electrochemical reduction potential provides an estimate for Ac

(assuming it is a reversible process), the second and higher reduction potentials do

not provide the spectrum of single electron affinity levels. Rather, they provide

information about two-electron, three-electron, and higher electron reduction pro-

cesses, and, therefore, depend on electron pairing energy. Thus, the utility of

solution-phase reduction potentials for estimating solid-state affinity levels is

Fig. 11 Correlation between electrochemical potentials and OMTS bands for more than ten

compounds including polyacenes, phthalo-cyanines, and porphyrins. OMTS data were acquired

both from tunnel junctions and STM measurements. The standard potential relative to the normal

hydrogen electrode associated with the half reaction M(solution) + e�(vac) ! M�(solution) is
the y axis. The three outliers are assigned to the ring oxidation of porphyrins. (Reprinted with

permission from [26])
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limited to the lowest affinity level. The same argument applies to oxidation

potentials beyond the first. OMTS, on the other hand, probes the single-electron

reduction energies for the spectrum of states of the negative ion, and the single-

electron ionization energies for the spectrum of states of the positive ion. Thus,

OMTS can be used to determine ionization spectra and affinity levels beyond the

first transitions of each type [20, 25, 88, 98].

4.1 Elastic Tunneling in M-I-A-I0-M Junctions

While almost all elastic tunneling spectroscopy has been performed either in the

M-I-A-M configuration (either in tunnel diodes or in the STM), these are not the

only possible geometries. One geometry sometimes encountered in STM based

measurements is the M-I-A-I0-M configuration. The analysis of the resonances in

elastic tunneling in this case becomes more complex because of two factors: (1) the

potential at the active molecule is NOT the potential of either electrode, and is often

impossible to independently measure, and (2) the rates of tunneling into and out of

the active molecule can become comparable, and the possibility of true charging of

the molecule occurs. This situation is most often seen in the case of quantum dot

and C60 tunneling spectroscopy [22, 101–104], but has been observed in the case

where the STM substrate was oxidized prior to adsorption of the active molecule

[81]. A discussion of the difficulties associated with interpreting spectra obtained in

these cases is beyond the scope of this chapter, and the reader is referred to the

review authored by Selzer and Allara [101]. In general, however, one expects to see

occupied and unoccupied states appearing in both polarities, and one may also

observe ionization and affinity levels of ionization products formed by the tunnel-

ing process.

As the size of adsorbed molecules increases, especially in cases like proteins,

which have an electroactive portion buried inside a relatively electronically inert

sheath, the molecule might become indistinguishable from a small quantum

dot. In this case one would expect that the potential at which oxidation or

reduction occurred would begin to depend on tip-molecule separation, and not be

simply related to spectroscopic or electrochemical values. Lindsey and coworkers

attempted to measure experimentally the ratio of the local potential (at a molecule

experiencing OMTS) to the applied potential (between tip and substrate) in the case

of porphyrins, but were unable to demonstrate a significant dependence [95]. Deng

and Hipps set out to test the tip-molecule distance dependence of the OMTS in the

case of nickel(II) tetraphenylporphyrin (NiTPP) adsorbed on Au(111) under UHV

conditions [85]. Adjusting the set-point prior to spectral measurement allowed for

the control of the tip-sample distance. A sequence of dI/dV(V), I(V), and I(z) curves
were acquired over a wide range of setpoint currents and bias voltages. The I(z) data
was measured to provide a means of converting set-point values to relative tip

displacements. Determining the peak positions and peak shapes from the dI/dV
curves was difficult, because of the strong variation in both the resonant and
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elastic (background) intensities with tip-sample separation. Stroscio and Feenstra

[105–107] considered this problem several years ago, and determined that this

difficulty could often be eliminated by using the logarithmic derivative, dlnI/dlnV
(V), as the spectral intensity function. Ukrainstev discussed some problems with

this method [108], but they were not relevant in the NiTPP case. Deng and Hipps

found that changes in tip-sample distance over several Angstroms and a factor of

20 in set-point current produce no measurable changes in orbital energy splitting

[85]. It was suggested that it may be possible to measure reliably STM-OMTS on

molecules larger than tetraphenylporphyrin without concern about the tip-molecule

separation distance, provided that the effective gap impedance (between electro-

active moiety in the molecule and the substrate) does not drop below about

500 MO. Recent OMTS studies from the Heietschold group show that the spectrum

of F16CoPc on Ag(111) is also independent of tip-molecule separation [109]. On the

other hand, Gopakumar et al. [110] found in the STM-OMTS of d8 (Ni, Pt, Pd)

phthalocyanines adsorbed on HOPG (0001) a systematic shift of the HOMO toward

the Fermi level when the tip-sample distance decreases, while the unfilled levels

near EF remain pinned. Hietschold [109] suggests that the difference between the

effects might be explained based on a more capacitive organic/HOPG interface,

compared with the more ohmic organic/metal interface. A strong organic-metal

interaction involves a tunneling current immediately transferred into the substrate,

as a result of the molecular orbital overlapping with the metal surface states, while a

weakly interacting substrate such as HOPG, that is dominated by p electron density,

leads to the formation of charging effects at the interface. In any case, STM-based

OMTS studies should always be accompanied by tip-surface distance dependent

studies.

Two final concerns must be addressed: surface oxidation state and temperature

dependence. Whenever one deposits a redox-active species on a metal surface,

the oxidation state of the adsorbate (and therefore the OMTS bands) may change.

One example is the adsorption of a biaxially substituted dicyano cobalt phthalocy-

anine salt, MCoPc(CN)2 (where M ¼ K or Cs), on gold to form the reduced species

CoPc [111]. A second example is provided by the adsorption of TCNE on gold,

silver, and copper. In that order, the charge state of TCNE on the surface ranges

from 0 to �3, and the OMTS reflects these changes.

The second issue of interest is the temperature dependence of elastic tunneling

spectroscopy. Because the bands are intrinsically wide, spectra measure at 5 K are

similar in line shape to those measured near 300 K. In any case, the integrated

normalized intensities,

ð

band

dI

dV

� �
I

V

� �� �
dV;

	

are expected to be temperature-invariant as long as the ionization process is

electronically (as opposed to vibronically) allowed. This was recently tested for
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the first time, and found to hold for the case of CoPc on Au(111) between 100 K and

300 K [112].

4.2 Elastic Tunneling in Single-Molecule Junctions

The M-A-M structure is equivalent to the M-I-M, or even the M-I-A-M structures,

when analyzing IETS, but NOT for OMTS. OMTS bands depend upon the absolute

energy of the molecular states with respect to the Fermi energies of the metals,

while IETS bands only depend upon molecular energy differences. Thus, knowl-

edge of the actual potential in which a molecule resides is essential for OMTS, but

nearly irrelevant for IETS [113]. Unfortunately, there is very little known experi-

mentally, other than that the local fields in junctions formed by breaking or by

electromigration are very much larger than expected for planar electrodes [113].

Theoretical calculations have given us much deeper insight into the properties of

these junctions [61, 114–122].

If the M-A-M device is truly symmetrical, then one would expect to see both

ionization and reduction processes in both bias directions. If one assumes a simple

electrostatic model for a molecule between two metal plates, then one would predict

that the ionization and affinity states would appear at voltages such that V ¼ 2E/e.
However, for single-molecule junctions the electric field is NOT uniform across the

molecule. One finds that shortening the distance between two metallic electrodes

results in stronger coupling and lowers the potential between them [120]. Moreover,

the applied electric field causes a reorganization of charge within the molecule. This

internal reorganization produces dipole moments at the molecule–metal interface

that can lead to a large part of the potential drop occurring at the interfaces [120,

121], but for other molecules the drop can occur in the molecular core [121]. If the

molecular species is not inversion-symmetric, and the attachment to the electrodes

identical on each end, different voltage drops will occur at each electrode. Another

complicating issue is the choice of Fermi level, which is sometimes arbitrarily

chosen as midway between HOMO and LUMO of the molecules [120] and some-

times determined by charge neutrality of the contact-molecule complex [122]. Of

equal importance is the fact that these single-molecule junctions are generally

formed through covalent bonding between the ends of the molecule and the

electrode. Thus, one may no longer use the states of the isolated molecule, but

must consider those of the new species, that includes a significant admixture of the

density of states of each metal. As pointed out by Heurich and coworkers [122],

many molecular orbitals participate in a single conduction channel, and the current

may not be dominated by contributions from the closest MOs.

The take-homemessage here is that conductivitymeasurements in single-molecule

junctions are difficult to analyze without the support of quantum mechanical calcu-

lations that include the metal electrodes. This is very much the domain of specialists,

and the simple rules discussed for analyzing elastic tunneling spectra in other

junction types generally do not apply for metal–single-molecule–metal junctions.
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Single Molecule Logical Devices

Nicolas Renaud, Mohamed Hliwa, and Christian Joachim

Abstract After almost 40 years of development, molecular electronics has given

birth to many exciting ideas that range from molecular wires to molecular qubit-

based quantum computers. This chapter reviews our efforts to answer a simple

question: how smart can a single molecule be? In our case a molecule able to

perform a simple Boolean function is a child prodigy. Following the Aviram

and Ratner approach, these molecules are inserted between several conducting

electrodes. The electronic conduction of the resulting molecular junction is

extremely sensitive to the chemical nature of the molecule. Therefore designing

this latter correctly allows the implementation of a given function inside the

molecular junction. Throughout the chapter different approaches are reviewed,

from hybrid devices to quantum molecular logic gates. We particularly stress that

one can implement an entire logic circuit in a single molecule, using either

classical-like intramolecular connections, or a deformation of the molecular

orbitals induced by a conformational change of the molecule. These approaches

are radically different from the hybrid-device approach, where several molecules

are connected together to build the circuit.
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1 Single Molecule Electronics

Microelectronics relies on the massive utilization of logic gates [1]. These key

subunits perform logical operations on a set of binary logical inputs and calculate

a single binary logical output [2]. These logical gates can be associated with each

other to create more complex circuits that can, for example, add digital numbers.

These circuits can then be associated with each other to get to the next level of

complexity, and so on. This stacked architecture is only possible because of two

ingredients: a very reliable elementary block: the transistor [3] and a set of very

simple rules to connect these blocs together: the Boolean symbolic analysis of

electronic circuits [4]. Printed integrated circuits [5] finally provide a cheap means

of mass production that has allowed logic gates to sneak into our daily life. The main

reason behind the popularity of the transistor is its extraordinary reliability. Due to its

bistable characteristic, noise-induced deviations of a control gate voltage are natu-

rally corrected and do not change its conductive state [6]. This property, called

restoration, allows stacking millions of transistors together without worrying about

the noise propagation in the circuit. The design of this circuit is itself assured by the

symbolic analysis developed in the mid-1930s that allows finding the simplest circuit

possible to perform a given operation [4]. The starting point of this analysis is

extremely simple: if two switches are controlled each one by a logical input, then
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their serial and parallel association performs respectively the AND and the OR logic

functions. Despite their simplicity, these two rules are the basis of modern micro-

electronics, and the circuits drawn 60 years ago are not very different than the three

millions that have been produced worldwide since you have started to read this

chapter [7]. This impressive mass production is due to the lithography techniques

used to print integrated circuits that allow the production of millions of transistors in a

few hours. Beside, thanks to the major improvements made in this area since Nicola

Tesla’s first AND gate, printing a logic circuit is now barely more expensive than

printing a single word on a newspaper [7]. However, the death of this approach was

announced decades ago. The continuous miniaturization of transistors, that have

given birth to the now well-known Moore’s law [8], is threatened by both the

diffraction limit of the lithography techniques and quantum effects arising when

the dimensions of transistors are shrunk to a few dozen atoms [9]. Other solutions

must be studied in order to keep increasing computing power by surface area in the

future. In this framework, many alternative routes to solid-state electronics have been

proposed in the last few decades [10]. Microwave-based computers were developed

and used for approximately a decade in the 1960s [11, 12]. Based on the phase control

of an LC circuit, these computers could not compete with the switching speed of

transistors, and have been abandoned. Despite their numerous advantages, all-optical

computers [13, 14], where the information is not carried by an electrical current but

by a light beam, have also been abandoned due to their high production cost. The

solution presented in this chapter was presented by Ari Aviram and Mark Ratner in

1974. Studying the conduction of organic films, they decided to investigate theoreti-

cally the conduction of a single molecule instead of an entire film: single-molecule

electronics was born. “Molecular Rectifiers” [15], their seminal article, presents

a molecular diode that uses the donor–acceptor structure of a molecule to let the

electronic current flow in one direction, i.e., from the donor to the acceptor but not the

other way. This conceptual breakthrough is the starting point of an entirely new

approach that tries to embody a given electronic function in a single molecule,

circumventing the two issues that threaten solid-state circuits. First, the synthesis of

this device, achieved in 1990 [16, 17], is not limited by the diffraction criterion.

Second, quantum effects are used here to advantage, and are not seen as an annoying

source of disagreement. Measuring the conduction of a single molecule was far from

being possible in the mid-1970s, and no one could tell if the molecular rectifier

proposed by Aviram and Ratner could actually work. The invention of the scanning

tunneling microscope in 1981 [18, 19] provided the experimental tool required to turn

single-molecule electronics from a theoretical idea to an intense field of research. In

the mid-1980s the use of the STM spreads from the IBM Z€urich laboratory, its place
of birth, to other IBM research labs and a few universities, and reached Aviram’s

laboratory in 1986. Feeling the potential of this new microscopy, Aviram decided to

test his brand-new synthesized molecular switches under an STM tip. The principle

of these switches was rather simple. Under an electric field, two hydrogen atoms

moved reversibly on the molecule, modifying its electronic conduction [20]. Deposit-

ing these molecules on a gold surface, Aviram and coworkers were the first to

measure the characteristic of a switch made out of a single molecule. However, the
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very abrupt I–V transition observed while positioning the STM tip apex on a few

molecules and increasing the bias voltage was not due to an intramolecular proton

transfer effect (as awaited) but was caused by the migration of a few Au atoms

coming from the surface through the molecular monolayer. The paper was withdrawn

[21]. The Au atoms are stabilized by the monolayer and create a nice tunneling path,

leading almost to one quantum of conductance for the “tip apex–molecular

monolayer–Au surface” tunnel junction. This migration phenomenon misleads a lot

of consequent experiments even in 2010. It was transformed in a bonus with the

observation of memristor effects [22]. Many other components [23], like molecular

wires, amplifiers, transistors, or ammeters, were proposed in the spirit of Aviram and

Ratner [24]. Aviram proposed to connect several rectifiers together to create logic

circuits and memories, initiating the so-called hybrid-molecular approach [25].

Metallic nano-wires connect molecular devices that can be diodes, transistors, etc.,

to construct an electronic circuit following the classical architecture rules used in the

solid-state approach: many such devices have been designed theoretically. The

corresponding experimental set-up would require either to use several STM tips or

to position the molecules exactly on top of nano-wires. This nano-manipulation is

still a challenge. To solve this problem, Forest Carter proposed to incorporate all the

active components and their interconnections in a single molecule [26]. This

approach, called classical monomolecular electronics, not only solved the intercon-

nection problem but also gave birth to the idea that a single (if complex) molecule

could perform a complex logic function by itself. This idea also introduces

a conceptual shift: in the monomolecular approach, logic gates become the smallest

units of the electronic architecture, and simpler components like transistors are not

needed. This leads directly to the question: what is the most complex logic function

that can be implemented in a molecule? To explore this limit, gigantic molecules

have been imagined [27].When connected to several electrodes, these molecules can,

for example, add or subtract digital numbers, but, due to their size, only a small

current can go from one electrode to another. The quantum monomolecular approach

tries to find a solution to this issue. Using the characteristic of the conduction at the

molecular scale correctly, this approach succeeded in implementing complex

functions in a small molecule [28].

In this chapter, the fundamentals of molecular conduction are presented in

Sect. 2. This section is not a review of this intense field of research, but only

presents the main concepts that are used in the following sections to create

molecular devices. Section 3 presents three hybrid-molecular devices: the mecha-

nism of the Aviram and Ratner rectifier is explained, as well as a molecular switch

and a C60-based amplifier. Section 4 explores the monomolecular approach and the

intramolecular rules it leads to. Following Carter’s seminal idea, classical mono-

molecular logic gates, incorporating several donor–acceptor diodes in the same

molecule, are presented: using quantum properties of electronic transmission, we

will see that these molecular rectifiers are actually not required separately. Section 5

presents the quantum monomolecular approach, where the logic functions are

implemented in a small molecule controlling the energy and the spatial delocaliza-

tion of its molecular orbitals.
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2 Multiwire Multichannel Conduction Through a Single

Molecule

To implement a logical function using the electronic transmission of a single

molecule, the mechanism underlying the conduction at the molecular scale must

be understood. Very soon after the invention of the STM, theoretical studies

investigated the electronic transmission through a potential barrier, leading to the

well-known exponential decay of the current intensity with the width of the barrier

[29]. Introducing a molecule between the two electrodes, one introduces a complex

object with many molecular orbitals. The first step toward molecular electronics is

to describe accurately the impact of the molecular orbitals in the transmission

properties of the junction. In their seminal work [30], Landauer and later B€uttiker
introduced the theory of quantum conduction through a mesoscopic system.

According to this approach, the low-bias current intensity passing through a ballistic

quantum wire is given by

I ¼ 2e

�h

ð1
�1

dE ð f1ðE� eV=2Þ � f2ðEþ eV=2ÞÞTðEÞ (1)

where f1(E,V) and f2(E,V) are the Fermi function of the two electrodes at the bias

voltage V and T(E) is the transmission probability through the junction at the

scattering energy, E. Many methods have been proposed to compute the T(E)
generalizing (1) to molecular junctions. Following the Lippman–Schwinger argu-

ment [31], most of them are based on the solution of the time-independent

Schr€odinger equation (TISE). The Green function is one of the most popular

ways to manipulate the TISE and is the basis of many methods used to compute

the T(E) [32–42]. Other methods, based for example on the electrode’s self-

energies or on graph–theoretical arguments [43, 44], have also been developed

and lead to similar results. The physical interpretation is made afterward, seeking

a relationship between the T(E) and other physical quantities, like the electron

transfer rate [45–48] or local currents [49]. Several time-dependent approaches

have also been proposed [50–58] but without trying to find a new physical insight in

these line shapes and without comparing their results with other time-independent

methods. The aim of this section is not to give an exhaustive review of all these

techniques, but only to give the reader sufficient background to grasp the main

features of the electronic conduction through a molecular junction. In this frame-

work we will briefly review two different methods to compute the T(E). The first,
electron scattering quantum chemistry (ESQC) [59–64], is based on the TISE. This

transfer-matrix based method uses spatial propagators to treat the electrodes

mapping the molecular orbitals at their end. The second method is based on the

time-dependent Schr€odinger equation (TDSE) using the Fano model to account for

the electrodes [65–69]. The TISE-based methods are numerically more efficient

than the TDSE-approach, which requires the propagation of the wave function.
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However, TDSE permits an analysis of the time-dependent population of the

molecular orbitals during the tunneling, which is unavailable with the TISE.

2.1 The Single Impurity Problem

Amodel system to study electronic conduction through a molecule is represented in

Fig. 1 [70, 71]. A simple molecule, composed of a single orbital fj i is connected to
two linear atomic chains composed of N orbitals each. We suppose that fj i interacts
only with the last state of each electrode via a coupling denoted by vi. We suppose

in the following that the electrodes are defined by h ¼ 2 eV and e0 ¼ 0 eV.

Depending on the ratio between h and vi, different regimes can be explored: the

tunneling regime for vij j<< hj j and the pseudoballistic regime for vij j ffi hj j.

2.1.1 The Time-Independent Approach

The ESQC method allows a fast calculation of the electronic transmission from an

exact solution of the TISE. The basis set here is supposed orthogonal, but the

method can be generalized to nonorthogonal ones. Following [31], solving this

equation is equivalent to the propagation of an initial wave packet located on the
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Fig. 1 (a) The single impurity problem: two linear chains interact with a molecular orbital fj i.
The initial state, caj i, and the target state cbj i, are eigenstates, with the same energy E, of
respectively the left and right electrode. (b) Transmission given by the time-independent method

(plain line) and the ESQC method (diamond points) computed for h ¼ �2 ev, vi ¼ �0.25 ev.

(c) Population of the target state. The T(E) is proportional to the area below e�gtjCbðtÞj2 . At the
resonance (e ¼ 0) the wave vector reaches rapidly the target state and this area is maximum

leading to the resonance in the T(E)
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left electrode at t ¼ �1 that scatters through the impurity and reaches the right

electrode for t ¼ 1. The propagation in the periodical electrodes is performed

using spatial propagators, Pðnþ1Þðn�1Þ from the state (n + 1) to the state (n � 1) of

the electrode. The propagation through the impurity gives rise to an effective spatial

propagator, P2,1 whose elements are defined using the projected impurity Green’s

function on the last states of each electrode. The total transfer matrix, from the far

left side to the far right side is then defined by

tðEÞ ¼ PN;ðN�2ÞPðN�2Þ;ðN�4Þ . . .P2;�1 . . .Pð�Nþ4Þ;ð�Nþ2ÞPð�Nþ2Þ;�N: (2)

To ease the computation of this product, the spatial propagators on the electrode

are diagonalized following Un;ðn�1ÞPn;ðn�2ÞUðn�1Þ;ðn�2Þ ¼ 1. This exact digitaliza-

tion allows expressing the transfer matrix as tðEÞ ¼ U�1;2P2;�1U0;�1.The transmis-

sion coefficient is then simply given by TðEÞ ¼ jt11ðEÞj�2
where t11(E) is the first

diagonal element of the 2 � 2 T(E) matrix. For the single impurity problem all

these different matrices are exactly known, and T(E) can be calculated analytically.
Interested readers are referred to [59] for more details. The transmission coefficient

of the single impurity obtained following the ESQC method is represented in

Fig. 1b for vi ¼ 0.25 eV. In the same figure is plotted the transmission coefficient

obtained with the time-dependent method presented below. The comparison

between these two curves and the related discussion can be found at the end of

the next section.

2.1.2 The Time-Dependent Approach

Let us now consider the solution of the TDSE for this system (with �h ¼ 1):

cðtÞj i ¼ e�iHt caj i. We suppose that the initial state of the evolution, caj i, is an

eigenstate of energy E of the left electrode. Starting from this initial state, cðtÞj i
evolves in time and space, and eventually reaches an eigenstate, cbj i, of the right
electrode. Since we are dealing with elastic scattering, this eigenstate is associated

with energy E. The impact of the continuum of states (introduced by the semi-

infinite electrodes) on this temporal evolution is taken into account by a Fano model

that shifts the energy of fj i by an imaginary constant [68, 69]. Due to their

delocalization over the electrodes, caj i and cbj i interact very weakly with the

impurity. Due to these weak couplings, one oscillation frequency dominates the

evolution of cðtÞj i from caj i to cbj i [72, 73]. The population of cbj i, CbðtÞj j2; can
be approximated accurately by the damped sinusoidal jCbðtÞj2 ffi ae�Dtsin2ðOtÞ
[74]. The corresponding population is represented in Fig. 2b and is discussed

below. The transmission coefficient, T(E) is obtained by averaging this population

during the lifetime of cðtÞj i. Supposing that this lifetime follows an exponential

law, e�gt, then the expression of the T(E) reads
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TðEÞ ¼
R1
0

CbðtÞe�gtdtR1
0

e�gtdt

�����
�����
2

� a2
O2 þ D2

g2
: (3)

An expression for g can be found by physical arguments by imposing the

resonance condition, i.e., TðE ¼ eÞ ¼ 1 [74]. The probability T(E) given by (3) is

plotted in Fig. 1b for vi ¼ 0.25 eV. It agrees perfectly with the time-dependent

method presented above. These two curves present a resonance, where the junction

is completely transparent for the incident electrons. When their incident energies

match the site-energy of the impurity, the electrons can flow freely through the

barrier; otherwise they are almost completely reflected. By comparing the line

shape of the T(E) and the target state population, the time-dependent approach

gives an interesting physical insight into this phenomenon. At resonance, the

evolution of CbðtÞj j2 is similar to a critically damped regime, where it converges

to its asymptotic value faster than for any other value of E. In contrast, the off-

resonance cases correspond to an under-damped regime, where cðtÞj i oscillates

between the two electrodes before reaching its asymptotic state. The resonance then

corresponds to the fastest evolution from one side of the junction to the other. The

population of the impurity is also represented in the inset of Fig. 1c. This population

Fig. 2 Electronic conduction of a benzene ring between two conducting electrodes. These

calculations are performed by the time-dependent method presented here (solid line) and by the

ESQC method (dashed line). The electrodes are connected either in ortho (left column) or meta

(right column) position. Two regimes are investigated: tunneling with vi ¼ �0.25 ev (upper row),
pseudoballistic with vi ¼ �2 ev (lower row). The vertical dashed lines represent the energy of the
benzene’s molecular orbitals
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is larger at resonance than off-resonance, which agrees with the super-exchange

picture of the tunneling process. Inelastic processes are then more likely to happen

at resonance, where the electron spends enough time on the molecule to excite its

vibrational modes, rather than off-resonance, where it barely resides in the molecu-

lar orbital. These inelastic effects are briefly discussed in Sect. 2.4.

2.2 Molecular Junction: The Benzene Ring

The two methods presented above can be generalized to larger systems, where the

molecule is composed of many molecular orbitals. After briefly presenting their

generalizations, these two methods are applied to the well-known case of the

p network of a benzene ring between two conducting leads, in a tight-binding

model. The electrodes are supposed to be connected either in the ortho or meta con-
figuration, in the tunneling or the pseudoballistic regime. In the time-independent

picture the only modification to go from the single impurity case to a more complex

molecule is the expression of the effective propagator through the impurity, P2;�1.

Its expression has to account for all the molecular eigenstates of this “large

impurity” and their interaction with the last state of each electrode.

The generalization of the time-dependent approach is more complex, since the

TDSE cannot be solved analytically. However, thanks to the weak coupling

between caj i, cbj i and the molecular orbitals, the Bloch effective Hamiltonian

[72] can be used to obtain an accurate expression of the target state population as

CbðtÞ ffi aeffðe�ilþt � e�il�tÞ. Here, the l� are the dominant eigenvalues and aeff is
the effective amplitude that can be determined using a Bloch criterion [73, 75, 76].

The transmission probability is then calculated following the transformation

introduced in (3) with O and D given here by O ¼ Reðl� � lþÞ and

D ¼ Imðl� � lþÞj j. The expression for g is the same here as for the single impurity

case, and the generalized Fano dissipative matrix can be found in [68, 69]. When

applied to the network of the benzene ring, these two methods give the T(E)
spectrum presented in Fig. 2 for vi ¼ 0.25 eV (upper row) and vi ¼ 2 eV (lower

row). Very good agreement is seen between the two methods. As for the single

impurity case, resonances, characterized by T(E) ¼ 1, are found when the energy of

the incident electrons matches the energy of one eigenstate of the molecule. If this

state connects the two electrodes, thanks to its delocalization over the molecule, it

creates a resonant tunneling channel, where the electrons with the appropriate

energy can flow freely. In the time-dependent approach a resonance corresponds

to a maximum of the oscillation frequency of the wave vector between caj i and
cbj i. This equivalence between a resonance and the maximum oscillation fre-

quency will be used in Sect. 5 to design resonant molecular logic gates that control

the energy and the localization of the molecular orbitals. Aside from these

resonances, this molecular junction also presents deep interferences, where

the junction is completely opaque for the incident electrons, i.e., T(E) ¼ 0. The
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time-dependent approach leads to a very simple explanation of these well-known

interferences [48, 77, 78]. When reaching the molecule from the left electrode,

several energetic pathways, defined by the molecular orbitals of the molecule, are

available for the electron to cross the junction and reach the right electrode. This

situation is represented in Fig. 3. Instead of choosing one single pathway, the

electrons take all these pathways simultaneously to cross the junction.

When relocalizing on the target state, the different contributions of the

delocalized electron can interfere destructively. This is the mechanism underlying

the interference patterns located at E ¼ � ffiffiffi
2

p
eV in the ortho configuration and at

E ¼ 0 in the meta configuration, energies for which the interference condition is

met. In the time-dependent picture these interferences correspond to a zero of the

oscillation frequency of cðtÞj i from caj i to cbj i. Another type of interference is

observed at E ¼ �1 in the pseudoballistic regime and for both configurations.

These interferences are not due to the presence of several interfering pathways,

but to the presence of a single molecular orbital that is connected to only one of the

two electrodes. This dangling eigenstate creates a “no-way-out” for an incident

electron whose energy is at resonance with this molecular orbital. In the time-

dependent picture, cðtÞj i then oscillates between caj i and this dangling state, and

the maximum population of cbj i remains extremely weak. In the specific case of

the benzene ring, these dangling eigenstates, located at E ¼ �1, are degenerate

with a resonant tunneling pathway. A sufficient splitting of this degeneracy,

E E|y 〉 |y 〉

2

–2

–1

1

Fig. 3 Graphical representation of the scattering through the benzene ring in the meta configura-

tion. The six molecular orbitals create six pathways for the electron to cross the junction. If their

energy is resonant with one of these pathway, they flow freely through the barrier leading to

T(E) ¼ 1. The frequency-related interference observed in the meta-configuration on Fig. 2 at

E ¼ 0 comes from a destructive relocalization of the wave packet on cbj i. The amplitude-related

interference located at E ¼ �1 comes from the dangling molecular orbitals at these energies that

are connected to only one of the two electrodes. They create a “no-way-out” pathway preventing

the electron from crossing the junction

226 N. Renaud et al.



induced by a relatively strong coupling between the molecule and the electrodes, is

required for this interference patterns to appear. That is why they are only observed

in the pseudoballistic regime and not in the tunneling regime.

2.3 Connecting a Molecule to N Electrodes

To implement a complex logic function with several inputs and outputs in a single

molecule, this latter has to be connected to more than two electrodes. Beyond the

experimental challenge it proposes [79], this multielectrode scattering process leads

to an interesting theoretical problem. The generalization of ESQC to this multielec-

trode case has been the first method to tackle this problem. The so-called NESQC

technique [60] is still based on the transfer-matrix formalism, and follows the same

general mechanism presented above. The transfer matrix in this case is an N � N

matrix, and the ratio between its elements defines the scattering amplitude between

two of the N electrodes. The time-dependent method presented in the previous

section can easily be generalized to account for the presence of the multiple

electrodes generalizing the Fano dissipative matrix to the N-continuum case. The

electronic conduction between two electrodes is then computed following exactly

the same method as previously. These two methods are compared in Fig. 4 for the

simple case of four electrodes connected to a naphthalene network, where each

electrode interacts with one orbital of one carbon atom through a coupling vi ¼ 0.5

eV. As for the tunneling case of the benzene ring, the two methods agree perfectly,
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Fig. 4 Electronic conduction between four identical electrodes via a naphthalene calculated with

the time-dependent method
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and the two curves are superposed. One can notice the strong differences between

the electronic conductions of different pairs of electrodes. For example, a resonance

between two electrodes can become an interference between two others. This is the

case when the corresponding molecular orbital is connected to two electrodes but

not to a third, leading to an no way out interference. The Interference due to a zero

frequency are also located at different energetic values for different pairs of

electrode. Due to their respective interactions with the molecular orbital, the

interference condition is different for each pair of electrodes. Very simple rules,

based on the Dewar theory of alternating hydrocarbons, can be established to

predict the position of these interferences. This theory separates the carbon atoms

of the molecule into two groups, each member of one group being connected to

carbon atoms that belong to the other group. Thus it can be shown that an interfer-

ence located at E ¼ 0 is obtained only if the two electrodes are connected to two

carbon atoms of the same group.

2.4 Inelastic Effects

Only the elastic electronic conduction through a molecule has been presented so far.

In this framework, the incident electron does not transfer its energy to the molecule,

and only scatters through its molecular orbitals. Inelastic effects in a molecular

junction have been intensely studied both experimentally and theoretically [80, 81].

These effects imply a transfer of energy from the tunneling electrons to the

molecule. This transfer of energy has been theoretically studied using, for example,

the non-equilibrium Green’s function [82, 83], leading to accurate simulation of

inelastic tunneling electronic spectroscopy [84, 85]. These effects are also the

source of current-induced dissociation of molecules under an STM tip [86–90]:

from this one can predict STM-controlled chemical reactions, where the reaction

pathway may be accurately controlled [91]. Inducing a rotational movement is

another revolutionary possibility offered by the STM [92, 93]. The incident

electrons, exciting vibrational modes in the molecule, are able to start a mechanical

motion, opening the way to nano-mechanical devices that are the cornerstone of

future molecular technology [94]. To excite a vibronic state, the incident electron

must have a minimum energy corresponding to the transition between the first few

vibronic levels. Therefore, inelastic effects occur only for a relatively large bias

voltage that gives to the incident electrons enough energy to excite the vibronic

states of the molecule. Under this threshold, inelastic effects can be safely

neglected. Since our molecular logic gates are supposed to work close to equilib-

rium, the bias voltage is considered low enough not to consider inelastic process in

the following. Our molecular logic gate will consequently be explored in the

Landauer limit, and neither the modification of the conductance by inelastic effects

nor heat generation [95, 96] will be taken into account.
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3 Hybrid Devices

The basic structure of a hybrid molecular device is a single molecule B interacting

with its two conducting AAA semi-infinite nano-pads in an |AAABAAA|-like
electronic structure. Depending on the functionality of this molecule, its presence

as a jumper between the two nano-pads should introduce a better tunneling path

than a molecule-free |AAA AAA| junction. This is the basic premise already

proposed in the seminal Aviram–Ratner rectifier paper [15]. The device consists

of the molecule and of its two nano-pads. One can also add a third controlling

lateral grid. Because of the finite mean free path of the electrons in the nano-pad

AAA, the electron phase will be lost only after a certain propagation length deep

in the nano-pads. At room temperature, this can require at least 10–20 nm between

the chemisorption site of the molecule on the nano-pad surfaces and the location

on the nano-pad where the device is interconnected to the external world, or to

another part of the circuit. The device functionality will be stabilized only after

taking into account a certain portion of the conducting nano-pads: this suggests

naming all the |AAABAAA|-like devices: “hybrid molecular devices.” In practice,
this distance corresponds very well to the asymptotic condition discussed in

Sect. 2.1 to describe the transport phenomenon through a single electronic defect

B embedded in a fully periodic |AAAAAA| structure. In principle, a complex

electronic circuit can be built up by interconnecting such molecular devices, but

respecting the standard electrical Kirchhoff mesh and node circuit laws. This

means that, as soon as a hybrid molecular device is optimized, there is in principle

no obstacle to designing complex circuitry. Many hybrid molecular devices have

been proposed and calculated or simulated in a more or less well-described

adsorption environment. Only a few have been experimentally worked out in

their truly single-molecule version, that is, one single molecule interacting with a

well-identified chemisorption site on the surface of each contacting nano-pad, and

with its molecular conformation exactly determined in the junction. Their basic

physical functionality can be easily classified using the valence-bond-like model

of Sect. 2, as represented in Fig. 5, where one or two electronic states of the

molecule are in interaction with two semi-infinite chains of electronic states

describing the pads. Chemistry will put a lot of structural variability on the

basic model of Fig. 5, together with the gating of the device when required. As

presented in Fig. 5, the basic quantum physics behind all these hybrid molecular

devices is the control of a tunneling current through an |AAAABAAAA| electronic
structure by playing with some internal B parameter or with the A–B interactions

parameters, since the device is hybrid by definition, i.e., involving the pads AAA

and the molecule B to define its functionality. For a molecular switch (mainly

Fig. 5a, b), electronic coupling (inside B or A–B) or electronic states manipula-

tion in B have been proposed, and sometimes clearly observed experimentally.

For molecular rectifiers or negative differential resistance (NDR) devices (Fig. 5b

without gating or Fig. 5c), the B electronic states are designed on purpose to

create an asymmetric I–V curve. For interference-like hybrid molecular devices
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(Fig. 5d), the constructive (or destructive) interferences are controlled either

by the change of a given B intramolecular electronic coupling, or by the shift of

a B molecular electronic state. Those four generic types of molecular devices (or

a combination of those in realistic molecular electronic structures) generate all the

different hybrid molecular electronic devices proposed and studied so far. The

“ON–OFF” ratio for a molecular switch or the gain for a molecular transistor can

be improved by getting more B molecular electronic states involved in the

switching or the gain process [97]. Note that in Fig. 5 classification, the gating

electrode is not playing a role, because no leakage current was supposed between

the gate and the AAA nano-pads of the molecular junction. If such a leak exists (or

if it is required), the classification of Fig. 5 can be generalized, including a third

AAAA chain converging towards the central B electronic structure using, for

example, the NESQC calculation technique of Sect. 2.3 to simulate the function-

ing of the resulting molecular device.

h
a

b

c

d

h h

gate

gate

gate

h
α β

h h

h h

D

A

a

h

hhh h

h

h h
α α

α
α

α
α α

β

ε

Fig. 5 The four generic electronic structures of a molecular device in a standard |AAABAAA|
form: h is the coupling between two neighbor site A in the electrode, a and b are the coupling

between the periodical electrodes and the impurity B and e the coupling between the donor and the
acceptor of a two-state impurity. (a) Molecular switch controlled by changing the electronic

coupling a, b relative to h (b) Molecular switch controlled by changing the position of a molecular

level as a function of an external gating. It is also the simplest model for a negative differential

resistance molecular device. (c) Donor–acceptor (DA) molecular rectifier where e indicates the
compulsory small coupling between D and A in respect of the designed molecular electronic

structure. (d) Simplest molecular interferometer structured with two equivalent electronic states

with a coupling which can be positive or negative, as a function of the relative energy position of

those two levels in reference with the Fermi level of the nano-pads AAA. The interference can also
be controlled by shifting the relative position in energy of the two electronic states
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3.1 Molecular Switches

From Fig. 5a, b, a molecular switch is a simple |AAABAAA| electronic structure,

where the gating affects an electronic coupling in the ABA junction, or the energy

position of some B electronic states. Both effects can be combined to increase the

ON–OFF conductance ratio of the ABA switch. Those are well-known effects,

back to the period where through-bond electron transfer processes were studied as

a function of the conformation of the molecular ligand [98]. Any well-designed

molecule B with a chemical group able to rotate or to undergo a cis–trans isomeri-

zation along the B electron transfer path between the two nano-pads will bring some

electronic coupling variation along this path. Landauer was skeptical about such

quantum-mechanical electronic transmission switching [99], because, whatever the

molecule, one must still design the gating effect with a third electrode. From a more

physical point of view, changing a B electronic coupling, or the energy position of

some B electronic states involved in the transport process in the ABA junction, does

not generally lead to a very abrupt change in the conductance of the ABA junction

[59, 100]. Nevertheless, in an AXeA-like STM tunneling junction, Eigler nicely

demonstrated that the STMmanipulation of a single Xe atom in and out of the STM

junction, using the electric field at the STM junction, can change the conductance of

this junction by two orders of magnitude [101]. The Xe atom under the tip

apex reduces the effective tip apex to surface tunnel barrier height compared to

a vacuum. This reduction increases the penetration depth for tunneling electrons

within the barrier, resulting in a larger tunneling current. This is a Fig. 5b type

switch, where the intermediate Xe 6s electronic state is coupled or not to the

junction [102]. Under the STM, the first example of a truly single molecular switch

was found while looking at the adsorption of a legged Cu–porphyrin molecule on

a Cu(211) surface [103]. At a Cu(211) step edge, one leg of this molecule is free to

rotate between two positions: one perpendicular and one parallel to the surface. The

conductance OFF (parallel) is more stable than the conductance ON (perpendicular)

conformation on a Cu(211) surface. Therefore, positioning the tip apex at the

location of this switchable leg leads to a nice switching effect, provided the tip

remains at the same height for the two conformations of the switched leg (see

Fig. 6). This molecular switch belongs to Fig. 5a type, where the central electronic

states of the leg are almost not shifted during the switching. This leg is electroni-

cally coupled (decoupled) to the STM tip apex and to the surface in its perpendicu-

lar (parallel) surface conformation. The gating effect is very interesting. The

switching leg of this molecule is like the moving mechanical part of a macroscopic

switch but with a stable and a metastable conformation. While gently pushing on

the leg to pass from the ON (perpendicular) to the OFF (planar) configuration, an

energy barrier has to be overcome. This barrier was measured [104]. To be back to

the ON state, one has to manipulate this leg a bit laterally to find a reaction path that

overcomes the switching barrier. To optimize such a molecular switch, one has also

to determine where the bistable potential energy path of the switching B molecule is

coming from: from the nano-pad surface where the molecule is sitting or from the
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molecule alone. After this legged Cu–porphyrin molecule on a Cu(211) surface

example, many molecular switches have been proposed and a few experimentally

studied, where again the nano-pad surface is determining the switching machinery:

a biphenyl molecule on Si(100) [105] or a diazobenzene molecule on a metal

surface [106]. All those switches belong to Fig. 5a type. The dependence of the

switching ability of the molecule on its interaction with the electrode surface was

truly demonstrated in the diazobenzene case where no switching occurs on Au(100)

or Cu(111) surfaces as compared to an Au(111) surface [107]. To keep the origin of

the switching mechanism in the molecule free from any surface influence, one can

use, for example, an intramolecular proton transfer process. The molecule must be

well designed for the proton not to escape from the molecule to the surface. Some

belong to Fig. 1d interference type of switches [107] and others are of Fig. 1b type.

They are based on a change of the B intramolecular electronic structure upon

intramolecular proton transfer without changing (in first approximation) the

B molecule electronic coupling to the contacting nano-pads. This is the case for

the early intramolecular proton transfer switch, whose gating was also applied by

the tip apex of an STM [20]. In this hemiquinone molecule (see Fig. 7), two protons

STM TIP

GOLD SURFACE

O

O

O

O
H

H
(CH2)2HOOC

S
(C

H 2
) 8

Fig. 6 An intrinsic molecular switch positioned in an STM tunnel junction. Here, the mechanism

of intramolecular switching is independent of the surface. It is the intramolecular transfer of two

protons which is supposed to shift the molecular orbitals of molecule since one phenyl is bonded to

a sulfur atom. The protons transfer is triggered by the tip to surface electric field
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were supposed to be transferable up and down the molecule while an electric field is

applied on the ABA junction. Such a proton transfer shifts the molecular orbitals of

the molecule in a Fig. 5b type switching effect, resulting in a resonance appearing in

the I–V characteristics of the ABA junction when the protons have been transferred.

There are many other ways to gate Fig. 5a or Fig. 5b type switches, like light

induced conformation change or the application of an electric field on the junction.

The previous diazobenzene molecular switches can be controlled by light or by an

inelastic tunneling current. For a Fig. 5b switch, the objective upon the application

of an electric field on an ABA junction is to shift largely in energy some of the

B conjugated molecule electronic states [107]. The experimental problem with

this approach is that an extremely large electric field is required to displace in

energy the electronic states of a conjugated molecule for the result to be observable

on the junction conductance. Since the electrical breakdown of an ABA tunnel

junction is around a few volts per nanometer, the junction will break before any

large “ON–OFF” conductance switching ratio is observed. With the molecular

switches described above, the open question is how to design a miniature complex

circuit by assembling a lot of them together. We are not speaking here about the

available technology to do so. We are speaking about adapting the design of those

switches to a planar atomic scale technology. For example, almost all the molecular

switches proposed so far will not work on an insulating surface in a planar

technology that lies in between well defined atomic scale nano-pads.

Fig. 7 A molecular switch made of the leg of a legged Cu–porphyrin adsorbed on a Cu(211)

surface. (a) An idealized version of such a molecular switch where the switching leg is exactly

interconnected to two atomic wires in a Fig. 1a like configuration. The device resistance is

maximum for a perpendicular ¼ 0 conformation. (b) The real experimental device where the

STM tip apex can be maintained at 0.7 nm or 0.9 nm separation between the tip and the surface in

between the leg switching. In this case, the resistance is minimum for perpendicular to the Cu(211)

surface ¼ 0 conformation. The energetic of the switching mechanism can be calculated and the

switching barrier height was also determined experimentally
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3.2 Molecular Rectifiers and Negative Differential Resistance
Devices

A well-known way to perform a complex electronic function like Boolean logic is

to assemble a circuit of rectifiers completed with some amplification devices to

compensate for the loss introduced by the rectification layers. The interest in

molecular rectifiers and also in negative resistance devices [108] is that they do

not need a gate. This is very important, as compared with molecular switches,

because as soon as their electronic structure is isolated from the supporting surface,

their function does not require any conformational change. This may explain the

extensive interest in molecular rectifiers between 1990 and 2000. The original

design of a molecular rectifier was a Donor (D)–saturated bridge–Acceptor (A)

molecule [15, 59]. The saturated bridge was required for the D and A electronic

states of the molecule to be well-defined, leading to the very schematic electronic

structure of an ABA molecular rectifier device (Fig. 5c). In this design [59], the

alkyl bridge was very long, and the resulting current intensity through the molecule

falls in the attoampere range. This was too low to use in a complex logic circuit. The

same occurs with the molecular rectifiers calculated by the Mitre Corporation [27],

whose output current is of the order of 100 fA. To get a larger output current, the

bridge was reduced to its minimum length and the D and A groups acquired a very

small lateral size. Very simple amino-phenyl (D) and nitro-phenyl (A) fragments

were tested as the elementary rectifier chemical groups [109]. As presented in Fig. 8

and connected between two metallic nano-electrodes, such a simple molecular

rectifier showed a very high monoelectronic tunneling transmission spectrum

T(E). Even with a very short CH2 bridge, the HOMO and LUMO electronic

resonances of the D and A parts of the molecule can be very well identified in the

Fig. 8 (a) The chemical structure of a very simple D–A like molecule where the bridge had been

restricted to a simple CH2 chemical group for increasing the molecular rectifier running current

intensity. (b) the calculated T(E) electronic transmission through this molecule while connected in

a Au nano-pad tunnel junction. The frontier D–A, PC6H5NH2 and P*C6H5NO2 molecular orbitals

are identified. Note that in an elastic regime of transport through this molecule, the I–V asymmetry

will come from the largewidth of thePC6H5NH2 electronic resonance, as compared to the very sharp

P*C6H5NO2 one. The width of the intercalated phenyl resonance is so small that it does not count in

the I–V characteristic
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T(E) spectrum. When the Fermi level EF is located between the D-HOMO and the

A-LUMO resonances, a large rectification effect is observed where T(EF) reaches
almost 104. At a low 100 mV bias voltage and in a forward polarity, the tunnel

current intensity reached around 1 nA. The T(E) spectrum of Fig. 2b was calculated

using the ESQC technique associated with a semiempirical description of the tunnel

junction [110]. The full valence MO structure of the junction is taken into account

in the calculation.

NDR was observed for certain slightly asymmetric molecules bonded to gold

electrodes in restricted temperature ranges (around 60 K) [108]. This molecular

analog to an Esaki tunnel diode would in principle be very useful, since in a device

using it, the negative resistance from the “Au/molecule/Au” system, if put in series

with an equal but opposite positive load resistance, would provide “infinite” power

gain (division by zero). Alas, the effort to commercialize this NDR failed because

the device was unreliable. Inspired by the Aviram–Ratner proposal [15], Metzger

and coworkers synthesized and measured 11 different molecular rectifiers, mostly

in monolayers (Al/molecule/Al, or Au/molecule/Au), with rectification ratios

between 5 and 80 [111]. Other laboratories have studied about ten other rectifiers,

mainly as single molecules, by STM [111]. However, at present the interest for

molecular rectifiers has abated somewhat, probably because of their very low

running current. This leads to extremely low conductance molecular rectifier

devices, much smaller than G0. Indeed, the Landauer–B€uttiker formula predicts

that the overall conductance for an “electrode/single-strand/electrode” (ABA) sys-
tem cannot exceed G0. Within that single strand (string of metal atoms, or single

molecule) the conductance can be quite high, or even infinite for a perfect conduc-

tor, but the overall one-strand system conductance of ABA cannot exceed G0.

Together with an ABA stray capacitance of a few attofarads, the running frequency

of one molecular rectifier will be lower than 100 MHz and the running frequency of

a Boolean logic function lower than 10 MHz.

3.3 Molecular Interferometer-Like Devices

As presented in Sect. 2 Fig. 6, destructive electronic interferences in an ABA
molecular junction can lead to a change in the conductance of the ABA junction

as a function of an external perturbation by a few orders of magnitude, and hence to

a large switching effect. This corresponds to a Fig. 5d type molecular device, where

interference conditions occur when the effective coupling through the central two

molecular electronic states is exactly zero at some energy in a few electron volts

range around the Fermi levels of the nano-pad materials.

Note that through-molecule electronic interferences do not necessarily require

a loop-like spatial topology of the molecule to be active. Molecular electronic

states of different symmetry relative to the contacting nano-pads can do the job

[112]. Through-molecule interferences can be controlled by changing the molec-

ular conformation [113, 114], by applying a lateral electric field to the ABA
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junction [115], or by controlling the chemical composition of a pending chemical

group bonded along the tunnel path [116]. Often, the gating effect used to reach an

interference effect leads to a fantastic manipulation of the molecular states

imaged by the STM [117] but with almost no difference in conductance between

the ON and OFF states. But there is more required than a switch with a Fig. 1d-

like ABA interference device. It was demonstrated that, for some molecule in the

ABA junction like a C60 molecule, going out of a destructive interference regime

is so easy with the external gating parameter that a small variation of this

parameter leads to a very large variation of the ABA junction conductance

[118]. This is the exact definition of gain. Among all four types of molecular

devices presented in Fig. 5, only the interference in Fig. 5d can deliver a large

gain. Of course (and as already discussed in the introduction of this section), one

must have more than two active molecular electronic states in the ABA junction

for the gain to be large and to get a molecular transistor. Starting from the simple

schematic diagram of a discrete three-terminal device, a few molecular scale

transistor-like devices have been proposed in the past [119]. The design of most

of them is based on the topological resemblance between a well-designed mole-

cule and a field-effect transistor (FET). But no gain was calculated for those

molecules. In the case of the C60 electromechanical amplifier [120], the gate

effect is produced by intramolecular interference effects controlling the extension

through the molecule of the penetration depth of the tunneling electron coming

from the electrodes of the nanojunction. With its fivefold HOMO and a threefold

LUMO, a C60 molecule was a good candidate for a Fig. 5d-type molecular device

benefiting from a large number of molecular electronic states in interaction with

its nano-pads. With a working current intensity of 7.48 nA, the measured

transconductance of the C60 amplifier is 3.974 S [120]. This trans-conductance

cumulates the effect of reducing the tip-apex-to-surface distance and closing the

C60 rapid gap, due to the molecular level repulsion effect, while pressing with the

tip apex on the C60 molecular cage. A gain of 5 was observed experimentally

while gently compressing the cage [120]. Calculations have indicated that a larger

gain can be reached in an optimized ABA junction configuration [121]. This

demonstrates that a single molecule can bring a gain in a circuit by itself and

opens the quest for new high-gain molecules. This C60 amplifier (Fig. 9) can be

made planar with a real separation between the source, the drain, and the electro-

mechanical grid. In this planar design, a gain as high as 40 is expected [100]. It is a

true molecular transistor with its source-drain channel resistance controlled by a

third independent electrode. This grid can be qualified as “extrinsic” because its

driving signal is a voltage applied on a small piezo-cantilever and not a current

intensity. The association of such C60 transistors in series and in parallel to design

logic gates was also simulated [100]. The results are disappointing because of the

very high input impedance of those transistors. This high impedance problem was

already underlined by Landauer, who noted that smaller devices often mean larger

interconnection impedances [99]. A solution to this problem is to remain at the

molecular scale by integrating a large number of circuits and devices in the same

molecule, as discussed in the next section (Fig. 9).
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4 Classical Monomolecular Devices

To push the electronic circuit miniaturization down to the nanoscale, Carter pro-

posed in 1984 to integrate the circuitry and the molecular devices inside a very large

single molecule [26]. This solution was also supposed to solve the difficult “tyranny

of numbers” problem by synthesizing the full circuit at once, instead of assembling

it molecule by molecule on a lattice of metallic nano-junctions. Some circuits

embedded inside a single molecule have been proposed, culminating by the Mitre

Corp. proposal of a single-molecule binary adder [27]. These intramolecular

circuits were designed assuming the validity of the Kirchoff laws for the bonding

in series and in parallel of molecular groups to form the intramolecular circuit.

Unfortunately, the mesh Kirchoff circuit law does not apply inside a molecule, in

either the ballistic or the tunnel-electron transport regime [60]. Therefore, the first

step is to establish those laws. Then large molecule-circuits can be designed. In this

section we have only selected a few simple monomolecular circuits, starting from

the molecular OR gate [110] (with and without including rectifiers) and a molecular

XOR gate [109] and then proposing the balancing of a standard (but now intramo-

lecular) single-molecule Wheatstone bridge [122]. Aside from the intramolecular

Fig. 9 (a) The atomic scale structure of a proposed planar C60 transistor where the source and

drain Au nano-pads are supposed to be constructed on a surface with a large electronic gap. The

gating effect is created by the tip apex of a miniaturized cantilever controlled by a miniature piezo

electric crystal. The Vg gate voltage is controlling the z distance of the tip apex to the surface. (b)

The variation of Id source-drain current intensity as a function of z. The optimum working range of

this electromechanical transistor is between the B high resistance and the A small resistance z
values where the Id(z) variation is almost exponential. The resistance vs force curve is presented in

the inset. It serves to evaluate the required switching energy from B to A. The current intensity was

calculated for a 0.1 V source-drain bias voltage
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circuit rules given in the next section, the logic function fulfilled by any of those

intramolecular circuits, i.e., a single molecule interconnected to N metallic nano-

pads using well-designed chemical groups, can be calculated using the NESQC

technique [110] as described in Sect. 2.3. With NESQC all the nano-pads can be

described by a multichannel ballistic transport approach, and the adsorption of a

chemical group to its electrode can be described in a full semiempirical (or DFT

reparametrized) LCAO approach. The supporting surface of the full molecule and

its nano-pads can now also be described to take into account the surface leakage

current [123].

4.1 Intramolecular Mesh and Node Circuit Laws

At low bias voltage, and for any Fig. 10 molecules, electrons are tunneling through

the molecular orbital tunnel paths offered by the conjugated branches of those

molecular bridges. To a good approximation [23], the tunnel current intensity,

measured by an external macroscopic circuit connected to any combination of

two nano-pads i and j of the circuit, is proportional to Vij

�� ��2. The electronic coupling
Vij is introduced between the chosen i and j nano-pads by the molecule itself. For

the same interpads distance, Vij is generally much larger than the through-space
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Fig. 10 Simple circuit diagrams of the different series and parallel association of molecular wires

M1 andM2 discussed in the text. The two molecular wires are (a) bonded in series, (b) connected in

parallel on the metallic pads, (c) forming a single molecule with one intramolecular node, and (d)

forming a single molecule with two intramolecular nodes
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coupling between the same i and j nano-pads, but with the molecule disconnected.

In some cases, a molecule can introduce specific electronic interference effects by

its specific topology or chemical composition, which reduces the low voltage

conductance of the tunnel junction towards its vacuum level of conductance or

below. As recalled in Sect. 2, Vij is usually calculated using the effective Hamilto-

nian technique [124]. Let us choose two quantum states ij i and jj i of nano-pads
i and j with an energy very close to the Fermi level of the pads. In this case, Vij ¼
ih jPðU � 1ÞHUP jj i where P is the projector on the model subspace generated by

the ij i and jj i states.
For a given electronic energy, U is a nonunitary transformation in charge of

selecting the two H eigenstates which are the closest to the model subspace. H is

the electronic Hamiltonian of the corresponding metal–molecule–metal tunnel

junction. Let us now take two molecular wires M1 and M2. Each is able to

introduce respectively an electronic coupling V1 and V2 when jumping over the

tunnel nano-junction. At low coupling, i.e., for an electronic transparency of each

individual molecular wire much lower than unity, the electronic coupling

introduced between the i and j nano-pads by the serial association of the two

molecular wires M1–M2 (see Fig. 10a) is Vs ¼ kV1 � V2 with k a factor. For two

molecular wires bonded in parallel (see Fig. 10b), there are two different cases.

When the nodes are on the metallic nano-pads, each molecular wire brings its

independent Vi contribution to the electronic coupling between pads. When, as

presented in Fig. 10d, the two nodes are integrated in the molecule, far from the

pads and using two other auxiliary molecular groups l1 and l2 connected one side

each to a nano-pad, the complete electronic coupling to consider is that introduced

by the new molecule l1–M1//M2–l2. There is a complete mesh in the molecule,

which creates two different intramolecular tunnel paths: the l1–M1–l2 path

accounting for the V1 electronic coupling, and the l1–M2–l2 path accounting for

the V2 electronic coupling between the two electrodes. In this case, the resulting

electronic coupling between pads i and j introduced by the complete l1–M1//M2–l2
molecule is simply Vp ¼ V1 þ V2. Starting from these three ways of superposing

electronic couplings through a molecule(s) between two nano-pads, the conduc-

tance G of a metal–molecule–metal tunnel junction is easily deduced from the

proportionality, at low coupling, between the current intensity and the square of

the electronic coupling [23]. In series, for the M1–M2 molecule, it becomes

G ¼ G1 � G2, with G1 and G2, respectively, the conductance ofM1 andM2 groups

measured separately (as presented in Fig. 10a). In parallel, when two independent

molecules M1 and M2 are both connected in parallel to the two electrodes of the

tunnel junction, the standard G ¼ G1 þ G2 resumes (Fig. 10b), with some

corrections depending on the adsorption distance between the two molecular

wires M1 and M2 on the surface of the electrodes [125]. In parallel, with a single

l1–M1//M2–l2 molecule (where the two nodes l1 toM1//M2 andM1//M2 to l2 belong
to the molecule as presented in Fig. 10d),

G ¼ G1 þ G2 þ 2ðG1G2Þ1=2 (4)
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with G1 and G2 the conductance of the l1–M1–l2 and l1–M2–l2 molecule taken

separately [125]. Also in a parallel configuration, with an l–M1//M2 molecule,

where only the l toM1//M2 node belongs to the molecule (see Fig. 10c), the standard

G ¼ G1 + G2 resumes, again with some corrections, depending on the adsorption

Fig. 11 The scattering properties of a five branches – four electrodes molecular bridge.

(a) Detailed atomic structure of the molecule. A central perylene branch was included to mimic

an internal measurement branch. (b) EHMO–ESQC calculated T12(E) transmission coefficient

(plain) and predicted T12(E) transmission coefficient (dashed), applying the intramolecular circuit

rules discussed for the four molecular fragments given in Fig. 12. The dashed (dotted) line is the
T12(E) variation for the single molecular branch, as presented in the inset, to show the origin of the

destructive interference
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distance between the two molecular wires M1 and M2 on the surface of the

electrodes [60]. One interesting and simple example is the intramolecular circuit

presented in Fig. 11: it is made of five branches and is connected to only two

electrodes. Its two-terminal behavior can be calculated using the N ¼ 2 version of

EHMO–NESQC [126]. As expected, there is a pronounced interference effect in the

middle of the HOMO–LUMO gap of this five-branch molecule (Fig. 11b). The

overall electronic conductance of this molecule, can be calculated by decomposing

it in four specific molecular wiresM1,M2,M3, andM4 (see Fig. 12) and by applying

the circuit rules discussed above to this decomposition.

There are two left M1 and rightM2 lateral molecular branches going from nano-

pad 1 to nano-pad 2, with a conductance G1 and G2 with G1 ¼ G2 for a planar

conformation. There are also two zigzag left M4 and right M3 tunneling paths via

the horizontal perylene molecular wires. They have a conductance G4 and G3 with

G3 ¼ G4 for a planar conformation. The conductance of each path is defined by

interconnecting the corresponding molecular wire given in Fig. 14 to two metallic

electrodes, using benzoperylene end-groups for the interconnection, and by calcu-

lating the transparency of each of them. According to our circuit rules,

G ¼ G1 � G3 and G ¼ G2 � G4, because there is one molecular group more in

series in the molecular wire M3 and M4 than in M1 and M2. The application of this

product superposition rule gives a fast decrease of the conductance of a molecular

wire with an increase of its length. The conductance of the total molecule is given

by our parallel superposition rule, specific to the case where the two nodes of the

circuit are inside the molecule, that is G ¼ 4ðG1 þ G3Þ þ 8ðG1G3Þ1=2 because

G1 ¼ G2 and G3 ¼ G4. In Fig. 11b, the energy-dependent transmission coefficient

T12(E) deduced from this rule is compared to that obtained by a complete molecule

transparency calculation using the EHMO–ESQC technique. There is almost no

difference in the HOMO–LUMO gap of the molecule and the destructive interfer-

ence is still there, confirming that they are introduced by the M1 and M2 branches

independently. As discussed in the next section, those rules are applied to the

balancing rules of a single-molecule Wheatstone bridge. The next step in intramo-

lecular circuit theory is to connect a single molecule to three nano-pads with

a single node in the circuit, where the three molecular branches M1, M2, and M3

are converging (see Fig. 13). The simple case corresponds to M1 ¼ M2 ¼ M3 with

Fig. 12 The Fig. 11 intramolecular circuit can be decomposed into four tunneling paths, to apply

the parallel superposition rule, and predict the transmission coefficient through Fig. 11 molecule.

Molecules 1 and 2 are for the contribution of two short tunnel paths and molecules 3 and 4 for the

contribution of the two longer paths through the central perylene wire
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a symmetrical central node. In this case charge conservation occurs, resulting in an

identical conductance for all the two-terminal molecular tunnel junctions that

can be defined in Fig. 13 three-terminal circuit [60]. Of course, each elementary

conductance depends on the chemical composition of the third branch.

A very good example is the conductance of a dianthra[a,c]naphtacene starphene-
like molecule presented in Fig. 20, interacting with three metallic nano-pads. The

EHMO–NESQC T(E) transmission spectrum per tunnel junction looks like

a standard conjugated molecule T(E) with well-identified molecular orbitals and

their resonances. For the Fig. 20 case all the T(E) are the same. One can note a small

deviation after the LUMO resonance, due to a little asymmetry in the adsorption

site between the three branches on the nano-pads [127]. A lot of asymmetric

star-like three-molecular-branches system can be constructed, in particular in

reference to chemical composition of the central node. This had been analyzed in

detail [60]. But in this case, each molecule becomes a peculiar case. The next

section presents one application of this central-node case to construct molecule

OR and molecule XOR logic gates.

4.2 Intramolecular Logic Circuits with Only One Node

The simplest way to design a logic gate (or any electronic circuit) in a molecule is to

map the chemical structure of the molecule with the corresponding electrical circuit

diagram. It was first practiced by Carter [26] and then by the Mitre Corporation

researchers [27], but without any simulation of the electrical conductance, either of

their chemical drawing or with respect to the new circuit rules discussed above.

Using the above intramolecular circuit laws and the EHMO–NESQC technique to

trouble-check in detail the multiple T(E) tunneling paths through the molecule as

a function of its detailed chemical structure, it is now possible to go a step further,

and propose simple logic gates based on the same architecture as the diode logic of

i j

M2 M1

M3

k

Fig. 13 The simple circuit diagram of a central molecular node connected to three nano-pads i, j
and k. The three M1, M2 and M3 branches form a single molecule with the central node
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the 1950s. Presented below are simple examples of a large variety of chemical

structures, which can be calculated to trouble-check the Boolean truth tables they

should obey. No supporting surface was added, but can be added now in the new

NESQC version, as noted above, to provide a realistic description of the molecule

circuit, its interconnection nano-pads, and the electronic structure of its supporting

surface. Let us start with a simple OR gate. As recalled in Fig. 14 and in simple

diode logic, an OR is simply two rectifiers connected to a common node.

From this node, the output current intensity must respect an OR Boolean truth

table. The rectifiers are there to ensure no back current when one of the two

input voltages is set to zero. Since the Kirchoff current superposition rule holds

for a molecular node, as discussed above (see Figs. 11 and 12), two Aviram–Ratner

rectifier groups can be chemically bonded in series with a central phenyl group

to form the two input branches of an OR gate (see Fig. 15), mapping Fig. 14

diode logic circuit diagram. The central phenyl is the intramolecular node of the

molecule-OR circuit. The output current is collected directly on this node by bond-

ing a short acetylinic chain to the phenyl node. The complete atomic structure of

the full circuit, including the central OR-molecule and its interconnection to the

metallic electrodes, is presented in Fig. 15. The output molecular wire group is

connected to the current collecting electrode A via a thiol bond, while the acceptor

parts of each rectifier group are bonded in a planar conformation to the input

metallic electrodes B and C. From the A, B, and C nano-pads, the full scattering

matrix of this three-branch molecule was calculated, using the EHMO–NESQC

technique. All the valence molecular orbitals of the molecule-OR have been taken

into account in the calculation. This molecule-OR is characterized by three trans-

mission coefficients: TAB(E) and TAC(E) for the electronic transmission through the

Fig. 14 The three-branches dianthra[a,c]naphtacene molecule circuit of symmetry formed by

three anthracene fragments equivalently bonded to a central phenyl group. The molecule is

adsorbed by the three branch ending phenyls onto the Au nano-pads. A semilogarithmic plot of

the Tij(E) EHMO–NESQC electron transmission spectra (in valence energy range) per pair of

branches. The presented frontier MOs show how the valence p electrons are delocalized on the

molecule. At resonance, this provides a good electronic conductance through each pair of

molecular branches, almost one quantum of conductance
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molecule from one input electrode to the output electrode A and the leakage

transmission TBC(E) between the inputs B and C. TAB(E), TAC(E), and TBC(E) are
presented in Fig. 15. All the molecular orbitals of the OR molecular logical gate can

be identified on those tunneling spectra, like the p and p* doublets coming from the

two rectifiers in TAB(E) and TAC(E). From B to C, through the series of the two

rectifiers, the leakage current is ten orders of magnitude lower than the direct

current, showing the good insulation of our design. From the B and C electrodes,

the central phenyl is a bad tunnel splitter, compared for example to a three-ways

splitter [60]. In the HOMO–LUMO gap, the electronic transparency of the mole-

cule-OR is TABðEf Þ ¼ 10�12. This small value is due to the methyl CH2 groups

introduced between the phenyl node and each rectifier group. They are needed to

preserve the electronic integrity of the donor part of each molecular rectifier. They

are at the origin of a large electronic reflection coefficient on the molecule-OR at

the B and C input electrodes. This molecular OR, designed using Aviram–Ratner

molecular rectifiers, delivers a current intensity in the 10 fA range. Its detailed logic

surface is presented in Fig. 15. Aside from the very low output current, this

molecule gate delivers two output logic levels “1,” which would need to be

compensated by an external circuit. Figure 15 molecule logic gate running current

is too low to build up realistic complex logic gates. The same occurs for example

using the molecular rectifiers proposed by the Mitre Corporation, whose output

Fig. 15 A molecular OR gate, whose chemical structure maps the electrical circuit diagram

shown in Fig. 20a. Two Aviram–Ratner molecular rectifier chemical groups have been bonded to a

central chemical node. This intramolecular circuit with one simple node can be easily designed,

because the node Kirchoff node law is valid here. Note that the molecular orbital of each partner

can be still identified on the 2 T(E) because of their weak interactions through the CH2 bridge. This

is not always the case. The obtained logic surface demonstrates an OR function for well-selected

values of the input voltage, but with two logical level “1” outputs which would have to be

corrected using an additional output circuit
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current is of the order of 100 fA, when calculated using the NESQC technique. In

both cases, this low output intensity comes from the long bridge separating the

electronic structure of the donor (D) and acceptor (A) chemical groups of those

molecular rectifiers. To get larger output currents, the bridge has to be reduced to its

minimum length and the D and A groups must be of a very small lateral extension.

In Fig. 16, the chemical structure of a very simple D–s–A molecular structure is

described, where for a 100 mV bias voltage forward polarity, the tunnel current

intensity can reach around 1 nA [109]. Following the Fig. 15 molecular circuit

structure, two such molecular rectifiers were bonded via a pyrrolyl group to a

central pyrenyl node, to get a molecule OR logic gate with better output perfor-

mance (see Fig. 16). Its logic surface is presented in Fig. 16. For a planar pyrene

conformation, a tunneling current intensity as high as 50 nA is expected for the (1,1)

input status using a 400 mV input voltage to encode “1” on inputs 2 and 3.

For the same logical output “1,” the expected different values of the output

current intensity is recovered, because there is no voltage drop along the molecule.

The tunneling current of the 2–1 and 3–1 branches simply adds up through the

pyrene part of the OR-molecule. A molecule AND can also be designed, mapping

again a standard AND rectifier logic circuit on the chemical structure of the

molecule [110]. As presented in Fig. 17, a molecule-AND is essentially structured

around a central node, where four molecular branches are chemically bonded

instead of three for an OR gate. As in Fig. 15, standard Aviram and Ratner rectifier

chemical groups were still used in Fig. 17 design, leading to a very low running

current intensity for this gate. As presented in Fig. 17, its logic surface is very close

to the truth table of an AND gate.

Another very good example of the mapping procedure, which can be practiced to

design a semiclassical intramolecular logic gate molecular circuit, is the nontrivial

Fig. 16 An optimized molecular OR, built up using two molecular rectifiers bound to a central

pyrrolyl, whose output current is collected via a pyrene wire. The chemical structure of a given

molecular rectifier chemical group is made of an amino-phenyl donor (D) and nitro-phenyl

acceptor (A) bound together via a single CH2 fragment. The corresponding surface logic is

calculated with a supposed planar conformation of the molecule. Since there is no voltage drop

along the molecule, there are two output current intensities for the same “1” logic output. Note the

large (1,1) 50 nA output current, as compared with Fig. 15 molecule OR
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case of an XOR gate. In one circuit, an XOR gate combines an OR function,

followed by an AND, which forces the output to zero when the two inputs have a

“1” logical status. In standard electronics, there are many ways of designing such

more complex circuits, like combining OR, NAND, and AND gates in a logical

circuit, or adding a zener diode on the output branch of an OR gate, to force the

current intensity to zero when both inputs are “1.” As an example, we have chosen

to map in a molecule Fig. 18 electrical circuit, which is also an OR gate whose

output current intensity is detected by a relay which switches the output current of

the full gate whenever the output current is too high in intensity, that is when both

logical inputs are in a “1” status.

The chemical structure and its interconnection configuration to the nano-pads of

this molecule-XOR is presented in Fig. 19. Following Fig. 18 design principle, it

is a Fig. 16 molecule-OR, with a supplementary lateral nano-electrode to access the

XOR output. To get the nonlinear effect leading to the XOR, the number of

electrons transferred per second through the pyrene controls its conformation

relative to the planar axis of the (1, 2, 3) three-electrode tunnel junction via inelastic

tunneling effects [110]. Then, a small variation of the pyrene rotation angle has

a large effect on the tunneling current circulating in the (1–4) output mesh. The

voltage source V introduced in this mesh brings the energy required to set up the I14

current intensity of the XOR output. This mesh is independent of the (3–1) and

(2–1) input meshes driven by the voltage input V2 and V3.

The full surface logic of this molecule-XOR is presented in Fig. 19. The “0”

logical output corresponds to an I14 current, stabilized around 100 pA for V ¼ 100

mV. The “1” logical plateau is large enough to stabilize an I14 current intensity

around 220 pA for V ¼ 100 mV. The difference between “0” and “1” is large

enough to be detectable, even if (as presented in Fig. 19 inset), our design deforms

the ideal XOR response logic, therefore reducing the immunity of the molecule-

XOR gate to input voltage noise, especially for the “0” inputs).

Fig. 17 A molecular AND gate, whose chemical structure maps the standard AND diode logic

circuit diagram (not shown). The molecule is also made of two Aviram–Ratner molecular rectifier

chemical groups bonded to a central chemical node. A fourth molecular branch had been added for

the reference ground (GND) following the classical circuit design. The obtained logic surface

demonstrates a good AND function for well-selected values of the input voltage but with two

logical level “1” outputs. Note that this gate output must be measured in voltage and not in current
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4.3 Balancing a Four Branches Monomolecular Wheatstone
Bridge

One of the first applications of the new mesh and node intramolecular circuit rules

discussed above is the well-known problem in electrical circuit theory of the

balancing of a Wheatstone bridge. In Fig. 21, a molecular Wheatstone bridge

is presented, made of loop-like 4 tolane molecular wires bonded via benzopyrene

end-groups for nano-pads 1 and 3, and via pyrene end-groups for nano-pads 2 and 4.

This four-electrode and four-branch molecule is connected to a battery and

an ammeter.

Fig. 18 For reference, the classical electrical circuit diagram of an XOR gate in diode logic with

its two top rectifiers and the relay to detect the logical complete (1,1) input configuration. For a

(1,1) input configuration the output current is forced to zero by the relay

Fig. 19 Set-up and surface logic of a molecular XOR logic gate embedded in a single molecule.

Nano-pad 1 is shifted down in space, to optimize the central Ic current and nano-pad 4 is laterally

shifted on the central pyrene, to optimize both the electronic and inelastic mechanical response of

the molecule. With its bias voltage V, the (1–4) output mesh is independent of the logical inputs.

The logic surface was calculated with V ¼ 100 mV in the 1–4 output mesh. The “a” and “b”

logical input status are encoded in V2 and V3 with Vi < 300 mV for a “0” logical input and

Vi > 400 mV for a “1” logical input. Inset: the logic surface top view of an ideal XOR gate and of

that obtained with the present molecule-XOR intramolecular circuit
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One tolane of the molecular bridge is rotated by an angle yx ¼ 30�. It will play
the role of the unknown resistance to be determined by a good balancing of the

bridge. The tolane rotation corresponds to a resistance of Rx ¼ 175 MO [122]. The

molecular Wheatstone bridge is balanced when the tunneling current intensity IW
measured by the ammeter A in Fig. 21 is zero. Keeping this yx value, the balancing

Fig. 21 The variation of the balancing tunneling current of the four branches four electrodes

monomolecular Wheatstone bridge connected as presented in (a). In (b), the dashed line is for the
current intensity Iw (in absolute value) measured by the ammeter A and deduced from the standard

Kirchoff laws calculating each molecular wire tunneling junction resistance of the bridge one after

the other from the EHMO–ESQC technique. In (b), the full line is the same tunnel current intensity

but obtained with the new intramolecular circuit rules discussed in Sect. 2. (c) The resistance of the

branch used to balance the bridge as a function of its rotation angle. The minimum accessible

resistance by rotation is 78 MO for the short tolane molecular wire used here

Fig. 20 (a) A 3-branche OR-gate electrical circuit diagram, (b) its classical logic I(V2,V3)

response. V2 and V3 are the input voltages respectively at the branches 2 and 3, the branche 1 is

at the ground
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is obtained by rotating another tolane of the bridge by an angle. According to the

standard Wheatstone mesh and node laws, the tuning would be reached for [128]

RyR23 ¼ RxR34: (5)

Note that all the resistances are defined here by the resistance value of the

corresponding junctions: the (1–2) molecular wire tunnel junction for Rx, (2–3)

for R23, (3–4) for R34, and (4–1) for Ry. Since the minimum value of R23 and R34 is

78 MO by keeping their corresponding tolane conformation angles to zero, the

variations of Iw as a function of Ry are readily calculated using the standard

expression of the central branch current intensity of a Wheatstone bridge with no

resistance in this branch [128]. The result is presented in Fig. 21, and the balancing

of the bridge would be obtained when Ry ¼ Rx. The basic principles behind (5) and

behind this standard calculation for Iw is that, for example, two resistances in series

add. But in the tunneling regime, this is not the case, because two resistances in

series multiply, as discussed above. Therefore, since Iw is measured outside the

molecular bridge by the classical ammeter A, Iw is simply the superposition of two

tunnel currents Iwl and Iwr with Iw ¼ Iwl � Iwr. The current intensity Iwl results
from electrons tunneling through the tuning tolane molecular branch of resistance

Ry, then flowing via electrode 4 towards the ammeter A and then tunneling again

through the (2–3) molecular tunneling junction. The molecular wire current from

electrode 1 to electrode 3 is much too low, compared to that of electrode 1 to

electrode 4. Therefore, Iwl ¼ V/(Ry + R23), since the molecular junctions (1–4) and

(2–3) are connected in series via a metallic wire under a Boltzmann regime of

transport. Following the same argument, Iwr ¼ V/(Rx + R34). Therefore, the bal-

ancing condition of the bridge becomes

Ry þ R23 ¼ Rx þ R34: (6)

The molecular bridge is still balanced for Ry ¼ Rx. But, as presented in Fig. 21,

the variations of Iw as a function of Ry are different with our new circuit rules, as

compared to that given by the Kirchoff laws. Furthermore, the conformational

variations used to balance the bridge do not permit to explore values of Ry below

the planar conformation. This restricts the exploration of the possible Iw intensity as

presented in Fig. 21.

5 Quantum Monomolecular Devices

The monomolecular approach presented in the previous section provides very

interesting devices that go way beyond the minimum size possible for solid-state

circuits [129]. On top of this technological aspect, it proposes to use the unique
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characteristics of molecular electronic conduction to our advantage. However it

suffers from an important drawback: the exponential decay of the tunneling current

intensity with the size of the molecule [130].

To implement a complex logic function, a large molecule is required, and only

a very small current can go through this large molecular device. The monomolecu-

lar approach is based on a powerful but classical idea: stacking simple elementary

blocs together, like molecular diodes, to construct an electronic circuit. This

classical point of view is the reason why a complex molecule is required to

realize a complex logic function. When dealing with quantum systems, this

powerful stacking approach seems not to be the best one. The unique resources

offered by a quantum system can be used to implement complex functions in a

very small system. In order to do this, the classical rules used to construct

electronic circuits have to be replaced by new ones adapted to the quantum

world. In Sect. 3.2 we have seen how a conformational change of the molecule

perturbs the transmission of the junction and how to design a molecular switch

accordingly. Enlarging this idea, any modification on the Hamiltonian of the

molecule, denoted Hm, rearranges its molecular orbitals and consequently

modifies its electronic conduction. Therefore a specific controlled modification

on Hm can be used to encode one bit of information carried by one logical input.

This modification of Hm can be induced by a conformational change, the dis-

placement of a surface atom in the vicinity of the molecule, etc. If one can modify

Hm at two different points, then two logical inputs can be encoded and so on.

Designing correctly the molecule, the variations of its electronic transmission,

induced by a change of the logical inputs, can respect a given truth table and lead

to the implementation of a Boolean function. This simple idea is the basis of the

so-called Quantum Hamiltonian Computing (QHC) approach discussed in

this section.

5.1 Design of QHC circuits

The design of transistor-based electronic circuits was revolutionized by the sym-

bolic analysis developed by Shannon [4]. This seminal work provides general rules

to connect switches together to design an electronic circuit that performs the desired

Boolean function. A similar approach is highly sought after to design molecular

circuits following the QHC approach. However, the cumbersome expression of the

electronic transmission, even through a simple quantum system, is not amenable for

a symbolic analysis. We have seen in Sect. 2.1 the relationship linking the oscilla-

tion frequency, O, between the scattering states of the electrodes and the transmis-

sion coefficient. The rather simple analytical expression of O is the starting point of

a symbolic analysis of QHC circuits. Its complete demonstration can be found in

[131], and only the general idea is presented here. Since the scattering states are

weakly connected to the molecule, the L€owdin partitioning shows that the oscilla-

tion frequency can be accurately approximated by a series of Dirac functions, each
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one corresponding to the high oscillation frequency obtained when the scattering

states are at the resonance with one eigenstate of the molecule. Then, decomposing

this oscillation frequency over the different values that the logical inputs take,

a pseudo-Boolean equation, where Boolean operators and Dirac distribution are

associated, is obtained. In the simple case, where only two logical inputs labeled

a and b control the Hamiltonian, this decomposition leads to

Oða; bÞ ¼ �a � �b dðF 00Þ þ �a � b dðF 01Þ
þ a � �b dðF 10Þ þ a � b dðF 11Þ;

where �x is the logical complement of x defined by �0 ¼ 1 and �1 ¼ 0 function in

argument of the Dirac distribution are defined by all the parameters of the molecule

and can have rather complex expressions. This general expression is given in [131]

and specific examples are given in the next section. Controlling the zeros of these

functions by tuning the values of the structural parameters, one or several Boolean

operators can be selected, leading to the implementation of a given logic function.

For example, it has been shown that the model system represented in Fig. 22 can

perform six different logic functions, depending on the values of its structural

parameters, ei and k. The parameters ei ¼ k ¼ 0 lead to the implementation of an

XOR logic gate, whose output can be read either in the value of T(E) at E¼ 1 eV or

in the tunneling current intensity integrating the T(E) from E ¼ 0 eV to E ¼ �1 eV.

This current intensity is represented in the inset of Fig. 22 and for varying a and b
continuously from 0 to 1 eV. Stable plateaux at the corner of this map naturally

correct small deviations in the inputs that lead to even smaller deviations in the

output. This fundamental property of any logical device is due here to the sharp

resonances that are pushed in or out of the integration region by a and b. However,
this efficient programmable system is a very abstract model. More realistic systems

have to be studied in order to bring the QHC approach into the molecular electron-

ics family.

Fig. 22 (a) Model system able to perform six different logic functions depending on its structural

parameters ei and k. Current intensity passing through this system for ei ¼ k ¼ 0 eV, v ¼ 5 meV,

and a and b going from 0 to 1 eV. The variation of the current respects the XOR truth table: a

strong current is obtained for¼ 0¼ 1 and¼ 1¼ 0 and a weak one for¼ 0¼ 0 and¼ 1¼ 1. Due to

the stable plateaux at the corners of the map, this device naturally corrects small deviations in the

inputs that lead to even smaller deviations in the output
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5.2 Molecular Implementation

Accounting for the topology of a given molecule during the symbolic analysis is

much harder than playing with a model system whose elements can be tuned at will.

A simple molecule like cyclobutadiene is a reasonable starting point to see whether

this method can be applied to more realistic models. In a tight binding model,

similar to those studied in Sect. 2, the four molecular orbitals of the network of this

molecule introduce resonant tunneling channels in the junction. The two electrodes

are connected to two neighboring carbon atoms but are supposed not to interact

directly since it would blur the conduction of the molecule. This critical point is

discussed in the following. Several solutions can be investigated to encode the

logical inputs, for example different rotating functional groups can be covalently

bound to the two remaining carbon atoms of the molecule. Introducing resonances

in the HOMO–LUMO gap of the molecule, the NO2 group has been found to be the

best candidate to control the overall conduction of the molecule in this energetic

region. Thus, the molecular junction represented in Fig. 23a is studied in the frame

of the QHC approach to implement logical functions. Each logical input, a and b,
controls the rotation of one of the nitro groups that can either be perpendicular to the

board if the input is 0 or parallel to the board if the input is 1. To study this molecule

in the frame of the symbolic analysis presented in the previous section, the model

represented in the inset of Fig. 23a is used. Aside from the four pz orbitals that form
the network of the molecule, two supplementary states modeling the nitro groups

are introduced. If the NO2 is perpendicular to the molecule, the oxygen atoms

screens the pz orbital of the nitrogen atom and the NO2 group does not modify the

conduction of the naked cyclobutadiene. In this case the supplementary state is not

connected to the skeleton of the molecule. On the other hand, if the NO2 is parallel

to the board the pz orbital of the nitrogen atom introduces a new electronic pathway

that consequently modifies the electronic conduction of the molecule. The supple-

mentary state is connected to the network of the molecule. As for the model system

presented in the previous section, an effective Hamiltonian, only defined in the

scattering states of the electrode, can be derived using Lowdin partitioning. This

effective Hamiltonian grasps the main characteristic of the evolution from one

electrode to the other. Following the method described above, the oscillation

frequency across the junction is decomposed in a series of weighted Dirac distribu-

tion as

Oða; bÞ ¼ �a � �b dðD2 � 4Þ
þ �a � b dððD2 � 1Þ2 � 3D2 þ 1Þ
þ a � �b dððD2 � 1Þ2 � 3D2 þ 1Þ
þ a � b dððD2 � 1Þ3 � D2ð3D2 � 2ÞÞ

with D ¼ E � e where E is the scattering energy and e the energy of the pz
orbitals. Tuning values allows the selection of one or several Dirac distributions
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and implementation of a specific logic function. The value D ¼ � ffiffiffi
2

p
cancels out

the argument of the first Dirac distribution that is weighted by the Boolean

operator a � b. Therefore for this value of D, O and consequently the transmission

coefficient are much larger when a¼ b¼ 0 than for any other values of the logical

input. The molecule is therefore a NOR logic gate whose Boolean expression is of

course a � b. By the same token, one can find the values of D that lead to the

implementation of the XOR and the AND logic functions. The XOR function is

obtained for the value of D that cancels the arguments of the second and third
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Fig. 23 (a) Dinitro-cyclobutadiene when connected to electrodes. Each nitro group is used to

encode one bit of information each. When perpendicular to the anthracene plane, the NO2

encodes for a logical 0 whereas when in a planar configuration it encodes for a logical 1. The

inset shows the model system used to simulate this device. (b) Electronic conduction of the

model stem depending on the values of a and b. The vertical dashed lines represent the energetic
values where the output status can be measured using the conductivity of the molecule. The filled
area represents the integration limit to encode a NOR (gray) or an AND (purple) logic gate,

whose output status is measured in the tunneling current intensity. (c) The tunneling current

intensity map in the NOR configuration. The current is much higher when a ¼ b ¼ 0.

(d) Electronic calculation of the device using the B3LYP exchange functional and the 6-31G*

basis set. The NOR and the AND gates are still implemented in this device when represented by

a much more sophisticated model
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Dirac distribution, and the AND for the value of D that cancels the arguments of

the last Dirac distribution. This control of the electronic conduction by the logical

inputs can be verified by Fig. 23b, where the T(E) varies according to the symbolic

analysis exposed above. Measuring the conductivity of the system at these precise

energies, represented as dashed vertical lines in this figure, leads to the imple-

mentation of the NOR, XOR, and AND gates. The NOR and the AND logic

functions can also be implemented using the tunneling current intensity instead of

the T(E). Supposing the Fermi level of the electrode located above the HOMO

with a ¼ b ¼ 0 configuration, and below the LUMO with a ¼ b ¼ 1 configura-

tion, to be around �1.5 eV, the output status of the NOR logic gate can be

measured by integrating the T(E) from this energy to �2 eV (gray area in

Fig. 23b). This corresponds to a negative bias voltage applied on one of the two

electrodes. The AND logic gate is obtained by integrating the T(E) from �1.5

to �0.8 eV, which corresponds to a positive voltage applied on one of the

electrode (purple area in Fig. 23b). The current intensity map obtained for

the NOR logic gate is represented in Fig. 23c. A high intensity current is measured

for a ¼ b ¼ 0, whereas a very low current intensity is measured for different

values. One could think that the extremely simple model used here is misleading

for studying dinitrocyclobutadiene. The MOs of this molecule, using DFT with

B3LYP exchange function and the 6-31G* basis set, are represented in Fig. 23c.

Despite its simplicity, the model used above captures the main features of the

molecule, since the AND and NOR logic functions are still implemented in

the molecule, using this much more elaborate electronic structure calculation.

The main problem of this design is consequently the direct coupling between the

two electrodes that will screen the molecule in the junction. The next step in our

design is therefore to extend the molecule to avoid this direct through-space elec-

tronic coupling between the two electrodes. Using Dewar’s rules on alternating

hydrocarbons is a convenient way to achieve this extension. In Fig. 23 one of the

Fig. 24 (a) 1,5-Dinitro-anthracene connected to two monoatomic gold electrodes. The Tight

Binding model used to study this system is represented underneath. (b) Modifications of the MO

induced by the rotation of the nitro groups

254 N. Renaud et al.



two electrodes is connected to a ○ site, and the other electrode to a □ site. The

design can be extended by symmetry, respecting the alternation between the □
and ○. Increasing the number of states in the molecule leads to a more compli-

cated function F, whose zeros can be calculated numerically. However, due to its

symmetry, the system will perform the same functions as the simple dinitro-

cyclobutadiene. We have chosen to use the [1–5]-dinitro-anthracene to embody

this molecular logic gate as represented in Fig. 24a. The two electrodes, as well as

the two NO2 groups, are connected one to a ○ atom, and one to a ○ atom. The

electronic conduction of this system, calculated in an EHMO model, is

represented in Fig. 25b. The T(E) of the naked anthracene shows the broad panthra
and panthra

* resonances that define the HOMO–LUMO gap of the molecule. In the

perpendicular conformation, the nitro groups introduce two extremely narrow

resonances labeled f1 and f2 between the HOMO and the LUMO of the mole-

cule. The width of these resonances is due to their very weak interactions with the

electrodes. Interacting with the molecular orbitals of the anthracene, they none-

theless shift slightly the HOMO and LUMO of the naked anthracene. When an

NO2 is parallel to the molecule, it introduces a new electronic pathway and

therefore a supplementary resonance in the T(E). It also creates interference just

below the sharp panthra resonance. Finally, when they are both in the plane of the

molecule, the two NO2 groups introduce two supplementary resonances that are

split by their mutual interaction through the anthracene board.
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Fig. 25 (A) Tight-binding calculation (dashed) and EHMO (plain) of the electronic conduction,
for the naked anthracene (a) when the two NO2 groups are perpendicular to the molecule (b), when

one NO2 is rotated (c) and when the two NO2 are rotated (d). (B) Tunneling current intensity for

the NOR gate (a) and the AND gate (b) depending on the orientation angle of the two NO2 groups
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Following the Landauer–B€uttiker approach, the current intensity through the

molecule is calculated by integrating the T(E) between the density of states of the

two electrodes. Figure 25b shows the modulation of this intensity by the rotation of

the NO2 groups. The NOR logic surface is obtained for a bias voltage of 0.5 V and

the AND for �0.35 V, assuming that the unbiased Fermi energy of the electrode is

in the middle of the HOMO–LUMO gap of the naked anthracene.

5.3 Numerical Optimization

The symbolic analysis described above is not the only solution to designing

molecular logic gates by the QHC approach. Numerical optimization is a con-

venient way to explore the huge number of potential chemical compounds, and

a reliable way to find a needle in a haystack. Following such a numerical process,

we present two solutions to implement a half-adder in either a single functionalized

molecule or in a patterned graphene sheet. A half-adder computes the sum of two

logical inputs a1 and a2. Therefore, the half-adder has two output statuses: the sum

s ¼ a1 	 a2 and the carry c ¼ a1 � a2. The half-adder is consequently the superpo-

sition of an XOR and an AND logic gate. In order to implement this function in

a single molecule, this latter has to be connected to three electrodes: one to deliver

the current and two to measure the logical output status. The molecule also needs

two switchable groups to encode the value of a1 and a2.

5.3.1 Building Up a Molecule

The first solution to use numerical optimization in the frame of the QHC is to

optimize the chemical structure of a molecule. Defining simple chemical rules to

assemble several fragments, a systematic search among millions of chemical

components can be numerically achieved to find those whose electronic conduction

respects the truth table of the half-adder. As in the precedent examples, the logical

inputs are encoded in the rotation of two NO2 groups. A “0” encodes for a planar

conformation, and a “1” for a perpendicular configuration. The algorithm automat-

ically generates stable chemical compounds incorporating two nitro groups. Their

electronic conductions are computed between all the possible points where the three

electrodes can be connected and for the four different conformations of the NO2

groups. If the response of one compound corresponds to the half-addition, the

algorithm saves it and discards it otherwise. After searching among millions of

molecules, the dibenzo[a,e]fluoranthene presented in Fig. 26 has been found to be

the best candidate to perform the half-addition. As shown in Fig. 26b, the resistance

of the molecule is much lower when the corresponding logical output equals one

than when it is zero, ensuring a lower current intensity in the latter case.
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In order to reveal the mechanism of this molecular half-adder, the T(E) spectra of
the molecule are presented in Fig. 26b. When perpendicular to the plane of the

molecule, each NO2 contributes a very sharp resonance which does not participate

in the overall conductance. When rotated by 90�, an NO2 introduces a supplementary

resonance in the gap of the molecule. Due to its asymmetrical delocalization over the

atomic orbitals, this resonance increase the conduction between the drive and the

XOR electrode, but not between the drive and the AND electrode. This insures a “1”

output for the former and a “0” for the latter. When the two NO2s are rotated, the two

resonances they introduce create a deep interference between the drive and the XOR

electrode. Located on the Fermi energy of the molecule, this interference leads to

a low conductance state and a “0” logical output for the XOR gate. In contrast, the

two resonances do not interfere destructively between the drive and the AND

electrode, leading to a high conductance state and a “1” logical output.

Fig. 26 (a) The chemical structure of the molecular half-adder. The conformation of each NO2

group encodes the logic input while the output status is encoded in the resistance between the drive

and the output nano-electrodes. The complete truth table for the XOR and the AND outputs. Note

the difference in magnitude between the XOR “1” and the AND “1”. (b) The T(E) spectra of the
junction represented in Fig. 26 for all the logic inputs (solid line). Each inset emphasizes the

modification of the conductance near the Fermi energy of the molecule. Each T(E) spectrum had

been fitted in the active area to determine the minimum number of quantum levels required to

reproduce it (dashed line)
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5.3.2 Cutting Down a Graphene Sheet

Despite all the precautions taken to ensure the chemical stability of the optimized

compounds, the ease of synthesis of the molecule is difficult to predict from the

optimization process. The molecule shown in Fig. 26 would require hundreds of

synthesis steps, some of them beyond the abilities of present-day synthetic chemis-

try. Controlling the shape and the functionalization of a graphene sheet has been the

focus of numerous works and promises to reach an atomic resolution [132, 133].

The possibility to attack chemically or physically the edges [134, 135] of the sheets,

combined with the extraction of few atoms in the center of the sheet [136, 137],

allows complete control of its topology. Therefore patterning and functionalizing

a single graphene sheet is a seductive idea to implement a complex logic gate as

a rather simple molecular entity. Even though much effort is currently being made

in this direction, connecting a single molecule to more than two electrodes is

probably the most important technological bottleneck of the QHC approach. Pat-

terning a graphene sheet circumvents this obstacle by incorporating the computing

unit and the different electrodes in the same sheet. In this framework, the electrodes

are made of long polyacene ribbons that are covalently bonded to the central part of

the molecule that constitutes the computing unit. In this framework the electronic

conduction through the molecule is not in the tunneling regime any more, but in the

pseudoballistic regime, where the all the resonances are broadened. Controlling the

rotation of the NO2 groups to encode the logical input is another experimental

challenge. Other solutions can be explored to encode the classical logical input in

the Hamiltonian of the molecule. Since they do not require supplementary electrical

contacts on the molecule, photochromic groups seem to be interesting candidates to

encode such logical inputs. The cis–trans-isomerization of stilbene is one of the

well-known optically-triggered conformational transformations [138–140]. When

illuminated with the right wavelength, this photochromic compound can switch

from an open to a closed configuration. If such a compound is used to functionalize

a graphene sheet, changing its conformation allows modification of the overall

conductance of the entire graphene sheet. We consequently choose to encode each

logical input in the photoisomerization state of a single stilbene molecule that is

supposed to be attached to the edge of the sheet. Using two slightly different

stilbene groups allows encoding of the two logical inputs that are then controlled

by different wavelengths. An optimization process very similar to that used to build

up the molecule represented in Fig. 26 has been used to shape a small graphene

sheet. For each position of the electrode, the shape of the sheet is modified by

removing atoms, while preserving the aromaticity of the resulting sheet. If the

electronic conduction of the resulting system respects the truth table of the half-

adder, the system is kept and is discarded otherwise. This optimization process

leads to the graphene sheet shown in Fig. 27a. A single carbon atom has been

removed from a small hexagonal sheet connected to three electrodes. The two

stilbene groups are positioned at the end of small polyacene ribbons. Switching

these systems from a closed to an open configuration perturbs sufficiently the
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transmission through the molecule, and the system will perform the half addition.

The current intensity going from the drive electrode to the two output electrodes is

represented for the four different conformations of the stilbene in Fig. 27b. Due to

the strong coupling between the electrodes and the molecule, a high current

intensity but a small margin between a 0 and a 1 output status are obtained. This

top-down-like approach of a QHC circuit allows foreseeing of the implementation

of small computing units in periodical systems patterned with atomic precision. The

same approach is currently applied to SiH (111) surfaces, where a single hydrogen

atom can be selectively removed from the surface [141–143]. Using this extraordinary

technique one can imagine directly drawing a QHC circuit!

5.4 Experimental Realization

The QHC logic gate presented in the previous section performs complex logic

functions but is still inaccessible experimentally. To ensure the validity of the QHC

approach, a simple logic gate should be implemented in a realistic system and tested

experimentally. To embody such a realistic QHC logic gate, the starphene molecule

represented in Fig. 27 has been chosen [144, 145]. The three branches of this molecule

allow encoding the input and reading the output easily when this molecule is

Fig. 27 (a) Optimized graphene sheet for the realization of a half-adder. Each logical input noted

a and b controls the photoisomerization state of one of the two stilbene groups. Depending on this

isomerization state, the overall conductance of the molecule between the three electrodes is

modified. (b) Current intensity calculated in the two output electrodes depending on the confor-

mation of the stilbene groups
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physisorbed onto an Au(111) surface. To encode each logical input, a surface gold

atom is STM-manipulated and brought closer to or further from one of the three

branches. By modifying the MO of the molecule this movement is a priori able to

control the electronic transmission of the molecule. This transmission is measured at

the very end of the third and last branch. This set-up is represented in Fig. 28a and the

corresponding STM image is shown in Fig. 28b. The dI/dVmap of the resulting device

is represented in Fig. 28c. When approaching one or two gold atoms of the molecule,

its HOMO resonance is shifted down in energy. If measured at the HOMO resonance

of the (0,0) input case, the electronic transmission of the system is much higher in

Fig. 28 (a) Model of the starphene molecule physisorbed on an Au(111) surface with an STM tip

positioned to read the output of the logic gate. The position of the two surface atoms encodes the

value of the logical input. (b) The corresponding experimental image with three Au surface atoms

in the vicinity of the molecule. (c) The experimental dI/dV of the molecule showing how the

energetic position of the HOMO is shifted down when the Au atoms are brought closer from the

molecule
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the (0,0) configuration than in the other three: (0,1), (1,0), and (1,1). This leads to the

experimental realization of a NOR logic gate following the QHC approach.

6 Conclusion

Single-molecule logic devices can be designed in many different architectures. The

simplest is very classical, one molecule plus the number of requiredmetallic nano-pads.

This forms a device if those nano-pads are long enough for the conductance of

the “nano-pads–molecule–nano-pads” molecular device to be stabilized. In this case,

a complex logic circuit can be simply assembled by respecting the classical Kirchoff

nodes and meshes laws of electrical circuits, and also the Shannon Boolean logic

symbolic analysis. The drawback of this classical design is that all the three terminal

devices designed or experimentedwith so far have a very small gain and a very large on-

resistance [121]. Therefore, the number of logic layers is very limited even in a crossbar-

like architecture. The second type of architecture is to integrate all the circuitry inside

a single molecule, forcing the molecule to assume the shape of an electronic logic

circuit. This semiclassicalmapping leads to a simplemolecule logic gate, like anOR, an

AND, or anXOR gate as presented here. The running current is very low, which forbids

the extension of the lateral molecular size further than simple logic gates. The third type

of architecture is to play with intramolecular quantum phenomena, either by inputting

the data to be manipulated on the initial state vector or on the Hamiltonian [146]. The

first case is the well-known quantum computer (QC) qubit approach. The second is the

more recent QHC approach [131, 146–148]. In both cases, the results of the quantum

computation can be measured on the state vector reached after the required computing

period of time. QHC can be called a hemiquantum approach. It also opens up the

possibility to get the output measured as a current [144, 145]. As compared to the

semiclassical approach, it is not necessary for the output current to pass through

thewholemolecule. Quantum information is distributed among the different computing

units of the molecule. The current is measured only at some specific well-designed

output ports of the molecule. Both QC and QHC are opening the possibility to design

very complex logic gates, without increasing too much the width of the molecule.

Whatever the architecture solution, an important condition for such logic gates to work

properly is that the molecular structure and its nano-pads (if necessary also the

interconnecting nano-wires between the internal parts) be supported by a surface. It

turns out that fewmolecular devices or logic gates have been designed or experimented

with in a surface planar technology.One difficulty is the surface leakage current between

the devices or directly between the interconnecting nano-pads. The second difficulty is

the possible deformation of the desired molecular electronic structure of the device due

to surface adsorption. The third difficulty is that, to avoid any random behavior of the

device, the nano-pads must be fabricated with atomic-scale precision. The fourth

difficulty is that the end molecular orbital overlaps between the molecular devices and

its contacting nano-pads must be very precisely defined [149]. Chemisorption is not

favorable because it deforms the electronic density of states of the surface nano-pads,
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and the junction conductance is generally very small in this case. Physisorption may

introduce an electronic coupling between the molecule end and the surface nano-pads

that is too small. One solution to those problems is to abandon the use of molecules, to

construct complex nano-device, and to use surface atomic-scale circuits. It may seem

strange to dig out surface atomic circuits in a book aboutmolecular devices. But after all,

such circuits are constructed, atom by atom, on the passivated surface of a semiconduc-

tor [150]. Therefore, surface atomic orbitals can be shaped in such a way as to form

specific surface molecular orbitals with a quantum behavior similar to that of molecular

orbitals. Semiclassical, hemiquantum (QHC), and qubit circuits can, in principle, be

designed, playing with surface dangling bond states, as one can play with molecular

states to design amolecular logic gate. The difference is that atomic-scale wires can also

ensure parts of the interconnections. The conductance of surface atomic wires and of

surface atomic scale tunnel junctions has already been calculated [150]. It may turn out

that a hybrid combination of surface atomic wires and specific molecular switches will

be the grand solution for constructing atomic-scale surface logic gates. Whatever the

material (single molecule or surface atomic-scale circuit), it remains that a new technol-

ogy must now be developed to construct atomically precise planar devices and logic

gates, and, in the near future,more complex circuits. This is nowunderwaywith the very

new atomic scale interconnection machines [151] that can provide at the same time the

required atomic-scale precision ofmultiaccess singlemolecule (or surface atomic scale)

circuit interconnects and the nano-to-micro interconnects, without perturbing the sur-

face atomic-scale order of the constructed circuit. A specific nano-packaging [111] will

also have to be worked out for molecular logic gate to work at ambient atmosphere and

temperature.

References

1. Tinder RF (2000) Engineering digital design, revised 2nd edn. Elsevier Academic,

Amsterdam

2. Horowitz P, Hill W (1989) The art of electronics. Cambridge University Press, Cambridge

3. Riordan M (2005) How Europe missed the transistor. IEEE Spectrum 42:52

4. Shanon CE (1936) A symbolic analysis of relay and switching circuits. Master’s thesis, MIT

55. MIT, Cambridge

5. Saxena AN (2009) Invention of integrated circuits: untold important facts. World Scientific,

Singapore

6. Landauer R (1990) Advanced technology and truth in advertising. Physica A 168:75

7. Intel Corporation (2009) Fact Sheet, Fun facts : exactly how small (and cool) is

32 nanometers?

8. Moore GE (1965) Cramming more components onto integrated circuits. Electronics 38:114

9. Tri-gate transistor architechture with high-k gate dielectrics: metal gates and strain engineer-

ing. Digest of Technical Papers, IEEE Trans VLSI Tech Symp 62

10. Landauer R (1996) Need for critical assessment. IEEE Trans Electron Devices 43:1637

11. Wigington RL (1959) A new concept in computing. Proc IRE 47:516

12. Goto E (1959) The parametron, a digital computing element which utilizes parametric

oscillation. IEEE Trans Proc IRE 47:1304

13. Reimann OA, Kosonocky WF (1965) Progress in optical computer research. IEEE Spectrum

2:181

262 N. Renaud et al.



14. Pei-li L, De-xui H, Xin-Liang Z, Guang-xi Z (2006) Ultrahigh-speed all-optical half adder on

four-wave mixing in semiconductor optical amplifier. Opt Express 14:11840

15. Aviram A, Ratner M (1974) Molecular rectifiers. Chem Phys Lett 29:277

16. Rectifying characteristics of Mg[(C16H33Q3CNQ LB film)]Pt structures. J Chem Soc Chem

Commun 1374

17. Metzger RM (2003) Unimolecular electrical rectifiers. Chem Rev 103:3803

18. Binnig G, Rohrer H (1982) Scanning tunneling microscopy. Helv Phys Acta 55:726

19. Binnig G, Rohrer H (2000) Scanning tunneling microscopy. IBM J Res Dev 44:279

20. Aviram A, Joachim C, Pomerantz M (1988) Evidence of switching and rectification by

a single molecule effected by a scanning tunneling microscope. Chem Phys Lett 146:490

21. Aviram A, Joachim C, Pomerantz M (1989) Chem Phys Lett 162:416

22. Strikov DB, Snider GS, Stewart DR, Williams RS (2008) The missing Memristor found

Nature 453:80

23. Joachim C, Gimzewski JK, Aviram A (2000) Electronics using hybrid-molecular and mono-

molecular devices. Nature 408:541

24. Cuevas JC (2010) Molecular electronics: an introduction to theory and experiment. World

Scientific Series in Nanotechnology and Nanoscience. World Scientific, Singapore

25. Aviram A (1988) Molecules for memory, logic, and amplification. J Am Chem Soc 110:5687

26. Carter FL (1984) The molecular device computer: point of departure for large scale cellular

automata. Physica D 10:175

27. Ellenbogen JC, Love JC (2000) Architectures for molecular electronic computers. Proc IEEE

88:386

28. Duchemin I, Renaud N, Joachim C (2008) A intramolecular digital 1/2-adder. Chem Phys

Lett 452:269

29. Tersoff J, Hamann DR (1983) Theory and application for the scanning tunneling microscope.

Phys Rev Lett 50:1998

30. Landauer R (1957) Spatial variation of currents and fields due to localized scatterers. IBM

J Res Dev 1:223

31. Lippmann BA, Schwinger J (1950) Variation principle for scattering processes I. Phys Rev

79:469

32. Mujica V, Kemp M, Ratner MA (1994) Electron conduction in molecular wires.

I. A scattering formalism. J Chem Phys 101:6849

33. Mujica V, Kemp M, Ratner M (1994) Electron conduction in molecular wires. II. Applica-

tion to scanning tunneling microscopy. J Chem Phys 101:6856

34. Pendry JB, Pretre AB, Krutzen BCH (1991) Theory of the scanning tunneling microscope.

J Phys Condens Matter 3:4313

35. Todorov TN, Briggs GAD, Sutton AP (1993) Elastic quantum transport through small

structures. J Phys Condens Matter 5:2389

36. Nieminen JA, Niemi E, Rieder KH (2004) Interference between competing tunneling

channels and chemical resolution of STM. Surf Sci Lett 552:L47

37. Samanta MP, Tian W, Datta S, Henderson JI, Kubiak CP (1996) Electronic conduction

through organic molecules. Phys Rev B 53:R7626

38. Tian W, Datta S, Hong S, Reifenberger R, Henderson JI, Kubiac CP (1998) Conductance

spectra of molecular wires. J Chem Phys 109:2874

39. Heurich J, Cuevas JC, Wenze W, Sch€on G (2002) Electrical transport through single-

molecule junctions: from molecular orbitals to conduction channels. Phys Rev Lett

88:256803

40. Cuevas JC, Heurich J, Pauly F, Wenzel W, Sch€on G (2003) Theoretical description of the

electrical conduction in atomic and molecular junctions. Nanotechnology 14:R29

41. Nieminem J, Lahti S, Paavilainen S (2002) Contrast changes in STM images and relations

between different tunneling models. Phys Rev B 66:165421

42. Cerda J, van Hove MA (1997) Efficient method for the simulation of STM images.

I. Generalized green-function formalism. Phys Rev B 56:15885

Single Molecule Logical Devices 263



43. Pickup BT, Fowler PW (2008) An analytical model for steady-state currents in conjugated

systems. Chem Phys Lett 459:198

44. Ernzerhof M, Bahmann H, Goyer F, Zhuang M, Rocheleau P (2006) Electron transmission

through aromatic molecules. J Chem Theor Comput 2:1291

45. Solomon GC, Andrews DQ, Hansen T, Goldsmith RH, Wasielezski MR, van Duyne RP,

Ratner MA (2008) Understanding quantum interferences in coherent molecular conduction.

J Chem Phys 129:054701

46. Yeganeh S, Ratner MA, Mujica V (2007) Dynamics of charge transfer: rate processes

formulated with nonequilibrium Green’s function. J Chem Phys 126:161103

47. Nitzan A (2001) A relationship between electron-transfer rates and molecular conduction.

J Phys Chem A 105:2677

48. Hansen T, Solomon GC, Andrews DQ, Ratner MA (2009) Interfering pathway in benzene:

an analytical treatment. J Chem Phys 131:194704

49. Solomon GC, Hermann C, Hansen T, Mujica V, Ratner MA (2010) Exploring local currents

in molecular junctions. Nat Chem 2:223

50. Bar-Joseph I, Gurvitz SA (1991) Time-dependent approach to resonant tunneling and

inelastic scattering. Phys Rev B 44:3332

51. Ness H, Fisher AJ (1997) Nonperturbative evaluation of STM tunneling probability from ab

initio calculations. Phys Rev B56:12469

52. Sanchez CG, Stamenova M, Sanvito S, Bowler DR, Horsfield AP, Todorov N (2006)

Molecular conduction: does time-dependent simulation tell you more than the Landauer

approach? J Chem Phys 124:214708

53. Subotnik JE, Hansen T, Ratner MA, Nitzan A (2009) Nonequilibrium steady-state transport

via the reduced density-matrix operator. J Chem Phys 130:144105

54. Stratford K, Beeby JL (1993) A time-dependent approach to conductance in narrow channel.

J Phys Condens Matter 5:L289

55. Doyen G (1993) Tunnel current and generalized Ehrenfest theorem. J Phys Condens Matter

5:3305

56. Joachim C, Ratner MA (2005) Molecular electronics: some views on transport junctions and

beyond. Proc Natl Acad Sci USA 102:8801

57. Remacle F, Levine RD (2006) Electrical transport in saturated and conjugated molecular

wires. Faraday Discuss 131:45

58. Maciejko J, Wang J, Guo H (2006) Time-dependent quantum transport far from equilibriam:

an exact nonlinear response theory. Phys Rev B 74:085324

59. Sautet P, Joachim C (1988) Electronic transmission coefficient for the single-impurity

problem in the scattering-matrix approach. Phys Rev B 38:12238

60. Ami S, Joachim C (2002) Intramolecular circuits connected to N electrodes using a scattering

matrix approach. Phys Rev B 65:155419

61. English RA, Davison SG (1994) Transmission properties of molecular switches in semiconduct-

ing polymers. Phys Rev B 49:8718

62. Villagomez CJ, Zambelli T, Gauthier S, Gourdon A, Barthes C, Stojkovic S, Joachim C

(2007) A local view on hyperconjugation. Chem Phys Lett 450:107

63. Villagomez CJ, Zambelli T, Gauthier S, Gourdon A, Stojkovic S, Joachim C (2009) STM

images of a large organic molecule adsorbed on a bare metal substrate or on a thin insulating

layer: visualization of HOMO and LUMO. Surf Sci 603:1526

64. Bellec A, Ample F, Riedel D, Dujardin G, Joachim C (2009) Imaging molecular orbitals by

scanning tunneling microscopy on a passivated semiconductor. Nano Lett 9:144

65. Fano U (1961) Effects of interaction configuration on intensities and phase shifts. Phys Rev

124:1866

66. Fano U, Rau ARP (1986) Atomic collisions and spectra. Academic, Orlando, FL, USA, p 57

67. Mies FH (1968) Configuration interaction theory. effects of overlapping resonances. Phys

Rev 175:164
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