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Preface

Governing individual molecules and their utilization is one of the scientific dreams
of our age. The realization of this dream could open the door to a miniaturiza-
tion revolution in electronics. Molecular electronics pursues the use of individ-
ual molecules as fundamental electronic components. The inherent properties of
molecules such as nano-size, low cost, scalability, and self-assembly are seen by
many as a perfect complement to conventional silicon electronics. In addition,
molecules can be designed with the desired functionality and prepared using
common elements such as carbon, nitrogen and oxygen, without the need for
rare earth metals. Understanding and governing the charge-transfer phenomena
occurring at the molecular level could revolutionize a number of related fields,
including energy harvesting, data storage, batteries, sensing devices, and displays.
For these reasons, molecule-based electronics has captured the attention of a broad
cross section of the scientific community.

Molecular electronics is an interdisciplinary science that requires researchers
from different backgrounds to work together. This cooperation includes the design
of molecules with the desired functionality, the measurement of the electronic and
structural properties of individual molecules, and the integration of molecules into
operational devices. The feedback loop between molecular design, measurement,
and ultimately device fabrication, is crucial for the development of the field.

The workhorse of molecular electronics is the molecular junction, where a
single or few molecules are suspended across the gap between two metal elec-
trodes (Fig. 1). The interaction between molecule and metal gives rise to novel
functionality. A clear example of the importance of one metal-molecule interface
is heterogeneous catalysis. Molecular junctions, featuring two metal-molecule
interfaces are exceptional systems where novel phenomena can take place. Hence,
molecular junctions can be regarded as new materials that include the suspended
molecule and both metal electrodes. The study of these systems can lead to the
development of new scientific fields.

The broadness of the field, resulting from the vast amount of work done in recent
years, makes it impossible to include every point of view in a single book. Here,
we focus on the basic science from a chemistry point of view. This book contains
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Fig. 1 Single molecular
junction

the contribution of specialists in the areas of design and synthesis, single-molecule
measurements, and charge-transfer theory. In addition, Prof. Jan van Ruitenbeek,
one of the molecular electronics pioneers, discusses the state of the art as well
as the future development of functioning devices based on molecular electronics
technology.

We would like to thank Springer for the opportunity to prepare this book,
especially Dr. Shinichi Koizumi and Ms. Risa Takizawa. We would also like to
express our deep gratitude to each of the authors who have contributed with their
time and outstanding knowledge to make this book possible. Also, thanks to Dr.
Santiago Marqués-Gonzélez for the helpful discussions during the preparation of
the book. Finally, we hope that the readers of this book will find it both useful and
delightful.

Tokyo, Japan Manabu Kiguchi
January 2016
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Chapter 1
Molecular Electronics: A Brief Overview
of the Status of the Field

Jan M. van Ruitenbeek

Abstract The developments in the field of molecular electronics have seen many
successes and many setbacks, but the field continues to inspire scientists around
the world, now more than ever. The interest is, certainly, for a large part in the
fundamental issues: molecules as conducting elements bring together questions
from various fields of study and lead to profound new questions. However, this
interest alone would not suffice to explain the large efforts in research. Indeed,
the prospects of developing electronics with better performance, higher density,
and new functionality are what motivates most of the research. In this introductory
chapter, I will attempt to take stock of the field, to evaluate what has been achieved,
and to identify the interesting challenges that lie ahead.

Keywords Molecular electronics ¢ Organic electronics * Applications of molec-
ular electronics * Fundamental questions of molecular electronics

1.1 Definition of Molecular Electronics

Before we do so, we need to specify what we mean by the words molecular
electronics. Polymers [1] and organic molecular compounds [2] have been studied
widely for applications in electronics. Polymer and printable electronics are already
commercially available, and organic compounds are found in many commercial
organic light-emitting diode (OLED) displays. Plastic photovoltaic cells are in
production and are continuously improving in performance. Organic layers can be
spin coated or drop casted, where the organic matter in these structures is randomly
packed in the form of thin films, usually in contact with a metallic electrode at
the top and bottom of the layers. The thickness of these films is many times the
molecular diameter, so that only a small fraction of the molecules is in contact with
the electrodes.
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We will refer to this wide field of study and technology as organic electronics.
The applications mentioned above illustrate the relevance of these developments,
but there is a prospect for more advanced exploitation of the properties of molecular
building blocks when we connect just a single molecule, or a self-assembled
single layer of molecules, between metal electrodes. This adds serious technical
challenges, but provides access to the full quantum mechanics of electron transport
at the molecular scale, even at room temperature. This is expected to provide new
opportunities, e.g., in terms of functionality and miniaturization of electronics, and
opens up new areas of study of electron transport at the interface between chemistry
and physics.

In order to specify this latter field of study, we will call this molecular elec-
tronics, or single-molecule electronics, which we consider as a subfield of organic
electronics. Molecular electronics is concerned with devices which have each of the
molecules connected to electrodes at both their ends. This can be either in a single-
molecule configuration (for a comprehensive review, see [3]) or in large assemblies
of molecules, i.e., self-assembled monolayers (SAMs) [4]. In such SAMs, each
molecule is connected to both the top and bottom electrodes placed above and below
the layer. In contrast to the many concrete applications already found in organic
electronics, the subfield of molecular electronics is still in an earlier, exploratory
phase. Although first niche applications are entering the market here, for its full
potential to be developed, a lot of research is still needed, as I will argue below.

1.2 A Brief History

1.2.1 Molecular Monolayers: Langmuir-Blodgett Technique

As early as 1974, ideas were discussed of using organic molecules as electronic
circuit elements. The theoretical ideas outlined in the seminal paper by Aviram
and Ratner [5] could not be tested in experiments on individual molecules until
much later, because the technology had not yet been developed. On the other hand,
many steps had already been taken for studying the electrical transport properties
of monolayers of molecules. Based on earlier work by Lord Rayleigh and by Agnes
Pockels, Langmuir [6] and Blodgett [7, 8] had shown in the 1920s and 1930s
that it is possible to form ordered monolayers of amphiphilic molecules at the
liquid-air interface and that these layers can be homogeneously transferred to cover
solid surfaces. By this Langmuir-Blodgett (LB) technique, Mann and Kuhn [9] first
succeeded in reproducibly measuring the electrical resistance of a monolayer of a
fatty acid on top of aluminum bottom contacts. The top contact was applied, either
in the form of a liquid Hg electrode or it was formed by evaporation and deposition
of metals such as Au, Pb, and Al.

Aviram and Ratner had considered a o bridged donor-acceptor molecule, with
TTF (tetrathiafulvalene) as the donor and TCNQ (7,7,8,8-tetracyano-p-quino-
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dimethane) as the acceptor. This combination has never been realized literally in this
form but many donor-o-acceptor molecules have since been synthesized and tested
for diode characteristics. The first experimental observations of rectification by an
LB monolayer were reported in 1990, using hexadecylquinolinium tricyanoquin-
odimethanide as the active molecular layer between Mg and Pt electrodes [10] and
even between Al electrodes on both sides [11]. The mechanism for the observed
effects has remained under debate because the direction of rectification does not
match that of the mechanism proposed by Aviram and Ratner.

One of the central concerns in the experiments has been the role of the metal
contacts, notably the top contact. This remains also one of the challenges in more
recent experiments, as will be discussed below. The problems are threefold. First,
any defects in the LB film are likely to lead to the formation of a metallic short-
circuit connection between the top and bottom electrodes. By careful preparation of
the LB film and the metallic contacts, this problem can be controlled [12]. Second,
once a defect-free device has been achieved, the atoms in the metallic leads have
a tendency to migrate under the influence of the very strong electric fields. Indeed,
the electric field for an LB film thickness of 2 nm at an applied bias of 2V is as high
as 10° V/m. As a result, shorts develop after one or more current-voltage cycles.
The problem arises for metals with a high room-temperature atom mobility at the
surface such as gold, but also for Ti top contacts [13]. The third problem relates
to the deposition of metals by evaporation: under-coordinated metal atoms landing
from a hot source onto the top of the molecular layer are very reactive and likely to
damage the molecular structure of the LB film. Although many experiments suggest
that the results are independent of the method of applying a top contact, this is a
critical issue that should be considered.

Concerning the latter problem, several solutions have been tested over the years.
Metzger and his team have developed a system that allows cold deposition of metals
from the vapor phase [14]. The trick they introduced was to have the hot source
facing the reverse side of the sample, inside a chamber filled with an inert gas that
serves to thermalize the metal vapor and to allow the metal to deposit by diffusion on
the farside. The efficiency of this process is very low and this is perhaps the reason
why it has not been widely employed. The use of liquid Hg electrodes, as already
pioneered by Mann and Kuhn [9], was further developed into a versatile method
by Rampi and Whitesides [15]. The latter group elaborated the Hg electrode into a
mechanically adjustable microdrop and improved the technique by substituting Hg
with a Ga-In eutectic (EGaln) [16], which marries the advantages of the flow of a
metal with the stability of a solid. Although Hg-drop and EGaln electrodes are very
well suited for testing of the molecular layer conductivity, it is not a proper solution
for building microfabricated devices.

In order to circumvent the first two problems listed above, Akkerman et al. have
introduced the use of conducting polymers (PEDOT:PSS) as top contacts [17]. The
junctions show very high stability and reproducibility and a long shelf life. Another
original approach was taken by McCreery and colleagues [18], using sp? carbon as
electrode material.
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A first demonstration of a device structure presented by Collier et al. [19]
attracted wide attention to the field. They used the LB technique to deposit a layer
of rotoxanes, which were expected to switch between two conductance states upon
applying a suitable bias voltage. The LB layer was deposited on top of microfabri-
cated Al/Al,O3 wires and covered by crossed wires in a second lithography step, by
deposition of a Ti/Al layer. Although the device showed the expected switching
behavior, follow-up experiments showed that similar switching effects can be
obtained in devices containing LB monolayers of nonspecific molecules, including
alkanes [20]. The mechanism of switching has been attributed to migration of metal
atoms in the electrodes, highlighting one of the main problems mentioned above.
The observed switching effect is interesting by itself for application purposes, but it
is not a specific molecular device property that we want to discuss here.

1.2.2 Molecular Monolayers: Self-Assembly

A chemistry-based method for growing molecular monolayers introduced in the
1980s has become very popular in recent years. In their 1983 paper, Nuzzo and
Allara [21] showed that sulfides adsorb onto Au surfaces from solution and form
densely packed coverages. Through later work as reviewed, e.g., by Love et al.
[22], the method of forming self-assembled monolayers (SAM) was extended to
many different substrate materials and many different anchoring groups. Under
proper conditions, many combinations of metal substrates, anchoring groups,
and molecular structures allow the formation of regular two-dimensional lattice
structures on metal surfaces. The molecules can be deposited from the gas phase
as well as from solution and bind by proper choice of a functional head group
that has specific affinity for the exposed surface. The functional head group is
commonly referred to as the anchor group, and molecules can be synthesized to
have anchor groups at both ends, such that binding to the top surface of the SAM
is enabled. Specifically the combination of Au surfaces with thiol anchoring groups
has been very popular due to the low chemical activity of the gold surface for most
contaminants and the specificity of the thiol binding.

Some of the first electrical measurements on SAM were done for n-alkyltri-
chlorosilane molecules, which form a dense layer on oxidized Si substrates [23].
While electron transport appeared to be extremely low, which was suggested to be
of use for improving insulation in silicon electronics, later experiments using metal
substrates showed a more systematic dependence of conductance as a function of
length of the molecules [24, 25]. We will return to this systematics below.
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1.2.3 Single Molecules

The development of scanning tunneling microscopy (STM) by Rohrer and Binnig
in 1981 [26] has largely shaped many areas of nanoscience. Looking back it seems
a natural and logic step to study individual molecules by STM, but it still took
about 15 years before the first experiments were performed by Joachim, Gimzewski,
and coworkers [27]. They succeeded in imaging and contacting individual Cgg
molecules, employing an STM operating at room temperature under ultra-high
vacuum (UHV).

The fullerene Cg is a rather unusual molecule, which does not have a specific
functional group for anchoring to the metal electrodes. In order to broaden the
spectrum towards a wider range of molecular wires, the formation of SAM was
combined with STM [28-31] and conducting-tip atomic force microscopy (AFM)
[32]. In the approaches by Bumm et al. [28] and by Leatherman et al. [32], a suitable
substrate, usually Au(111), was covered by self-assembly with a dense layer of
alkanethiolate. The length of the alkanethiolate is tuned to match the length of the
molecule of interest, and the latter is inserted as isolated molecules, again by self-
assembly, at defect positions in the alkane lattice. Since the alkanethiolates have
a very low electronic conductance, the molecules of interest, usually conjugated
molecular wire structures having delocalized w-electrons, are observed as points of
high conductance in the STM images. Although the interface between the molecules
and the metal substrate is well-defined and stable by the self-assembly process,
the top contact is only made by tunneling over an ill-defined barrier distance. In
order to remedy this problem, Cui et al. [33] introduced a second self-assembly
step, where the top thiol group was allowed to bind with Au nanoparticles. The Au
nanoparticles are clearly visible in the AFM images and can be contacted by the
conducting tip of the AFM. Although this approach improves the measurements of
the single-molecule characteristics, the contact between the AFM tip and the Au
nanoparticles remains a source of variability.

The essential feature of STM and AFM is the capability to adjust the tip-
sample distance to the size of a molecule. The molecules of interest have a size
in the range from 0.5 to 10nm, which is too small for standard lithographic
techniques. Several other methods have been developed to solve the problem of
creating nanogaps between two electrodes to match the size of the molecules, out
of which the mechanically controllable break junction (MCBJ) technique and the
electromigration break junction (EBJ) technique are the most popular. Since the gap
size between the electrodes and the positioning of the molecule cannot be done top
down, some form of self-assembly process is involved in all the techniques. The
MCBI technique was originally developed in my group for the study of metallic
and superconducting atomic contacts [34, 35]. It was first applied by Reed et al.
for the study of single-molecule transport, by measuring the conductance across a
junction formed by breaking a gold wire in a solution of benzenedithiol [36]. The
MBCI technique was later refined by introducing microfabrication [37, 38], which
made it more widely applicable.
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The EBJ technique was invented by Park et al. and first applied for the study of
electron transport across a single Cgp molecule [39]. The technique makes use of the
electromigration force, by which a large current density is capable of displacing the
atoms of the current-carrying wire. Breaking a microfabricated wire by control of
the current through the wire creates a small tunneling gap, and when molecules have
been introduced to the surface of the wire, they are frequently found to bridge this
gap. A more elaborate discussion of single-molecule techniques will be presented
in Chap. 2.

Although the 1997 work by Reed et al. [36] is regarded as the first single-
molecule conductance experiment, in the strict sense of having a single molecule
that is chemically bonded between two metallic leads, for several years, it remained
difficult to demonstrate unambiguously that the observed signals are associated
with a single molecule of the type targeted in the experiment. In 2002, within a
year’s time, several papers appeared that clarified this problem using all three mayor
single-molecule techniques and opened new avenues for research. Employing the
EBJ technique, Park et al. [40] and Liang et al. [41] independently published data
on a metal-organic complex between metallic leads, where the doped Si substrate
serves as a gate electrode. By control of the gate potential, it was possible to control
the charge state of the molecule, and a conductance peak appeared at the crossing
point between charge states. In experiments employing the MCBJ technique, Smit
et al. [42] studied the simple model system of a single H, molecule bound between
Pt electrodes. The simple structure and low mass of the H, allowed identifying its
presence uniquely by vibration mode signals in the differential conductance and by
isotope shifts of these signals. Although the hydrogen molecule will not be useful
for electronics applications, the experiment provides a model system for which the
junction can be characterized in great detail.

Finally, employing an STM setup at ambient conditions in a solution of bipyri-
dine molecules, Xu and Tao demonstrated a method for statistically identifying the
conductance of a single molecule [43]. The procedure relies on making and breaking
cycles of contact between a Au tip and a Au sample immersed in a solution of the
molecules. During the breaking process, a single molecule frequently bridges the
gap between the metal electrodes, which is identified as a peak in histograms of
conductance values.

1.2.4 Present Status of the Field

The three experimental techniques described in the last paragraph have been at
the basis of most of the experiments that followed. The repeated breaking of
atomic contacts by STM in the presence of molecules allowed Venkataraman et al.
[44] to demonstrate a beautiful systematic exponential decrease of the electronic
conductance of alkanediamines. The conductance decreases as exp(—BN), where N
is the number of carbons in the molecular chain and the factor 8 was determined
as B = 0.91 &+ 0.03. Many similar experiments have confirmed this exponential



1 A Brief Overview 7

dependence with length, at least up to N = 12 [45]. There is wide consensus
that the factor B for alkanes lies close to 1, which also agrees with results from
DFT-based theoretical analysis [46]. For conjugated molecular chain structures, j
is significantly smaller [47].

The same experimental technique was also successfully employed for demon-
strating other systematics. In a series of molecules synthesized such that the angle
¢ between the planes of two adjacent phenyl rings could be varied, controlled by
chemical substitutions, it was shown that the conductance increases as cos?(¢) and
that this agrees with the results from model calculations [48, 49].

Once the methods were developed to introduce molecules with specific anchor
groups at both ends into the gap between the electrodes in an MCBJ setup [50],
this opened the way for detailed experiments and investigation of molecule-specific
properties. Among many other works, it led to the discovery of single-molecule
conductance switching under the influence of light by Duli¢ et al. [51]. The
combination of optics and molecular junctions was further exploited by detecting the
Raman signal associated with the molecule in a junction for which the conductance
was measured simultaneously, either in an EBJ setup [52] or an MCBJ device [53].

The later experiments provide examples of the many new tools that have
been developed for characterizing the molecular junctions and investigating their
properties. Indeed, it was soon realized that the main limitation of most MCBJ,
STM, or EBJ experiments is that the information obtained is limited to values of
conductance only, which leaves a lot of ambiguity in interpretation. Additional
properties that have been explored, illustrated in Fig. 1.1, include vibration mode
spectroscopy [42, 54-56], shot noise [57], mechanical force spectroscopy [59],
thermopower [60], electrostatic gating [61, 62], redox chemistry at the single-
molecule level monitored by conductance [63, 64], and local thermometry [65].

While most of the STM experiments are performed under ambient conditions
or in solution, recent work shows a promising development of more sophisticated
STM experiments under UHV conditions at helium temperatures [66—69]. These
techniques will be described in more detail in Chap. 2.

All this work starts with the design and synthesis of the appropriate molecular
compounds, which has advanced very rapidly as will be presented in Chaps.4, 5,
and 6. Theory has progressed at equal pace, where concepts and techniques from
Landauer theory and mesoscopic physics were married with those from theoretical
chemistry [70-74]. Many predictions have been made of interesting new phenomena
that are uniquely uncovered by single-molecule junctions, including the prediction
[75] and observation [76] of Franck-Condon blockade, large negative differential
conductance [77], and the prediction [78, 79] and observation [80, 81] of quantum
interference between molecular orbitals. A more extensive discussion of theoretical
progress is given in Chaps. 7 and 8.

Summarizing, as a field of science, molecular electronics is starting to mature.
Robust probes have now been developed to study molecular conductance, both in
SAM and on the single-molecule level. Results on the same molecular species are
now being reproduced in different labs, and the toolbox of the research field is
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Fig. 1.1 A single hydrogen molecule bridging two Pt electrodes forms a model system that
permits many detailed tests. The differential conductance (a) shows sharp drops at characteristic
frequencies associated with the vibration modes of the molecule. The inser shows an example
where two modes are observed for the same molecular junction. The position of the steps in
the conductance for many experiments is shown in (b), and the interpretation of the features in
the differential conductance as vibration mode energies can be tested using isotope substitutions
of the molecule. The shift of the modes between H, and D, is close to the value of «/f as
expected. This permits verifying that the molecule forming the bridge is indeed hydrogen. By
further experiments exploiting shot noise (c), it is possible to show that the conductance is carried
by a single conductance channel. More precisely, the total conductance for this particular junction
is 1.01Gy, which is the result of a dominant conductance channel with transmission 0.995 and
a small additional tunneling contribution of 0.015. This demonstrates that the bridge is formed
by just a single hydrogen molecule. Panel (d) illustrates the configuration that matches the data,
together with a calculation of the local density of states on the bridge (Reproduced by permission
from Refs. [42, 57, 58])
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Fig. 1.2 Number of publications on molecular electronics in each year of publication (Data based
upon IST Web of Science, Thomson Reuters)

rapidly expanding. Figure 1.2 shows the evolution of the numbers of publications
each year having “molecular electronics” as topic. The total number exceeds 6500,
making molecular electronics one of the large research areas of nanoscience, and
the interest clearly continues to grow.

Before we continue to discuss which are the attractive issues for further studies
towards deeper fundamentals understanding and for developing applications, I will
first argue against the widespread suggestion that molecular electronics may one
day replace silicon electronics. This is not intended as discouragement, but intended
to highlight the realistic prospects for applications.

1.3 Will Self-Assembled Molecular Circuits Replace Silicon?

Semiconductor technology is driving a large part of the word economy, and the fact
that there are many signs that we are arriving at the end of the roadmap underlying
Moore’s law is making the industry nervous [82]. The industry is in urgent need
of new ideas and possibly revolutionary approaches. Molecular electronics is one
of the possible ways to go forward, but as I will argue here, it will not proceed by
simply replacing silicon transistors by molecular equivalents.

The initial excitement around molecular electronics derived from the vague
notion that molecules would someday replace transistors in today’s complementary
metal-oxide-semiconductor (CMOS)-based silicon technology, an idea that was
sometimes even voiced explicitly. Design of the proper links between the molecular
building blocks and choice of proper processing conditions would permit self-
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assembly of the complete circuit. Furthermore, the tools of organic chemistry would
allow design of the properties of all circuit elements, they could be produced such
that they are all identical at mole quantities, and they would represent the ultimate
limit in miniaturization. The self-assembly process would obviate the need for
investments in wafer-stepper machines, for which the costs explode as the sizes
of the smallest circuit details shrink. Although many of these attractive aspects of
molecules in electronics remain true and may be exploited in applications of some
form, as I will argue below it is useful to be aware that the initial dream in this sense
will never become a reality. This has been admitted by many, but has only seldom
been stated very explicitly.

One of the main reasons why this scheme cannot work, even in principle, is the
fact that the electronic wave functions on a molecule are phase coherent. This is
one of the reasons why many believe that molecules may be very attractive in elec-
tronics, but phase coherence also implies that the properties of two circuit elements
coupled in series do not simply behave as the connection of two classical circuit
elements in series. When coupling two molecules together, the wave functions of the
two combine into a coherent superposition that modifies the properties of both [83].
In general, the electronic transmission of a molecule is only defined in combination
with the properties of the connections and the strength of the coupling.

One possibility of circumventing this problem would be offered by reducing the
strength of the coupling of the molecule to its surrounding circuit. A molecule
will normally have a single conductance channel that dominates transport, which
provides a conductance of one quantum unit, 26> /h, or about 0.1 mS under
conditions of perfect transmission. When we want to decouple the molecule enough
to prevent modification of its wave functions, we will need to introduce barriers that
reduce the transmission by typically three orders of magnitude at all connections.
The net conductance between any two leads then becomes of the order of 0.1nS.
When, in addition, we want to conserve the operating voltage at about 1 V and the
clock frequency of silicon electronics to values of several GHz, we notice that the
amount of charge transmitted within a clock cycle is of the order of a single electron.
This will produce unwanted statistical fluctuations of the results of the computing
operations, will be extremely difficult to control the next circuit elements reliably,
and will impose a serious limitation on the fan-out, i.e., the number of next-stage
circuit elements that can be controlled be the present one.

The strategy of reducing the coupling between molecular circuit elements to such
a degree also implies that the single-electron description of coherent transmission
breaks down and that electron-electron interactions need to be taken into account.
Coulomb blockade will be important, even at room temperature. This means that
the properties of the circuit cannot be described by combining independent circuit
elements, but can only be described at the level of the complete circuit, which brings
us back to the problem that we started from.

Another approach for decoupling the molecular circuit elements could be
provided by placing metallic islands between each molecular stage, large enough
to provide decoherence of the phase of the wave functions. This has two serious
drawbacks: First, we lose most of the small-size advantage of the molecules.
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Second, we would need to arrange for the coupling between the molecules and the
metal islands to be strong in order for the electron current to remain large enough
to drive the next stage, as argued above. This will result in significant broadening of
the molecular level, which will wash out a lot of the specific molecular energy level
structure that we would like to exploit for the active device-specific operations.

Even if we were able to find solutions to handle these problems, the difficulty
remains of catching up with all the technology invested in CMOS in circuit design
taking care of heat dissipation, capacitive cross talk, and much more. For all of these
reasons, it seems obvious that molecular electronics can only work if we consider
entirely different circuit architectures or different applications that permit relaxing
some of the requirements and take advantage of the specific properties of molecular
circuit elements. Some of these ideas are briefly outlined below.

1.4 Intrinsically Quantum

After these critical remarks, it is important to emphasize that there are many
application perspectives and that between the present time and future applications,
there is fascinating science on our path. A large part of the fascination lies in the
fact that molecules are intrinsically quantum objects and that we may explore and
exploit this fact, even at ambient conditions.

An exciting aspect of molecular conduction is the fact that the energy scales
involved are such that quantum effects are expected at room temperature. In this
sense, single-molecule electronics forms a natural extension of mesoscopic physics.
An illustrative example is the observation of quantum interference in charge trans-
port. In mesoscopic physics, interference has been shown to govern the conductance
in gold rings with a diameter of 1 micrometer at cryogenic temperatures [84]. In
molecules with sizes as small as 1, nanometer interference effects are expected
at room temperature. This has first been recognized in theoretical works [79] and
very recently, the first experiments have been done [80]. New switchable devices or
sensors come within reach once destructive interference (with low conductance) can
be turned on and off in a controlled way. However, the consequences of quantum
interference reach much further as it may govern thermoelectric properties or spin-
spin interaction, enabling new functionality [85].

A molecular wire is maximally exposed to its environment, which poses chal-
lenges in incorporating the environment in the description. A molecule exchanges
energy with its surroundings through the exchange of vibration modes (phonons),
electromagnetic modes (photons), electronic excitations, and composite excitations
such as plasmons. It is also influenced by static and dynamic electric fields, magnetic
fields, pH and chemical composition in general, temperature, and more. Their
influence on transport properties is not understood in detail and provides one of
the main challenges of the field. On the other hand, the strong interaction with
the environment also creates a lot of opportunities. Some molecular devices show
switchability, while the molecule in the junction has no built-in functionality [85].
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In this case, the interaction with the electrodes, either via the electric field or via
the current, induces the necessary bistability for switch operation. By control of
the environment, a fully symmetric molecule can function as a strongly asymmetric
diode [86].

Another tantalizing possibility arises from non-conservative current-induced
forces. Such forces are held responsible for electromigration in microscopic metal
wires. However, more recent work by Tchavdar Todorov and others suggests an
interesting connection with the presence of nearly degenerate vibration modes that
could be engineered for switching properties in an organic molecule or even for
driving nanoscale motors by a dc current [87, 88].

The intrinsic quantum nature of molecules highlights two legitimate goals for
further research: fundamental understanding and applications. Below a sketch of
promising developments for both directions is given.

1.5 Challenges for Applications

Self-assembly will be an essential part of most molecular electronics applications,
and this process needs to be optimized for success rates at the single-molecule level.
A clear advantage of SAM devices is that the molecular building blocks are all
identical, while the variations in coupling of the individual molecules are averaged
away. In addition, functionalities can be built in by chemical design, examples
of which include switches, rectifiers, and sensors. However, to fully exploit this
potential, a good understanding of the molecule-electrode interface is crucial.
Single-molecule devices serve as model systems to study these interfaces, as they
do, for instance, not suffer from pinhole shorts that SAMs may have. Importantly,
single-molecule devices can provide the feedback loop to make the required steps in
our understanding and control. In an ideal feedback loop, synthesis of molecules is
followed by experimental characterization of single-molecule junctions, for which
by now various approaches are available. The experimental results form the input
for theoretical modeling and the latter would dictate the synthesis of a new class
of molecules with improved performance. In this way, single-molecule electronics
becomes an enabling field for large-area device applications based on molecules.
These include both SAM-based devices and organic electronic devices, as will be
illustrated below.

The metal-molecule interface plays a crucial role in understanding molecular
device behavior. This holds not only for the mechanical coupling but also for
the electronic coupling, governing charge transport through the junction. The
mechanical coupling is based on the stability of chemical bonds, which provide
the driving force for self-assembly. Traditionally, the Au-S bond has been the most
popular one, but recent research focuses on alternative binding schemes. In fact, this
has become an active field of current research that has seen a strong development
in the last couple of years [89]. Apart from the mechanical stability, the binding
configuration also determines the electronic properties of the junction. Coupling a
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molecule to metallic electrodes has two important effects on the molecular energy
levels. First, the molecular levels are broadened and, generally speaking, the broader
the levels, the higher the off-resonance conductance. Second, charge transfer near
the interface may lead to significant shifting of the molecular levels. This shifting
has important implications for transport, as the position of the molecular levels
with respect to the Fermi energy of the electrodes determines its charge transport
properties. In fact, this is used in current organic devices to optimize injection
barriers by a methodology that we call interface engineering. For example, an SAM
sandwiched between an organic layer and a metal electrode acts as an intermediate,
reducing the injection barrier [90].

The perspectives for applications naturally separate into short-term and long-
term perspectives. The first applications of molecular electronics have started to
appear [91] and, just as this example illustrates, the earliest applications will
most likely not rely on single-molecule junctions. In addition, applications of
single-molecule layers formed by self-assembly are already being explored for the
engineering of work functions of metallization layers. Charge injection into organic
conducting layers, such as those being developed for solar cells, can be optimized
by a proper choice of molecular surface coating [92]. Although the principles of
the process are now reasonably well understood, the optimization and detailed
understanding require still a large effort. A third promising application near the
horizon is the use of redox-active molecules to improve properties of flash memory
in combination with standard silicon transistors [93, 94].

One of the most attractive proposals for employing molecules in electronics is
the use of cross-bar array architectures [95, 96], as illustrated in Fig. 1.3. It opens
the way towards high-density memory, which could be implemented initially as

Fig. 1.3 Schematic structure of a cross-bar array structure employing a layer of molecules as
active components at the nodes. Ideally the molecules switch between high-conductance and low-
conductance states above a threshold value of the applied bias. The right panel illustrates the need
for blocking current through parallel paths. When the circled nodes are in the high-conductance
state and we want to read the information in node C5, the information read will be confounded by
parallel current paths as shown by the dashed lines. The larger the array, the more abundant are
such parallel paths
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Fig. 1.4 Scanning electron micrographs of a 160 kbit molecular memory device. It contains 400
Si bottom nanowire electrodes having a 33 nm pitch, seen as the light gray area connected by
“T” in (a), and 400 Ti nanowires on top with the same pitch, visible as the light band diagonally
stretching the image. The nodes are formed by about 100 rotoxane molecules deposited as an LB
layer. Panel (b) is a zoom of the central area with a top wire highlighted as red and a bottom wire
as yellow. The further zoom in (c¢) shows the central area of about 2500 bits, where the scale bar is
200 nm (Reproduced by permission from [96])

relatively small arrays incorporated into and added onto standard CMOS circuits.
A test structure containing 160,000 molecular junctions was fabricated by Green
etal. [96] using an LB monolayer of rotaxanes as the active component; see Fig. 1.4.
Although only 25 % of the junctions tested showed an on/off ratio larger than 1.5, the
work demonstrates that some of the hurdles can be taken. Apart from the application
as memory, such cross-bar arrays can be used for processing, using reconfigurable
logic [95].

In its simplest implementation, each node is connected to a single bottom wire
and a single cross wire on top. The problem of defective molecular junctions can
be accommodated by the embedding structure into a fault-tolerant architecture.
Nevertheless, reducing the number of defective junctions will greatly enhance the
success of the devices, and this problem is probably predominantly associated with
improvement of the deposition and bonding of the top contact wires to the molecular
layer and the quality of the SAM.

The schematic in Fig. 1.3 shows the basic structure. The minimal requirements
are the need for a molecule that can be self-assembled into a densely ordered layer
and deposited on the bottom wires and a molecule that behaves as a well-defined
switch between a low-conductance and a high-conductance state upon application of
a bias voltage above a suitable threshold value. Although the rotaxanes demonstrate
some intrinsic switching behavior, there is much room to improve the on/off ratio
and the reliability by searching for other molecular components.

For a practical device, we will need to add further components, which could also
be implemented as molecular layers. First, it will be necessary to add a diode in
series with the switches at each node [97]. The need for such diodes is illustrated
in the right panel of Fig. 1.3. Without diodes, a large cross-bar array would have
a multitude of parallel conduction paths that would mask the information for
individual bits. We further need to demand a high rectification ratio R, between
forward and reverse bias for these diodes because the number of parallel current
paths scales with the size of the array. In the worst case, when all nodes have
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their switch closed (i.e., “on”), the ratio of the signal current to the current through
parallel paths is 2/(N — 1) + R,,/(N — 1)? for an N x N array. Even for a modest
1 MBit memory, the requirements would be R,, > 10°, which is quite demanding.
The solution will be to implement large numbers of smaller arrays embedded into
CMOS electronics.

Finally, when we introduce a diode, it impedes the process of writing information
to the molecular switch by a current bias of either polarity. This could be taken
care of by a molecular Zener diode. Although such Zener diodes have not been
discussed widely in the context of molecular electronics, the principle may also be
implemented by combining two resonant tunneling diodes [98].

Apart from considering different computer architectures, there are ample further
possibilities for which optimization in speed is not required, such as for disposable
or wearable electronics. As argued above, electronics based on such molecular
SAM are not expected to outperform existing silicon devices, but they will be
complementary, will profit from cheap processing technologies, and will enable
new applications and functionality. ” For electronics applications that rely less on
dense packing of bits and high switching speed, such as disposable electronics, the
requirements will be different than those for high-density computing and memory
applications. The former will typically make use of SAM of molecules over
relatively large areas. It will, then, be important to reduce defects in the SAM or
make the device structure insensitive to them.

An aspect that is seldom discussed is the fact that the molecular compounds that
have been studied to date at the single-molecule level have a conductance that is
far too high for such applications. The conductance for single-molecule junctions
usually covers a range down to 10~ of the conductance quantum or 1077 S. SAM
of molecules having a conductance at this bottom end of the range and covering an
area of 1 mm? would make a total conductance of 10S. In other words, at a bias of
only 1V, this device would draw a current of 10 A. The conclusion should be that
for such applications, it will be necessary to extend the range of investigation of
molecular conductance towards much smaller values.

For the longer term, it remains very attractive to investigate truly single-molecule
electronics applications. One of the main difficulties that we will need to address is
that of keeping single molecules stable at a reproducible transmission. It is likely
that metal electrodes will not be the best choice to deal with this problem. Possibly
covalent bonds can be explored for bonding to other electrode materials such as
Si [99, 100] or graphene [101, 102]. While single-molecule junctions are ideal
for testing concepts, for applications, it will be necessary to solve the problem
of interfacing the molecules with lithography or find other solutions for creating
stable gaps between the electrodes. A lot of progress in this direction has already
been made as recently reviewed by Cui et al. [103]. Such single-molecule devices
will also need to be forgiving in the variability and fluctuations in the molecular
anchoring and conformations.

Most of the research directions discussed above are connected to electronics in
some way. However, there are important developments that connect to very different
fields such as microbiology and medicine. Sequencing and read-out of DNA and
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other biopolymers has evolved into a main field of research and development. The
techniques currently in use in sequencers rely almost exclusively on biochemical
methods. The advantages of a direct read-out of biopolymers by physical methods
are obvious, and several groups are working towards these goals [104—108]. One of
the approaches taken is the read-out of sequences of monomers by differentiating
the levels of tunneling current [ 105, 106, 108]. Ideally one would like to controllably
drag a biopolymer past a nanometer-size gap between two metallic electrodes and
read off the nature of each of the building blocks passing by. Many steps in this
direction have been taken, and larger consortia are now being formed for bringing
this application to the market. A more extensive discussion is given in Chap. 9.

1.6 Challenges for Fundamental Understanding

Obviously, as applies to all of the discussions in this chapter, it is not possible
to give an exhaustive list of all points of interest. The items given below are
inevitably colored by personal preference, but should still serve to outline the scope
of challenges open for research.

Starting with one of the most fundamental issues, the question of whether an
accurate prediction of electronic conductance of a molecular junction can be given
is still open. For molecules having a strong hybridization of the molecular orbitals
with the metallic states of the leads, a coherent transport description works very
well [42]. At the other end of the spectrum, molecules that have only a weak tunnel
coupling to the leads can be understood within the framework of Coulomb blockade
of discrete charge states of the molecule [109]. The intermediate regime has been
understood at the level of idealized models, but experiments on individual molecules
are usually compared with theory for one of the two extreme conditions. For most
molecules for which the off-resonant zero-bias conductance is measured, the results
are compared with DFT-based calculations that take electron-electron interaction
into account only at a mean field level. Equally important, the role of image charges
is very large and has only started to be included in the discussion [61, 110]. For a
more extensive discussion of these open problems, I recommend the book by Cuevas
and Scheer [3].

The nature of the bond between the molecule and the metal electrodes is of
obvious importance. We have only partial understanding of the nature of the binding
of the molecules to electrodes (anchoring) in terms of bond strength and electronic
transport. The interesting question is whether these two are correlated in any way.
This is a critical question for interface engineering and well-defined SAM for
applications. The answer to this question will depend on the nature of the electrode
material, where metals should probably be distinguished from materials such as
graphene, which allow for covalent bonding.

In regular metallic transport experiments, it is very difficult to set up an electron
distribution that is locally very far from equilibrium. Molecular junctions open this
window toward electron transport far from equilibrium. Under these conditions, we
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can probe the details of electron-phonon interactions, dissipation, and relaxation. As
a result of the large voltage bias and the associated large current density, electrons
have access to many types of relaxation mechanisms, including vibration modes,
photons, plasmons, and spin excitations. This coupling works also in the other
direction: because the molecule is exposed to the environment, electron transport
is sensitive to fields of all these types. These effects can be further amplified by
quantum effects such as interference of transport through multiple atomic orbitals
[81].

In this way, single molecules form an exceptional platform for testing many
phenomena under extreme conditions. There is a wide interest in spin transport,
and interaction of the electron spin with the electronic and nuclear spins on the
molecule, where the research connects to the field of spintronics [111, 112]. Seebeck
coefficients and thermal transport can be engineered and investigated at the single-
molecule scale, which will boost progress in thermoelectric energy conversion
[113]. Electrochemistry can be investigated down to the single-molecule level [64],
and more generally the specificity of the interaction of the molecule with its chemi-
cal environment can be investigated through its electronic conductance. The extreme
current densities open the way for microscopic investigations of electromigration,
where recent predictions suggest that such forces could be harnessed for developing
dc-current driven nanomotors, acting as waterwheels in the electron flow [87].

Finally, many important challenges connected to applications stand out: molec-
ular junctions having diode characteristics [114], voltage-controlled switching [85],
and negative differential conductance [77] have been demonstrated, but in view
of the applications discussed above, there is much need for improvement of these
properties and for investigation of other principles leading to the desired properties.

1.7 Outlook and Conclusions

Many of the points mentioned above have been widely discussed and are part of
active research worldwide. Thinking further into the future, it will be attractive to
consider the possibilities of building three-dimensional networks by self-assembly.
Can we come up with mechanisms and architectures to do this? Some inspiration
may come from the self-assembly of two-dimensional networks that employ the
recognition and selective bonding of engineered strands of DNA [115]. Although
DNA serves the purpose of self-assembly very well, it is a very poor conductor,
if not a very good insulator. We would need, instead, to use flexible conducting
molecular wires and find new avenues for targeted self-assembly. Examples of
such long self-assembling conducting wires have been demonstrated by Tuccitto
et al. [116], and other examples are discussed in Chaps. 5 and 6. Ideally, the target
connections would be controllably activated by setting its electrical potentials or by
reversible chemical modifications. Such 3D reconfigurable networks would have
very interesting properties and offer perspectives for signal processing through
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neuromorphic networks. The challenge is clearly formidable and the time scale for
achieving this is likely longer than any of the other applications discussed.

From a scientific point of view, as well as from an applications perspective, the
conclusion should be that the future of the field of molecular electronics is bright. At
which point we find ourselves in the development of the field, we can only answer
with certainty much later, but Fig. 1.2 and the list of interesting open problems
discussed here suggest that the field will continue to grow for some time to come.
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Chapter 2
Methods to Determine Electrical Conductance
of Single-Molecule Junctions

Ryo Yamada

Abstract In this chapter, three major experimental methods, i.e., a break junction
(BJ) method, an electromigration (EM) method, and an ultrahigh-vacuum low-
temperature scanning tunneling microscopy (UHV-LT-STM), to measure electrical
properties of single-molecule junctions are explained with some remarkable exam-
ple of studies. The BJ method is the most widely used technique and explained
including statistical analytical methods to analyze data. Studies of molecular switch
and temperature dependence are shown as examples of studies based on statistical
analysis as well as examples of static current-voltage measurements with external
field modulations. Techniques related to the BJ method such as distance modulation
and electromechanical response measurements are also introduced. Although the
EM method can suffer from several problems, it is still useful to measure electrical
gate effects and in the preparation of nanoscale gap electrodes. A novel application
of the EM method to create in-plane nano-holes that would open a new application
field of the single-molecule measurement techniques is shown. The UHV-LT-STM
is capable of forming single-molecule junctions on single-crystal surfaces and
manipulating molecules on the surface that enables researchers to study single-
molecule junctions under controlled and well-defined structures and environments.

Keywords Break junction ¢ Electromigration ¢ Scanning tunneling microscope ®
Statistical analysis * Conductance histogram ¢ Two-dimensional histogram e
Cross-correlation analysis ¢ Distance modulation

2.1 Introduction

One of the great challenges in single-molecule electronics is the preparation
of single-molecule junctions. In the early stages of experimental studies, metal
contacts were deposited on top of monolayers prepared on metal surfaces by
Langmuir-Blodgett and self-assembly techniques to investigate the charge transport
through monolayers [1]. Other techniques including nano-pore technique [2],
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metal-nanoparticle contact [3-5], and cross wire contact [6] were developed.
Although interesting characteristics of the single-molecule and monolayer junc-
tions were reported, these techniques suffered low yield of working device and
reproducibility. The poor reproducibility is attributed not only to the difficulty of
experimental procedure itself but also to the nature of single-molecule junctions
that have a wide variety of structures and flexibility.

A mechanical break junction method enabled researchers to obtain a large
number of experimental results on the electrical conductance of the single-molecule
junctions and to discuss results on both the statistics and the detailed static
measurements on a single-molecule junction [7-10]. In this technique, a single-
molecule junction is formed during the breaking of metal electrodes with molecules
adsorbed on them by mechanical actuation mechanisms such as a scanning probe
microscope and specially designed devices. Actuating mechanisms allow the broken
electrodes to be reconnected so that measurements can be repeated. This technique
enables researchers to conduct measurements on a large number of single-molecule
junctions that make statistical analysis of the observed conductance possible in var-
ious environments such as vacuum, air, and solutions and at different temperatures.
This technique can also be used to sustain a single-molecule junction to measure
detailed current-voltage measurements and apply other important measurement
techniques introduced in Chap. 3. The ability to tune the distance between two
electrodes also used to control conformations of the junction mechanically.

In this chapter, techniques and the data analysis method used for the break
junction methods are explained followed by brief introductions of other impor-
tant measurement techniques, i.e., an electromigration technique and a scanning
tunneling microscope, to fabricate single-molecule junctions. Summaries for other
measurement techniques can be found in review articles [11-14].

2.2 Mechanical Break Junction Method

2.2.1 Principle and Instruments for the Break
Junction Method

In the mechanical break junction (BJ) technique, a contact between two metal
electrodes is broken by a precise mechanical control of a distance between the
electrodes [7—10]. The BJ is conducted either scanning tunneling microscope (SMT-
BJ) [15] and 3-point bending machines to break a metal contact prepared on an
elastic substrate (mechanically controllable break junction (CBJ)) [16]. In this
section, instruments and remarkable results on these techniques are explained.
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2.2.1.1 Scanning Tunneling Microscope-Break Junction (STM-BJ)

In the STM-BJ, the STM tip is brought into contact with the substrate and the current
during the retracting process is recorded. Figure 2.1a shows the relation between the
current transient and structure of the junction during the breaking process. Initially,
the electrical current decreases continuously following Ohm’s law as the junction
is stretched. When the dimension of the contact is as small as an atomic scale,
stepwise decrease of the current is observed at the integer multiples of the quantum
conductance Gy = 2¢?/h. The exponential decay of the current is observed due to
the tunneling transport after breaking the atomic contact of the electrodes (a dashed
curve in Fig. 2.1a). When the molecule is adsorbed on the electrodes or existed
in surrounding medium, conductance plateaus at conductance values below 1 Gy
are occasionally observed due to the formation of the single-molecule junction
(a black curve in Fig. 2.1a). The single-molecule junction is broken by the further
retraction of the STM tip. The break junction process can be repeated by making
the STM tip contacted to the substrate repeatedly. The so-called current-distance or
Z spectroscopy function implemented to most of commercial STM can be used to
conduct the STM-BJ measurement.

The conductance of the single-molecule junction is determined based on the
conductance histogram created from hundreds to thousands of the current transient
curves (Fig. 2.1b). To create the conductance histogram, the number of data points
measured at a certain range of conductance (bin-width of the histogram) is counted
in a conductance transient curve. A conductance plateau enhances the count of the
data points around the conductance value around it and a peak is formed in the
conductance histogram. The current transients showing without any plateaus are
sometimes removed to make the peak clearer.

Figure 2.2 shows conductance transient curves and conductance histograms
obtained for 4,4’ bipyridine using gold electrodes. The conductance steps above
1 Gy showing the formation of a gold atomic contact are evident in the conductance
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Fig. 2.1 (a) Scheme of a current transient observed during the retraction of the STM tip. Inset
schematics show structures of the junction corresponding to the current steps. A dashed smooth
curve shows the current decay without molecules. (b) A conductance histogram corresponding
to the current transient shown in (a). The peaks indicated by small and large arrows correspond
to the conductance of an atomic point contact, i.e., 1 Gy for gold, and single-molecule junction,
respectively
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Fig. 2.2 (a) Conductance transient curves and (b) corresponding conductance histogram above
1 Gy region measured by STM-BJ method using gold electrodes. (c), (d) represent conductance
transient curves and corresponding conductance histogram below 1 Gy region with the presence of
4,4/ -bipyridine, respectively, whereas (e), (f) show them without any molecules [15]

transient curve (Fig. 2.2a) and histogram (Fig. 2.2b). The conductance transient
curves pose additional plateaus below 1 Gy with the presence of molecules as
shown in Fig. 2.2¢, and corresponding peak is found in the conductance histogram
(Fig. 2.2d), whereas no plateaus are found without the presence of molecules
(Fig. 2.2e, f). The conductance histogram shows multiple peaks at the integer
multiples of the fundamental conductance of 0.01 Gy. The second and third peaks
are attributed to two and three molecule junctions in parallel and considered as a
strong evidence of the formation of a single-molecule junction at the fundamental
conductance peak.

The detailed analysis of the conductance histogram sometimes reveals multiple
sets of peaks [17-19]. Figure 2.3 shows conductance transient curves and his-
tograms observed for Au/nonane-dithiol/Au junctions. The conductance plateaus
are observed at different conductance ranges. The conductance histogram shows
multiple peaks that can be assigned to three fundamental conductance values,
indicated as L1, M1, HI, and their multiples. By comparing theoretical models,
these peaks are attributed to the junction structures with different contact geometry
as shown in Fig. 2.3e. The H1 and M1 correspond to the molecule junction in which
the contact is formed at a bridge and an atop site, respectively. The L1 peak is
assigned to the structure with bending in alkyl chain.



2 Methods to Determine Electrical Conductance of Single-Molecule Junctions

29

a 0.5 v . c — T L
NINARN W0 Orkpdvivig® Wl L
. 60
400f A1 So
.é,_ 0.3 M 1 @ 300 2“’)u 0.1 02]
5 0.2 s 4
£ | A W | 8 200}
=
3 oq 1
LWL YV 1\ 31 100
0 i i, o L L ake
0 05 10 15 20 0, 1 02 03
relative distance Az/nm current i./nA
b 5 s [P I
T T 0.4 M o
300 | 0 :
4t ] [ 302
‘é « 250 =
53 1« 200 % o7 02
z HLLL W 3] & Pre ]
& 2 # 8 150 2.0nS - 9.9nS
5 100 | 1
(]
1k M_ﬁ p ” H3 H4 ]
0 = 0
0 02 04 06 08 10 1.2 00 10 20 30 40 50
relative distance Az/nm current i./nA
e

T
‘é

gauche (L) atop-atop (M) bridge-bridge (H)

Fig. 2.3 Current transient curves observed low (a) and high (b) conductance regions and
corresponding histograms (c, d). e Proposed models showing H, M and L conductance values [19]

The statistical method using the BJ method provided a way to quantify the single-
molecule conductance and is now considered as the most standard method. Based
on this technique, the charge transport mechanisms in the single-molecule junction
such as length dependence [15, 20, 21], twisting between adjoining -orbitals [22],
anchoring chemistry [23, 24], and orbital energy shift by substituent group [25] have

been investigated.
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The temperature dependence of the electrical conductance is one of the most
basic and important characteristics to understand the charge transport mechanisms.

In the single-molecule junction, tunnel transport is usually dominant. However,
thermal hopping charge transport mechanism, i.e., the thermally activated motion
of the localized charge injected in a molecule, is also expected to exist. As the
thermal hopping transport would open a path to create new device functions such as
hysteresis (memory) [26], it is important to clarify the existence of it in the single-
molecule junction.

The hopping transport would prevail the tunnel transport at a long distance
because the resistance due to the tunnel and hopping transport increases expo-
nentially and linearly, respectively [27]. Temperature dependence of the resistance
would give direct evidence for the hopping transport because the tunnel transport is
basically a temperature-independent process, although it should be noted that weak
temperature dependence can be observed even for the tunnel transport due to thermal
excitation of electrons in electrodes [28].

However, it has been difficult to evaluate the temperature dependence because
the change of the temperature would cause thermal fluctuations of a molecule
and deformations of device structures. The BJ method in which single-molecule
junctions are created at each measurement does not suffer from these problems.

The crossover between the tunneling and hopping transport was investigated
using oligothiophene molecule (Fig. 2.4a) [29, 30]. The exponential increase of the
resistance as a function of the molecular length with 8 = 1.4 nm™' is observed
between 5 and 14 mer (m = 1 ~ 4) which is attributed to the tunnel transport
following Rynnet = Ro exp (B1) where Ry is constant, 8 is a tunnel decay constant,
and 1 is molecular length as shown in Fig. 2.4b. The much weaker slope with
B = 0.5 nm™! is observed for longer molecules suggesting the change of the
transport mechanism to hopping. In fact, the resistance of the longer molecules
shows linear dependence on the molecular length as shown in Fig. 2.4c that is
expected for the hopping transport.

To confirm the hopping transport, temperature dependence of the conductance
was measured for 5- (m = 1), 14- (m = 4), 17-mer (m = 5) molecules. Figure 2.4d
shows the Arrhenius plot of the conductance values measured. The conductance
of 5-mer molecule does not show clear temperature dependence, whereas that of
17-mer molecule shows clear temperature dependence with an activation energy
of 0.3 eV. The conductance of 14-mer molecule is temperature independent below
300 K and starts to increase as temperature is raised. Above 400 K, the slope in
the Arrhenius plot is equivalent to that observed for 17-mer molecule. Their result
clearly demonstrated the crossover between tunneling and hopping transport as a
function of not only molecular length but also temperature.
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Fig. 2.4 (a) The structure of
oligothiophene molecule used
in the measurement. (b), (c)
show resistance values as a
function of molecular length
in semilog and linear scale,
respectively [29]. (d) The
Arrhenius plot of the
conductance for 5-, 14-, and
17-mer molecules [30]
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2.2.1.2 Mechanically Controllable Break Junction

The MCBJ method uses a suspended metal contact fabricated on an elastic substrate
as shown in Fig. 2.5a [7-10]. The substrate is placed in the three-point bending
machine. The rod (pushing rod) at the center of the substrate is moved vertically
by a screw and/or piezo-actuator to bend the substrate. The bending of the substrate
elongates and finally breaks the metal contact.

The elastic substrate is usually made of metal sheets such as phosphor bronze and
spring stainless steel. The surface of the metal substrate is insulated by polymer,
typically polyimide. Then, the metal electrodes are fabricated by either putting
metal wires with a notch created by etching or mechanical cutting or micro/nano-
lithography process. The latter is more popular because it can achieve higher
resolution. In case of using the lithography process to fabricate the electrode, the
insulating layer (polyimide) underneath the electrode is etched using the reactive
ion etching (RIE) method to make the electrodes suspended (Fig. 2.5b).

The advantage of MCBJ technique is high resolution and stability. The vertical
motion of the pushing rod is converted to the lateral motion with an attenuation
factor that is determined by the geometry of the chip. With a configuration shown
in Fig. 2.5a, the attenuation factor (a) is estimated by a = Al/Az ~ 6ut/L2, where

Fig. 2.5 (a) A schematic of a a l
MCBIJ setup. (b) A scanning 9 <_ )
electron microscopy image of 2862 "‘fﬁ

a suspended electrode for
MCBJ measurements
prepared by lithography and
etching technique [58]
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Az is the displacement of the pushing rod, Al is the change of the gap distance, u is
the length of the suspended bridge, ¢ is the thickness of the support materials, and L
is the length between two supporting points in the three-point bending configuration
[31].

For example, L = 15 mm, u = 4 pum, and t = 100 um give a = 107>, The
pushing rod can be controlled within an accuracy of 1 nm by using piezoelectric
actuator, and thus, sub-pm resolution can be achievable theoretically. In addition
to the high distance resolution, the MCBJ setup is more robust against external
vibrations and thermal fluctuations than STM because mobile parts are assembled
in a small space and the bending machine itself can be also designed to be
compact which is favorable to make the device mechanically robust and achieve
high mechanical resonant frequency.

The resolution of the MCBJ method can be evaluated by measuring the decay of
the tunneling current at low bias voltages [32]. The tunneling current (/) at the low
bias voltages is described as

I o« exp (—21 \/m /ﬁ) ~ exp (—10.21 \/a(eV)_O'5 nm_l) ,

where [ is the gap distance, m is the electron effective mass, and ¢ is the tunneling
barrier height. The decay of the tunneling current from I; to I, according to the
change of the gap distance from /; to [, is expressed as

I/I, < exp {—10.2 (h—h)Je (eV)_O'5 nm_l}

By fitting the observed current decay as a function of the motion of the pushing rod
with assuming barrier height to be a few eV, the actual attenuation factor can be
obtained. Typically, actual distance resolution of MCBJ method is in the order of
tens of pm.

Due to the high distance resolution and stability, MCBJ is frequently used to
measure current-voltage characteristics of the single-molecule junctions. Figure 2.6
shows results on current-voltage (IV) measurements of 9,10-dihydroanthracene
bridged between gold electrodes carried out under the elongation of the gap distance
at 6 K [33]. The IV characteristics show negative differential resistance (NDR)
which is caused by breaking of the resonance tunneling between two -conjugating
units under the bias voltage as shown in Fig. 2.6a. As the gap distance increases,
the NDR is weakened and disappeared. The stable IV measurements under precise
control of the gap distance allows us to create the conductance transient by plotting
the conductance determined from the IV characteristics at low bias regions as
shown in Fig. 2.6b and to find the relation between NDR behaviors and structure
of the conductance plateaus which will be helpful to understand the structure of the
junction. Also, detailed IV characteristics and other interesting transport properties
such as inelastic tunneling spectroscopy and noise spectroscopy are measured,
which is discussed in Chap. 3.
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Fig. 2.6 (a) Current-voltage characteristics of the single-molecule junction of 9,10-
dihydroanthracene using gold electrodes as a function of different gap separations at 6 K.
Inset shows the structure of the molecule. (b) A conductance transient curve created from the IV
characteristics at different gap distances. Colored arrows show positions where the current-voltage
curves with the same color in (@) are taken [33]
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Fig. 2.7 (a) A schematic of a structure of the electrode used to measure MR effect in the
MCBIJ setup. (b) Resistance as a function of external magnetic fields (MR loop) observed for a
benzenedithiol single-molecule junction using Ni electrodes

MCBJ is also useful to measure effects of external fields on the charge transport
characteristics such as magnetic and electrostatic fields. However, the mechanical
deformations of the electrodes caused by the external fields should be avoided. For
example, to measure the magnetic field effects on single-molecule junctions using
ferromagnetic electrodes (magnetoresistance (MR)), mechanical deformations of
the electrode due to magnetic force and magnetostriction should be avoided
[34, 35].

Figure 2.7a shows the structure of the electrode used to measure the MR effect
of single-molecule junctions using Ni electrodes [36]. Initially gold electrodes with
a gap separation of 4 um were prepared by conventional photolithography. Then,
the gap separation was reduced to ~0.5 pm by electrodeposition of gold onto the
electrode pattern. Then, a ferromagnetic layer (Ni) was electrochemically deposited
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to form a nano-contact of Ni. In this electrode structure, the supporting gold
electrodes are robust enough to avoid the deformation due to the magnetic fields,
and the Ni layer is thin enough to remove the effect due to magnetostriction. By
using this device structure, MR loop is successfully measured as shown in Fig. 2.7b.
Device structures for electrostatic field will be explained in Sect. 2.3.3.

2.2.2 Statistical Data Analysis

Since the current transient measured during the break junction process can be
originated from various junction structures formed during the breaking process, a
statistical analysis is usually used to determine the conductance of a single-molecule
junction. The statistical analysis also reveals useful information such as sequences
of the structures appearing during the breaking process. In this section, typical
analysis methods in addition to the conductance histogram are explained.

2.2.2.1 Distance and Conductance: Two-Dimensional Histogram

The conductance transient curves contain information not only on conductance but
also on distance. Since changes of the gap distance can alter structures of a single-
molecule junction, dependence of conductance values on the gap distance would
give fruitful information on the structure of the single-molecule junction. Two-
dimensional (2D) histograms are useful to analyze distribution of the conductance
as a function of gap distance (or stretching length) [37].

Figure 2.8a shows conductance histogram obtained for 4,4’-bipyridine using gold
electrodes [38], showing two peaks as indicated as low and high. The conductance
transients (Fig. 2.8b) show a trend that the low conductance plateaus appear after
the high conductance plateaus.

The distance distribution of the high and low conductance states is evident in the
conductance 2D histogram shown in Fig. 2.8c. In the 2D histogram, the number of
data points at a certain conductance and distance is counted and shown as a color
map. A huge peak is observed around the position where the displacement is 0.2 nm
and the conductance is 10~ Gy which corresponds to the high conductance state
observed in the conductance histogram shown in Fig. 2.8a. The small peak which
corresponds to the low conductance state is observed just below the huge peak. From
this 2D histogram, it is found that the high conductance state appears just after the
breaking of the junction, whereas the low conductance state appears after the gap
distance is separated more than 0.2 nm. In fact, these two conductance states can be
reversibly switched by controlling the gap distance as shown in Fig. 2.8d. With the
help of theoretical calculation, the transition between the high and low conductance
states is attributed to the sliding of the bonding site of nitrogen on the gold tip
(Fig. 2.8e).
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Fig. 2.8 Conductance
histogram (a) and transient
curves (b) observed for

4,4’ -bipyridine using gold
electrodes. (¢) 2D histogram
of the conductance transient
curves observed. The
displacement is measured
with respect to the position
where the conductance drops
from 1 Gy. (d) Conductance
measured with a distance
modulation showing
reversible conductance
switching between high and
low conductance states.
Dashed curve represents
motion of the STM tip. The
colored curves show the
conductance measured in
different experiments. (e)
Schematic models of the
junction for high and low
conductance states [38]
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2.2.2.2 Cross Correlation and Conditional Histogram Analysis

The conductance transient curves contain information on dynamics of the junction
formation. For example, in the molecular mechanical switch shown in Fig. 2.8, the
low conductance plateau appears following to the high conductance plateau. This
kind of correlation between different conductance values is useful to understand
the formation dynamics of the junction and is evaluated by cross correlation
analysis in which correlation between each bin of the conductance histogram for all
conductance transient curves is evaluated. In this section, the interpretation of the
cross correlation analysis is briefly explained by some examples because methods to
create cross correlation histogram are too technical to be explained here. For more
details, readers may refer other articles [39-41].

Figure 2.9a, b shows the conductance transient and histogram observed between
Co tip and Ge substrate, respectively [39]. The conductance histogram reveals
several sharp peaks indicated by a-g. The conductance transient curves tend to have
certain sets of sequence of the plateaus, such as f-c-a and f-d-a.

This trend is clearly resolved in cross correlation histogram shown in Fig. 2.9c.
In this histogram, the co-relation between two conductance values indicated in
horizontal and vertical axes is shown. White color (or bright area) corresponds to
positive values. The peaks at diagonal correspond to the peaks in the conductance
histogram shown in Fig. 2.9b. For example, when one looks at the horizontal
position at the conductance peak a, a strong peak is found at the location of the
peak c. On the other hand, there are no peaks observed at location of the peak b.
This result indicates that the peak ¢ appears in accordance with the peak a but not b.
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Fig. 2.9 Conductance transient curves (a) and histogram (b) obtained for Co-Ge junction. (c)
Conductance co-relation histogram. Typical scenarios of breaking sequence are indicated by solid,
dotted, and dashed lines [39]
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We can also find a peak between the peak c and the peak f. Therefore, a sequence
f-c-a is expected during the break junction process. Similarly, sequences g-e-b and
f-d-a are identified. This analysis gives information on the formation dynamic of the
junction.

The detailed analysis of the cross correlation on the break junction data revealed
that the cross correlation histogram shows not only the correlation in the occurrence
of the plateau but also that of the plateau lengths. Although two conductance
values are correlated in occurrence, the cross correlation value can be negative
due to negative correlation in plateau length, e.g., long plateau followed by short
plateau. The correlation in the occurrence can be evaluated by creating conditional
histograms that are made from data sets contributing to certain histogram peaks of
interest [40]. If two histogram peaks, A, B, posses anticorrelation (correlation) in
occurrence, the histogram created from the data contributing to peak A does not
(does) show peak B. The histogram created in this manner is called conditional
histogram.

Figure 2.10 show an example of correlation analysis on 4,4'-bipyridine molecule
junction shown in Fig. 2.8 [40]. The conductance histogram (Fig. 2.10a, black
shadowed) shows two distinct peaks. The cross correlation histogram (Fig. 2.10c)
shows negative value for these two peaks, which indicates anticorrelation of
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Fig. 2.10 Correlation analysis of the conductance of 4,4’ -bipyridine molecule junction using gold
electrodes. (a) Whole conductance histogram (black shaded) and conditional histogram for low
conductance (green line) and high conductance (blue line). (b) Proposed model for high and low
conductance states. (¢) Two-dimensional correlation histogram. (d) Typical conductance transient
curves [40]
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occurrence or plateau length. As the conditional histogram for the small conduc-
tance peak (Fig. 2.10a, blue curve) shows high conductance peak and vice versa, the
negative correlation is attributed to the anticorrelation of plateau length. Therefore,
the correlation in occurrence exists between the high and low conductance states
which support the proposed mechanism of the conductance switching.

2.2.3 Related Techniques
2.2.3.1 Distance Modulations

In the break junction measurement, formations of single-molecule junctions are
detected by the conductance plateaus that can be basically evident only after the
breaking of the junctions. A distance modulation technique [42] provides useful
information on the formation of the single-molecule junctions and convenient
especially when one would like to conduct static measurements such as current-
voltage measurements on a single-molecule junction.

In this technique, the distance between two electrodes is modulated at a certain
frequency and the AC component of the current synchronizing to the gap distance
modulation is measured. In brief, when a current (7) is measured at a gap distance
(D = dy), the amplitude of the AC current corresponds to dI/dD at dj that should
be close to 0 where the conductance plateau is formed.

The total current / is described as

I =1Ipc+dl/dD Agcos wt,

where Ipc, Ag, and @ are the measured DC current, amplitude of the distance
modulation, and angular frequency, respectively.

First of all, the expression for d//dD in case of the vacuum tunneling is discussed.
In this case, this technique is equal to the barrier height measurement used in the
conventional STM measurement [43]:

Inc ~ lpexp (—BD),
where f is the tunneling decay constant and I is a constant.
dIpc/dD = —Iy B exp (—BD) = —BIpc
Therefore,
p = —di/dD/Ipc

In the single-molecule junction, the current response with respect to distance is
not expressed by a simple equation because it can contain various effects such as
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Fig. 2.11 Ipc (red) and Iac/Ipc (blue) measured in the break junction measurement without
(a) and with (b) the presence of 1,8’-octanedithiol. The amplitude or peak value of Inc/Ipc gives
a [42]

mechanical elongation of the junctions and piezoelectric response of molecules [44].
However, dI/dD/Ipc is still a convenient parameter to describe mechanical response
of the single-molecule junction since d//dD should be normalized and referred as «.

Figure 2.11 shows Ipc and Iac/Ipc whose amplitude represents o observed in
the experiment using 1,8’-octanedithol [42]. When no molecules are contained in
the measurement system (Fig. 2.11a), only exponential decay of Ipc and almost
constant « are observed. In the presence of 1,8'-octadecanedithiol (Fig. 2.11b), Ipc
shows stepwise changes (plateaus) and o becomes small at the plateau region. After
the break down of the plateau, a suddenly increased. These results demonstrate o is
a good indicator to monitor the formation of the single-molecule junctions.

The ability of the distance modulation technique was demonstrated in the
measurements of a molecular diode [45]. It is necessary to know the orientation of
the molecular diode with respect to the bias voltage to understand the rectification
behavior. However, it is not possible to maintain or identify the orientation of
the molecule in the break junction measurement. Therefore, the measurement was
conducted by gently contacting the STM tip to the surface of the self-assembled
monolayer of the diode molecule whose orientation is controlled by a sequential
two-step chemical deprotection method as shown in Fig. 2.12a. When the position
of the STM tip is held at the conductance of the single diode molecule determined
by the conventional break junction method, the alpha and Ipc stochastically change
(Fig. 2.12b). The jump of Idc to higher value is accompanied by the jump of
alpha to smaller value, which indicates the formation of the molecule junction,
allowing the detection of the formation of the molecule junctions. The current-
voltage characteristic is measured when the junction is formed (Fig. 2.12b). The
modulation in parallel to the substrate in the STM setup is used to evaluate the
lateral coupling between molecules and substrate [46].
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Fig. 2.12 (a) A method to prepare a monolayer of diode molecule (dipyrimidinyl-diphenyl
molecule). A thiol group at the top of the molecule in the figure is deactivated by a protecting
group so that the molecules adsorbed only through sulfur atoms at the bottom end of the molecule
(step I). After the formation of the monolayer, the protecting group is chemically detached and SH
groups which can bind to metal electrodes is generated on fop of the molecule. (b) Ixc/Ipc and Ipe
measured. The gap distance was held during the measurement. (¢) Current-voltage characteristics
measured at the region A (black) and B (red) in (b), which corresponds to the junction with a tunnel
gap and the single-molecule junction, respectively [45]

2.2.3.2 Electromechanical Responses

The breaking process of the junction is studied in more detail by using an
atomic force microscope (AFM) [47-51]. The force observed during the breaking
process combined with the electrical conductance gives information on the bonding
structure between molecules and electrodes. This measurement is also interesting to
understand changes of electrical characteristics caused by mechanical perturbations,
i.e., electromechanical responses, of the single-molecule junction that can be used
to design single-molecule electronic devices. In this section, the procedure and an
example of the measurement are briefly introduced. More detailed discussion is
given in Chap. 3.
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Fig. 2.13 (a) A schematic of the AFM-BJ method. The deflection of the cantilever is monitored
by the position of a laser reflected from the backside of the cantilever. The bias voltage is applied
between the tip and the substrate. (b) A conductance transient curve obtained for 4,4’-bypyridine
junction using Au electrodes and force measured simultaneously. (¢) Model structures representing
the force rupture event observed in the middle of the conductance plateau indicated by arrows [50]

Figure 2.13a shows a scheme of the measurement system. The BJ measurement
is carried out with a metal-coated AFM tip. The force acting on the tip is measured
from the deflection of a cantilever by a conventional AFM setup. A bias voltage is
applied between the AFM tip and the substrate and electrical current is measured
simultaneously with the force.

Figure 2.13b shows the conductance and force transient obtained for 4,4'-
bypyridine junction using Au electrode [50]. The conductance transient shows
clear two-step plateaus and sharp decrease of force is observed at the conductance
steps where the bonding between molecules and electrodes is broken. In addition,
another sharp drop in the force transient is observed in the middle of the first long
conductance plateau at 1073 G, where a small dip of the conductance is observed.
This result indicates that structural changes of the molecule junction without causing
significant changes in the conductance can be detected by the force measurement. A
proposed model for this structural change is shown in Fig. 2.13c. After the breaking
of the gold atomic contact, the molecule can bind to rough gold surface through both
specific bonding through N atom and van der Waals interaction through carbon ring.
Upon elongation of the gap distance, the van der Waals bonding raptures and causes
a drop of force, whereas the conductance does not change a lot. More detailed and
quantitative analysis of the rupture force can be used to deduce the strength of the
bonding between electrode and molecule as discussed in Chap. 3.
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2.2.3.3 Electrical and Electrolyte Gating

An application of an electrostatic gate field shifts the energy of the system and hence
the transport characteristics. When the junction is positively (negatively) charged,
the energy levels would be shifted to higher (lower) levels (Fig. 2.14a, b). The gate
effect is not only useful to investigate transport mechanism but also an important
step to realize active devices [52]. Fabrication of a solid-state gate electrode
to nm-scale junctions such as shown in Fig. 2.14c is still challenging [53]. To
prepare single-molecule junctions on solid-state gate electrodes, electromigration
which is explained in Sect. 3.1 and shadow mask techniques [54] have been
used. However, application of gate electric fields in the MCBIJ setup has been
desired.

When electric field is applied to source and drain electrodes from a gate electrode
placed underneath them in the MCBIJ setup (Fig. 2.15a), electrostatic force causes
deformations of the cantilever-shape source and drain electrodes, and the atomic
contact can be reversibly opened and closed by the application of gate field as
shown in Fig. 2.15b [55]. A side gate structure was developed by electron-beam
lithography as shown in Fig. 2.15c [56]. However, the distance, typically in the
order of tens of nm, between the gate electrode and the molecule junction is too large
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Fig. 2.14 Energy shifts of a molecule junction when negatively gated (a) and positively gated (b).
Schemes for solid-state gate (c) and electrolyte gate (d). HOMO and LUMO represent highest
occupied and lowest unoccupied molecular orbitals, respectively
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Fig. 2.15 (a) Schematic of the device structure and measurement circuit. (b) Switching character-
istics of the device under the application of the gate voltage. (¢) A scanning electron microscopy
image of a MCBIJ device with a side gate. (a), (b) [55,56]

to generate electric fields effective to tune the electronic structure of the molecule
junctions.

To realize the effective electrostatic gate effect without deformation of the source
and drain electrodes, the sandwich-type electrode structure was developed [57, 58].
In this structure, the source and drain electrodes are fabricated on the gate electrode
covered with aluminum oxide layer and whole electrode is suspended (Fig. 2.16a).
Under the bending of the supporting substrate, only the source and drain electrode
can be broken allowing the BJ measurement.

Performance of the MCBJ with the stacked gate electrode is demonstrated
by using the thiol-terminated zinc-porphyrin molecule [Zn(5,15-di(p-thiolphenyl)-
10,20-di(p-tolyl)porphyrin)] (ZnTPPdT) (Fig. 2.16b) [58]. The current-voltage
characteristics of the single-molecule junction of ZnTPPdT shows Coulomb block-
ade as shown in (Fig. 2.16c). Figure 2.16d and e shows color maps of the differential
conductance under the application of the source and drain voltages and gate
voltages. Note that peaks appearing in the differential conductance correspond to
the voltages where the current start to increase in the current-voltage characteristics
shown in Fig. 2.16c and, thus, energy levels of transport channels. Figure 2.16d
shows peak shifts to higher energy under the application of positive gate voltages,
whereas peak shifts toward lower energy is observed in Fig. 2.16e. The observed
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Fig. 2.16 (a) Scanning electron microscopy images of a MCBIJ electrode. A gate electrode is
attached underneath suspended source (S) and drain (D) electrodes through an oxide layer [57]. (b)
Structure of ZnTPPdT. (c) Typical current-voltage characteristics of the single-molecule junction
of zinc porphyrin measured at various gap separations showing Coulomb blockade. (d), (e) dI/dV
color maps under the application of gate voltages (horizontal axis) and source-drain voltage
(vertical axis). (f) An energy diagram showing the effect of a gate voltage, Vg. The b in the figure
represents the effective gate coupling strength which is used to estimate the effective electrostatic
field from the applied gate voltage [58]
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behavior is explained using energy diagram shown in Fig. 2.16f. When positive
gate voltage is applied, energy levels in the molecule are shifted to lower energy.
The downward shift opens the gap between Fermi level and highest occupied
molecular orbital (HOMO)-like transport channel, resulting in the shift of the peak
in differential conductance toward higher energy, which is observed in Fig. 2.16d.
On the contrary, the gap between Fermi level and lowest unoccupied molecular
orbital (LUMO)-like transport channel would become small under the application
of positive gate voltage, which is observed in Fig. 2.16e. Note that HOMO-like and
LUMO-like indicate the energy levels of the molecule in the junction used for the
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charge transport that does not always correspond to the HOMO and LUMO of the
molecule in gas phase.

The electric field effect can be also studied by using electrochemical environ-
ment, i.e., in electrolyte solutions, as shown in Fig. 2.14d [59]. In this method, the
gate electric field (electrochemical potential) is applied through the electric double
layer formed by ions in the solution. In terms of electrochemistry, electrochemical
potentials of source and drain electrodes are controlled with respect to the refer-
ence electrode put in the solution. There are two possible gating mechanisms in
electrochemical environment. One of the mechanisms uses the electric field applied
through electric double layers formed by ions whose thickness can be reduced in
the order of 0.1 nm, allowing the generation of strong electric field for the gating. In
the electrochemistry term, this process corresponds to the potential scan in the so-
called double-layer region where no electrochemical reactions (or Faradic current)
take place. In another mechanism, the electrochemical reaction of the molecule takes
place, i.e., the electronic state of the junction is tuned by the charge injection into
the molecule. The former and the latter are sometimes referred as electrolyte and
electrochemical gating, respectively.

The electrolyte gating is convenient because it can be applicable for both
STM-BJ and MCBJ. However, one should pay attention that the charge transport
mechanism can be affected by polar solvents. For example, single-molecule junc-
tions of perylene tetracarboxylic diimide (PTCDI) derivatives show temperature-
independent tunneling transport and temperature-dependent hopping transport in
nonpolar and polar solvent, respectively [60].

2.3 Other Experimental Methods to Prepare
Single-Molecule Junctions

2.3.1 Electromigration Technique

When sufficient electrical current is applied in a narrow metal wire and a critical
temperature is reached by Joule heating, metal atoms in the metal wire become
mobile and start to drift due to the transfer of momentum of electron [53, 61].
The drift of the metal atoms results in the gradual reduction of the size of the
wire and eventually formation of atomic contact and a gap. This process is called
electromigration.

To fabricate a gapped electrode by this technique, a necked wire pattern is
prepared where the gap should be created (Fig. 2.17a). When a voltage applied
to the wire is increased, the electrical current starts to collapse at a certain
voltage (Fig. 2.17b, denoted 1) where the electromigration process begins. The
voltage should be quickly decreased to avoid the catastrophic breaking of the wire
(Fig. 2.17b, denoted 2-3) and then increased again to cause the next electromigra-
tion process (Fig. 2.17b, denoted 4). By repeating this cycle, the wire is narrowed
to reach atomic size and finally a gap is formed. This process can be monitored
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Fig. 2.17 (a) Scheme of an electrode subjected to the electromigration. Atoms at the necked
region will be stacked around the area indicated by a dotted circle. (b) A scheme of electrical
current observed under the successive electromigration process

from the stepwise decrease of the conductance by a quantum conductance after the
electromigration process. A fast feedback control of the electrical power during the
electromigration process followed by spontaneous self-breaking of atomic contacts
enables researchers to prepare an atomic contact and an electrode gap with a
separation of a few or less than nm [62—-64]. When molecules are adsorbed on metal
electrodes before breaking, molecule junctions can be formed after the breaking of
the wire.

The advantage of this technique is that one can prepare single-molecule junctions
on a gate insulator as explained in detail below. The disadvantages are as follows:
fake signals are sometimes obtained by metal particles and grains generated in
electromigration process [65]; yield of molecule junction is low, typically a few %;
and the conductance of a single-molecule junction should be determined by different
techniques such as the BJ techniques.

Using electromigration techniques, a single-molecule junction can be pre-
pared on a gate insulator as schematically shown in Fig. 2.18 inset [66]. In
this structure, an electrode pattern subjected to the electromigration process is
fabricated on an Al,O3 layer formed on an Al electrode which is used as a gate
electrode. The electromigration was performed to prepare molecule junctions of
1,4-benzenedithiol (BDT). The formation of the molecule junction is confirmed
by inelastic tunneling spectroscopy (IETS) that is explained in Chap. 3. The gate-
modulated current-voltage characteristics were successfully observed as shown in
Fig. 2.18.

The electromigration technique may have a potential for a mass production of
gap arrays with a separation less than 1 nm which is difficult to be fabricated by
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Fig. 2.18 Schematic of device (inset) and current-voltage characteristics of a BDT molecule
junction at various gate voltages. S and D represents source and drain electrodes created by the
electromigration of the gold electrode. G represents Al gate electrode. An Al,O3 layer is formed
on the Al electrode by oxidation [66]

lithographic technique since sophisticated methods avoiding generation of metal
nanoparticles are developed [63, 64]. The technique to control crystallinity of the
electrode edge is under progress [67]. Moreover, this technique is utilized to create
a novel lateral in-plane nano-hole that allows single molecules to flow in it [68].
Figure 2.19 shows the device structure. The electrode for the electromigration
is sandwiched between oxide insulating layers. When the electrical current is
applied, the electrode is narrowed by electromigration process. The gold atoms
drift in the space confined by two insulating layers and spill over at the side
of the electrode pattern (Fig. 2.19c). After the resistance of the metal electrode
becomes higher than 1 k€2, the bias voltage is held at 0.1 V to cause spontaneous
breaking of the electrode which results in the formation of regulated gap fitting
to a size of single molecules [64]. By combining a fluidic channel fitting to this
structure, single molecules passing through the gap in solutions are detected by
measuring the electrical current between the gap. Identification of molecules is
possible by analyzing the current. This technique opens a new application field for
single-molecule electrical measurement techniques as an analytical tool for single
molecules as explained in Chap. 9.


http://dx.doi.org/10.1007/978-981-10-0724-8_9
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Fig. 2.19 (a) Scheme of the
device to create an in-plane
nano-hole. Thickness of a
gold layer is 15 nm. (b) A
scanning electron microscopy
image of the junction
subjected to the
electromigration process
followed by spontaneous
breaking. (¢) Scheme of the
junction imaged in (b) [68]
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2.3.2 Ultrahigh-Vacuum and Low-Temperature Scanning
Tunneling Microscope

A scanning tunneling microscope (STM) is a powerful technique to observe surfaces
with atomic resolution in real space. It is, therefore, natural to use STM to
measure electrical properties of single-molecule junctions. Although the stability
of the instruments has been an issue, recently, commercial ultrahigh-vacuum low-
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temperature (UHV-LT) STM possesses sufficient stability to create, maintain, and
measure single-molecule junctions. The advantages of UHV-LT-STM are as follows:
one of the electrodes can be a single-crystal surface, i.e., a well-defined structure;
the existence of a molecule is confirmed directly by imaging; the location of
the electrical contact in the molecule is controlled with intramolecular resolution;
and the position of molecules can be manipulated on a surface. The possible
drawbacks of UHV-LT-STM are as follows: it requires ultraclean environments and
low temperature that requires very specialized and sophisticated knowledge and
techniques; it is very time consuming, e.g., a surface should be imaged to find
molecules which takes hours; and good probe tip conditions are needed for reliable
measurements, which is always the case for UHV-LT-STM measurements.

In this section, some remarkable examples showing the benefit of UHV-LT-STM
are briefly explained. For basic principles and mechanism of STM, readers might
refer other books [69].

Manipulation of atoms and molecules is one of the fascinating and unique
capabilities of UHV-LT-STM that enables researchers to investigate effects of sur-
rounding molecules on the conductance of a single-molecule junction. Figure 2.20a
shows STM images of three phenol molecules adsorbed on Cu(110) surface taken
at 4.5 K [70]. The three bright spots represent each phenol molecule. The dark area
observed at the right of the bright spots in Fig. 2.20a corresponds to the oxygen
of phenol from which orientation of molecules can be identified. The lattice lines
indicate the position of Cu atoms. Two molecules sit next to each other and one
molecule is isolated. When the STM tip is approached to the molecule indicated by
1 in Fig. 2.20a, the tunneling current suddenly jumps up to around 35 nA as shown in
the curve 1 in Fig. 2.20c. At this point, the molecule 1 adsorbed on the STM tip by -
bonding of benzene ring and STM tip. When the same measurement was carried out
on the molecule 3, i.e., the isolated molecule, the current reaches around 40 nA. This
result indicates the neighboring molecule reduced the conductance of the molecule.
To make sure the molecule 1 is identical to the molecule 3, the neighboring molecule
was flipped to be separated from the molecule 1. The flip of the molecule can be
done by lifting the molecule by approaching the tip and then moving laterally. Now,
the molecule 1 is isolated as shown in Fig. 2.20b and indicated as 2. When the
molecule junction is formed using the molecule 2, the measured current is the same
with that observed for the molecule 3. This result clearly demonstrates the effect
of neighboring molecules on the conductance of the single-molecule junction. The
energy level shift caused by the electrostatic potential of neighboring molecules
including dipole moment is attributed to the reduction of the conductance.

A difficult issue in handing single molecules with UHV-LT-STM is sample
preparation. Most of the measurements are limited to molecules that can be
sublimated in vacuum conditions. Although techniques to introduce large molecules
into vacuum, such as pulse valve [71] and electrospray [72, 73], were developed, it
is difficult to find right conditions to put molecules on the substrate without damages
and contaminations.

For studies of large molecules by STM, on-surface polymerization is useful [74—
76]. In this technique, firstly, unit molecular structures that can be sublimated are
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Fig. 2.20 STM images of phenoxy molecules on Cu(110) surface taken at 4.5 K before (a) and
after (b) the flip of molecule next to the one denoted 1. (¢) Current transient observed during
approaching the STM tip to the molecules denoted /, 3(a), and 2(c) at the center position of each
molecule. The curves not indicated by numbers are current transient taken at clean Cu(110) surface
with the same STM tip used to form molecule junctions. Az is displacement of the tip normal to
the surface plane from the feedback point. Positive values correspond to the direction approaching
to the surface [70]

adsorbed on a surface. And then, the surface is heated to cause chemical reactions
between molecular units. Figure 2.21a shows an example of the molecular unit,
dibromoterfluorene (DBTF), for the on-surface polymerization [75]. Figure 2.21b
and ¢ shows an experimental and calculated STM image of the DBTF molecule
on an Au(111) surface at 10 K. Three intense lobes corresponding to the dimethyl
groups connecting two phenyl rings in the DBTF molecule are imaged. When the
Au(111) surface is heated, Br atoms dissociate from the molecule and C-C bond is
formed between the molecules which thermally diffuse and collapse. Figure 2.21d, e
shows STM images after heating the Au(111) surface at 520 K for 5 min. It is evident
from the image that the long well-defined fluorene oligomer more than 100 nm
is synthesized on the surface. The electrical conductance of the oligomer can be
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Fig. 2.21 Chemical structure (a) and observed (b) and calculated (¢) STM images of DBTFE.
(d) STM image of gold surface after on-surface polymerization. (e) Magnified STM image for
a polyfluorene oligomer and its molecular structure [75]

measured by contacting the STM tip with one end of the oligomer and lifting the
molecule.

The on-surface polymerization is useful not only for preparation of samples for
STM measurements but also for synthesizing molecules that are not prepared in
solutions. In fact, the long fluorene polymer shown in Fig. 2.21d cannot be prepared
in solutions due to the lack of solubility.

2.4 Summary and Perspective

In this chapter, three representative methods used to measure electrical properties of
single-molecule junctions are explained. The major difficulty of measuring single-
molecule junction is confirmation of single-molecule junctions and low yield of
formation of the junction. The STM-BJ and MCBJ techniques solve these problems
by using mobile electrodes and have become the standard methods. Conductance
traces observed during the breaking of the metal wire by mechanical motion of the
electrode enable researchers to detect the formation of single-molecule junctions
and also repeat measurements for many times sufficient for statistical analysis. The
STM-BI is suitable for the statistical determination of the molecular conductance
because the STM setup affords thousands of measurements contentiously. Even
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simple statistical analysis using conductance histogram reveals interesting nature
of the single-molecule junctions such as relation between conductance and contact
geometries. More sophisticated analysis such as correlation analysis and conditional
histogram would provide information to understand formation process of single-
molecule junctions with different configurations. The MCBJ method is capable
of sustaining a single-molecule junction for a long time enough to measure
current-voltage characteristics and apply more sophisticated measurement methods
introduced in Chap. 3.

External modulations such as electrostatic fields and magnetic fields of single-
molecule junctions are still challenging. For this purpose, the MCBJ method
encounters difficulties, although some challenges have been done. Different tech-
niques such as electromigration are used. However, the capability of distance
modulation is essential to confirm the formation of single-molecule junctions, and
the method to measure external modulation with MCBJ should be developed.

The stability and imaging capability of UHV-LT-STM allows researchers not
only to confirm the existence of a molecule and bonding site on a substrate but
also to identify orientation of molecule that is essential for the study of molecular
diodes. The electromechanical properties should be also investigated more precisely
by using UHV-LT-AFM. Although it still is difficult to put large molecules on
surfaces without contaminations, on-surface polymerization opens a new path to
prepare large molecules on clean surfaces in vacuum.

The statistical approach to determine the conductance of a single molecule by
the BJ method is reliable and successful. However, the deviation of the conductance
histogram often reaches several orders of magnitude. Although this deviation can
be justified because conductance values for a wide variety of structures are involved
in the conductance histogram, it is not straightforward to understand what the peak
value and width of the histogram represent. It can represent the most frequently
observed plateau and/or the most long-lasting plateau in conductance transient
curves. This difference can be problematic especially in low-temperature MCBJ
measurements of long molecules because various metastable structures can be
stably sustained. Other analytical method should be applied to understand the
meaning of plagues in the conductance transient and peak of the conductance
histogram as discussed in Chap. 3. Design of molecule junctions showing small
conductance deviations should be developed for creating single-molecule devices.
For this purpose, new anchor structures such as tripods [77, 78] and insulation of
conductive path in a molecule should be studied such as discussed in Chaps. 5 and 6.

Fabrication of stable solid-state single-molecule devices is the most challenging
topic remained. For this purpose, well-defined electrodes in atomic scale and robust
contacts between electrodes and molecules are required. These requirements can be
potentially fulfilled by using graphene and nanoribbons as electrodes [79]. Devices
possessing functions of single molecules would be also produced by using self-
assembled monolayers [80, 81].
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Chapter 3
Characterization of the Single Molecular
Junction

Manabu Kiguchi and Shintaro Fujii

Abstract The single molecular junction is becoming an increasingly attractive
research target owing to the structural tunability, flexibility, low cost, and com-
patibility with electronics. From a scientific point of view, the single molecular
junction gives us platform to access and investigate physical phenomena appearing
at the low-dimensional nano-junction on a single molecular scale. In this chapter,
we focus on the recent research progress in the characterization of the single
molecular junction. One of the main issues in the single molecular junction studies
is structural uncertainty in the junction. This is because there is no straightforward
way to visualize and identify ultrasmall structure of a molecule trapped in nanogap
electrodes. To overcome this issue and to reliably measure physical properties of
the single molecular junction, researchers have developed a variety of characteri-
zation techniques. We start by introducing structure-related characterizations and
analyses of plateau length, point-contact spectroscopy, inelastic electron tunneling
spectroscopy, action spectroscopy, and surface-enhanced Raman spectroscopy.
Then, electronic characterizations and analyses of current—voltage characteristics,
thermopower measurement, and shot noise measurement are presented. Finally, we
touch on force measurement, whose development is still in progress, but it provides
understanding of the structure—conductance relationship in a single molecular
junction.

Keywords Single molecular junction ¢ Single molecular spectroscopy ¢ Atomic

and electronic structure

3.1 Introduction

Since the early 1970s, researchers have looked toward to construct electronic cir-
cuits using individual molecules as building blocks [1, 2]. However, the researches
in the molecular electronics have been hampered by significant experimental
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challenges, and practical application in electronic devices has remained elusive.
Recent development in experimental technique of the single molecular junctions
allows us to discover a variety of remarkable electronic functionalities at the
single molecular scale. Currently, diode, switch, and transistor properties have
been reported for the single molecular junction [3-7]. To improve the device
performance as well as understand the working principle, development of a reliable
characterization technique at the single molecular scale is of great importance.
To unambiguously characterize the single molecular junction, it is necessary to
identify the number of molecules in the junctions and structural details including
chemical species of the bridging molecules and contact configuration of the
electrode—molecule interface. On the basis of the structural analysis, it becomes
possible to identify electronic properties of the single molecular junction such
as whether charge transports through HOMO or LUMO and energy difference
between the conduction orbital and Fermi level of the metal electrodes. This is
because atomic and electronic structures govern the transport properties of the single
molecular junction. One of the most essential quantities to be clarified in the single
molecular junction is the number of molecules bridging between metal electrodes.
In early studies, the number of the molecule has been determined by analyzing the
conductance trace during the breaking process of the junction. During the breaking
process, the conductance trace displays steplike decreases, which are associated
with stepwise rupture of multiple molecular junctions. The conductance of the last
plateau in the conductance trace is assumed to correspond to the formation of the last
single molecular junction [1, 2]. The analysis of the conductance step is not a direct
evidence of the formation of the single molecular junction. To confirm the formation
of the single molecular junctions as well as characterize molecular-dependent
properties, various advanced techniques have been developed in recent years.

In this chapter, we focus on present characterization techniques and analyses of
the single molecular junction, including conductance plateau analysis [2], inelastic
electron tunneling spectroscopy (IETS) [3], point-contact spectroscopy (PCS) [8],
surface-enhanced Raman scattering (SERS) [9], shot-noise measurement [10],
current—voltage characteristics [11], thermopower measurement [12], and force
measurement [13]. The combination of these techniques fully characterizes the
atomic and electronic structure of the single molecular junction.

3.1.1 Plateau Length Analysis

The length of the atomic contact and single molecular junction can be evaluated by
analyzing the conductance changes during the stretching process of the junction.
The length of the atomic contact and single molecular junction is fundamental
information to obtain structural details of the junction such as formation of an
atomic wire and molecular orientation in a molecular junction.

Figure 3.1a shows the typical conductance trace of the Au contact during the
stretching process of the contact (conductance trace) [14]. The conductance of the
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Fig. 3.1 (a) Evolution of the conductance for an Au contact as a function of the interelectrode
distance measured at 4.2 K. The inset shows a length histogram of the 1 Gy plateau [14]. (b) The
average of the return distance as a function of the length of the 1 G, plateau [15]

Au atomic contact is 1 Gy (2¢2/h), and the 1 G, plateau is indicative of the formation
of an Au atomic contact. Inset in Fig. 3.1a shows the length histogram of the 1 Gy
plateau constructed from 1,000 conductance traces. The Au atomic contact can be
stretched up to 1 nm. The distribution shows the peaks at multiples of 0.26 nm. This
peak distance agrees with the expected Au—Au bond length in an Au atomic wire.
Further information on the atomic wire is captured by the return length analysis.
The grey line in Fig. 3.1a shows the return conductance trace of the Au atomic
wire during the making of the contact. The electrode needs to return by a little
more than the length of the 1 Gy plateau to come back into contact. Figure 3.1b
shows the average return lengths as a function of 1 Gy plateau length [15]. The
return length is defined as the distance over which the two Au electrodes need to
be moved back after the junction breaks in order to reestablish contact. Apart from
an offset (0.5 nm) due to the elastic response of the banks, the relation between the
plateau length and the return length is approximately proportional. This relationship
indicates that a fragile structure is formed with a length corresponding to that of the
last plateau. Using this technique, the formation of the atomic wire has been revealed
for clean Au, Pt, and Ir wires [16], Co and Pd wires in the presence of hydrogen [17],
and Ag and Cu wires in the presence of oxygen [18]. It is noteworthy that the clean
Co and Pd do not form atomic wires. The adsorbed hydrogen or oxygen molecule
decreases the surface energy of the metal atomic wire and stabilizes the metal atomic
wire. This stabilization mechanism leads to the formation of the metal atomic wires,
which cannot be formed without molecules.

A similar technique can be applied to single molecular junction [19, 20].
Here, the gap distance or break distance is evaluated from the conductance
traces. Figure 3.2a shows the two-dimensional (2-D) conductance histogram for
single oligosilane (SiMe, oligomer terminated with 4-(methylthio)phenyl groups)
molecular wire constructed from 1,000 conductance traces [20]. For the construction
of the 2-D histograms, d = 0 for each trace is set to the point where the conductance
drops sharply below 1 Gy. Just after breaking the Au atomic contact (d = 0), the gap
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Fig. 3.2 (a) 2-D conductance histogram for single oligosilane molecular wire. The inset shows
individual conductance traces. Schematic illustration of the single oligosilane molecular wire is
shown on the right side [20]. (b) (left) Chemical structure of -stacked molecular wires: 1¢(4),,
2+(4) 3, 3+(4)4. (right) The distribution of breaking distances (L) for 1¢(4),, 2¢(4) 3, and 3+(4)4,
together with the structure model. The inset shows typical conductance trace of the Au contact in
solution containing 1+(4), [21]

size is close to zero. This distance is the stretched length from this breaking point. In
Fig. 3.2a, an intense peak appears around 10™* G that extends for a distance of ca.
0.5 nm. The gap distance is close to the size of the oligosilane molecule, indicating
that single molecular junctions are formed reproducibly and can be elongated over
that distance.

Figure 3.2b shows another example of the plateau analysis for -stacked
molecular wire: 1¢(4),, 2¢(4) 3, 3%(4)4 [21]. Here, -stacked molecule 4 is enclosed
in the cavity, and the cavity height of the coordination cages 1-3 predetermines the
number of -stacked aromatic molecules 4. The average of the gap size increases by
0.24 nm per -stacked molecule 4. The value of 0.24 nm is close to the incremental
increase in the molecular height of the -stacked molecule per -stacked molecule 4
(0.30 nm). The good agreement between these two values indicates that the top and
bottom triangular aromatic panels of the -stacked molecular wire are bound to the
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Au electrodes, as shown in Fig. 3.2b. The atomic structure of the single molecular
junction can be evaluated by the conductance traces.

3.1.2 Point-Contact Spectroscopy and Inelastic Electron
Tunneling Spectroscopy

Point-contact spectroscopy (PCS) and inelastic electron tunneling spectroscopy
(IETS) are vibrational spectroscopies of single molecular junctions and provide
information about the molecular composition in the molecular junction.

Interactions between molecular vibrations and conduction electron through the
single molecular junction modify the molecular conductance. When the differential
conductance is measured as a function of the bias voltage across the junction,
the conductance changes above the threshold voltage, which corresponds to the
excitation of the vibration mode of the junction. We can, thus, get the information of
the vibrational energy from the threshold voltage by measuring the current—voltage
characteristic of the junction. This is the basic mechanism of the point-contact
spectroscopy (PCS) and inelastic electron tunneling spectroscopy (IETS). IETS was
first applied to molecules buried in a metal-oxide interface for a metal-oxide—
metal tunneling junction [22], while PCS has been applied to metal contacts [8].
The first IETS measurement for a single molecule adsorbed on a metal substrate
(not a molecular junction) was reported by Ho’s group with a scanning tunneling
microscope (STM) [23]. The first IETS and PCS studies on a single molecular
junction were demonstrated for the single hydrogen molecular junction [24]. Since
then, IETS and PCS have been applied to various single molecular junctions,
including benzene, alkanedithiol, ethylene, and acetylene [3, 25-30].

Figure 3.3 shows a schematic representation of IETS and PCS for the single
molecular junctions. In the tunneling regime for IETS (Fig. 3.3a), when the bias
voltage is less than the vibrational energy, #v, the electrons can tunnel elastically
through the single molecular junction. Above a threshold voltage, where hv = eV,
an electron can excite a vibration mode of the single molecular junction. This means
that a second inelastic channel opens, in addition to the first elastic channel. The
opening of this inelastic channel is accompanied by an increase of the differential
conductance (dI/dV) at eV = £hv. This change is clearly observed in the derivative
of the differential conductance, @*1/dV?, where a peak and a dip are observed for
the positive and negative biases, respectively. In the ballistic regime for PCS, where
the transmission probability is close to one, electrons are delocalized over the two
electrodes. The electron transfer process can be considered in the momentum space
as shown in Fig. 3.3b. The right-moving electrons occupy higher states than the left-
moving electrons, when the bias voltage is applied to the single molecular junction.
Above a threshold voltage, the electron can excite a vibration mode of the single
molecular junction, as with the case of the tunneling regime. Here, electrons around
the top of the right-moving states lose energy via excitation of the vibration mode.
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Fig. 3.3 Schematic view of (a) IETS and (b) PCS, together with dI/dV and d?I/dV?. IETS: An
additional inelastic channel is opened by the excitation of a vibration mode. The differential
conductance (dI/dV) increases above a threshold voltage. PCS: The right-moving electrons are
scattered backward by the excitation of a vibration mode. The differential conductance decreases
above the threshold voltage

Electrons should scatter backward, because the right-moving states are occupied
at a lower energy. This backscattering leads to the decrease in the differential
conductance at eV = =+ hv. This change is observed as a dip and a peak for the
positive and negative biases in d*I/dV?, respectively. The conductance change in
dl/dV and spectral shape of d*I/dV? differ from one another in IETS and PCS. In
the simple case, where electron transports through a single channel and molecule
symmetrically binds to the metal electrodes, the conductance increases along with
the excitation of the vibrational mode, when the conductance is smaller than 0.5 Gy
(in tunneling regime). In contrast, when the conductance of the contact is higher
than 0.5 Gy (in ballistic regime), the conductance decreases by excitation of the
vibrational modes. The former and latter cases can be categorized as PCS and IETS,
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Fig. 3.4 (a) Differential conductance (fop) and its derivative (bottom) for a single benzene/Pt
junction. The differential conductance is monitored for a fixed contact configuration during
sweeping of the DC bias from —10 to +100 mV. (b) Distribution of vibration energy for >CsHg
and 3C4Hg/Pt junctions [27]

respectively. The transition between PCS and IETS is experimentally shown for the
H,, H,O, and benzenedithiol junctions [25, 31]. Theoretical analysis reveals that
the transition depends on the symmetry and conductance of the single molecular
junction.

Figure 3.4a shows an example of IETS spectra for a single benzene/Pt junction
[27]. A symmetric upward step in the differential conductance is observed around
40 mV, and peaks are observed in its derivative (@*1/dV?: IETS). The upward steps
in the dI/dV spectrum and the peaks in the d?I/dV? spectrum indicate the excitation
of the vibrational mode by conduction electrons with energies of 40 meV. The
theoretical calculation shows that the observed vibration mode is attributed to the
hindered rotation mode of the benzene molecule bridging between the Pt electrodes.
The isotope effect is observed in this system. Figure 3.4b shows the distribution of
vibrational energies for single '>’CsHg and '*C4Hg/Pt junctions. The histograms for
the single 12C¢Hg and 3CgHg/Pt junctions show peaks at 42 meV and at 40 meV,
respectively. The mass ratio of 13C¢Hg and '2C¢Hg is 84/78. The vibrational mode
for the single C¢Hg/Pt junction is predicted to shift from 42 (2CgHg) to 40 meV
(13C¢Hg) with the harmonic oscillator model:

v =k//m 3.1

where m is the mass of benzene molecule and k is the spring constant of the
benzene molecule—Pt electrode, assuming that the electrode is much heavier than
benzene molecule. The good agreement between the predicted and experimental
values for vibration energies supports that the benzene molecule bridges between
the Pt electrodes.
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Here, it is noted that the single benzene/Pt junction exhibits a conductance value
close to 1 Gy, which is close to the conductance value of the metal atomic contact. In
the conventional single molecular junctions, where molecules are attached to metal
electrodes via an anchoring group (e.g., -SH, -NH,), the conductance is below 0.01
Gy [1, 2]. A highly conductive molecular junction is fabricated by the direct binding
of a -conjugated molecule to the metal electrodes without the anchoring group.
The -orbital (conduction orbital) effectively hybridizes with the metal orbital,
which leads to the high conductivity of the single molecular junction. Currently,
this direct -binding technique has been applied to various molecules, including
ethylene, acetylene, and Cgy [32-34].

Figure 3.5 shows another example of IETS of a single BDT molecular junction
[26]. In contrast with the single benzene molecular junction, intramolecule vibration
modes are clearly observed in the spectrum. The peaks at 196 mV, 139 mV, and
86 mV are assigned to intramolecule vibration modes of v4(C=C), §;(C—C-H), and
8,(C—C-C) in the phenyl ring, respectively. The peak at 45 meV corresponds to
metal-molecule vibration modes (v (Au-S)). The vibrational modes are fingerprint
of molecule, and the observation of the intramolecular vibration modes shows the
bridging of the molecule between metal electrodes.

The excitation of the vibration mode by the conduction electron can induce a
structural change of the single molecular junctions. Since the conductance of the
single molecular junction is sensitive to the atomic structure of the single molecular
junction, this structural change causes large conductance change, compared to IETS
and PCS, where conductance change is smaller than 1 %. The large conductance
change induced by structural change is observed as symmetric peaks in the dI/dV
spectra, as shown in Fig. 3.6. As the structural change is induced by the excitation
of the vibration mode, the energy of the peak indicates the vibration energy of the
single molecular junction. This abrupt change in differential conductance can be
used as “action spectroscopy” of the single molecular junctions. In conventional
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Fig. 3.6 The gradual change of dI/dV spectra of a D,/Pt junction; panels (b) and (¢) show spectra
taken for the same junction as (a) after stretching by 0.01 and 0.02 nm, respectively. (d) Energy
landscape of a molecule in an atomic contact. The molecule can be vibrationally excited and relax
into the other energy minimum [35]

action spectroscopy, the reaction yield is measured as a function of energy. Here,
we call this form of spectroscopy “action spectroscopy,” because the action of single
molecular junctions is utilized to determine the energy of the vibration mode. Action
spectroscopy has some advantages compared to IETS. First, it can detect vibration
modes that cannot be detected by IETS. Vibrational modes that are not visible in
IETS can be revealed as a response of vibrationally mediated molecular motion to
applied bias voltage in the action spectroscopy. Second, action spectroscopy can be
applied to a system in which the IETS signal is too weak to detect.

Action spectroscopy of the single molecular junctions was first applied to the
CO/Pt and H,/Pt junctions [35]. Figure 3.6a—c shows a sequence of spectra taken,
when the D,/Pt junction is slightly stretched over 0.02 nm. The small bump on the
variation mode shoulder in Fig. 3.6a at 47 meV evolves into full peaks in Fig. 3.6b
and subsequently into a regular vibration model spectrum. This change in the spectra
indicates that peaks in dI/dV are caused by the phonon excitation, as in the case with
PCS or IETS. The theoretical calculation shows that the observed vibration mode
is attributed to the transverse translation mode of the molecule in the Pt—-H-H-Pt
configuration.

The appearance of symmetric peaks is explained using a model of vibration-
induced two-level systems (Fig. 3.6d). In this model, the potential curve of the
molecular junction is represented as a double-well potential with a ground state
W, and a metastable state W, in the two energy minima. The two energy minima
are separated by the activation barrier (Eac). The molecular junction can be
vibrationally excited by the conduction electron. If the junction is fully excited,
then the junction with ground state W; can overcome the activation barrier and
change into a junction with metastable W,, which leads to the abrupt change in
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differential conductance (the peak in the dI/dV spectrum). The ¥; and W, states
correspond to junctions with slightly different local geometric configurations, such
as the adsorption site of the molecule on the metal electrodes, the molecule tilt angle,
and the configuration of the metal electrodes. The action spectroscopy has revealed
the bridging of single hydrogen molecule between Au and Cu electrodes [36, 37].

3.1.3 Surface-Enhanced Raman Scattering

While IETS, PCS, and action spectroscopy are powerful techniques for identifying
single molecular junctions, these techniques require low temperatures. From an
application standpoint, vibration spectroscopic characterization under ambient
conditions is desirable for single molecular devices working at room temperature.
The utilization of interaction between light and molecular vibration is a promising
way to detect the vibration mode of the single molecular junction. IR and Raman
scattering are typical vibrational spectroscopies to study molecules in bulk sample
such as molecular solutions and solids. At the single molecular scale, signals from
a molecule in conventional Raman spectroscopy are below the detection limit.
However, the enhanced field in the nanogap overcomes this problem, as shown in
Fig. 3.7a [9, 38-44]. In a single molecular junction, a single molecule is trapped in
the nanogap. When light is shone on the molecular junction, a strong electric field is
formed between the nanogap electrodes, which enhances the intensity of the Raman
signal. The single molecular junction gives us the best platform to perform SERS
[41-43].

We start by focusing on the SERS studies on molecular junctions where
several numbers of molecules are bridged between metal electrodes. Figure 3.7b, ¢

(@ pocgesqns (b)

8

Fig. 3.7 (a) Electric field distribution obtained by finite-difference time-domain (FDTD) method
for a nanogap between Au sphere and Au plane. The gap distance and the diameter of the Au
sphere were set to be 1.5 and 50 nm, respectively. Localization of electric field in the gap region is
apparent and the local field enhancement is more than 20 [44]. (b) Schematic of the simultaneous
SERS and conductance measurement. Lock-in amplifier is an instrument to recover signals that
are buried in noise by applying a reference signal at the same frequency as the signal that is being
measured. (¢) Scanning electron image of Au electrode constriction with a nano-sized gap. (d)
Map of the Raman scattering of (d) Si (480-560 cm™!) and (e) Map of p-mercaptoaniline SERS
signal from ring mode ve—c (~1,590 cm™). () Integrated continuum signal (50-300 cm™!) [9]
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shows the experimental setup of SERS measurement for the molecular junction
[9]. The SERS measurements are performed using a scanning confocal Raman
microscope in reflection mode using an objective lens (ca. 100x magnification). The
formation of the molecular junction is confirmed by the conductance measurement.
The Au nanogap electrodes are lithographically fabricated onto a Si/SiO, wafer.
Figure 3.7c—f shows an SEM image of the nanogap electrode, together with maps of
the Raman signal from Si (480-560 cm™!), SERS signal of molecule, and integrated
continuum signal (50-300 cm™'). In this experiment, p-mercaptoaniline (pMA)
molecules are bridged between Au electrodes by immersed in a pMA solution. The
SERS signal corresponding to the ring mode ve—c (~1,590 cm™") of pMA is selec-
tively observed at the nanogap, caused by the formation of the strong electric field.

The SERS spectra of the molecular junction are different from that of bulk
sample and molecules on metal surface, because the environment of molecule in the
single molecular junction is different from other systems. When a molecule interacts
with the metallic substrate, a certain degree of charge transfer takes place from the
molecular bonding orbital (e.g., HOMO) to the metal unoccupied state and from
metal occupied state to the antibonding orbital (e.g., LUMO). While this process
secures the molecule to the metal surface, it typically results in the weakening of
molecular bonds, leading to the redshift of the vibrational energy. In addition to
the shift of the vibrational energy, vibration modes which are not observed in bulk
can be observed for molecular junctions. The top and middle portions of Fig. 3.8
show the example of the SERS of the 4,4’-bipyridine (BPY) molecular junction
[41]. The spectra shown at the bottom of Fig. 3.8 are normal SERS spectrum of
BPY on Au surfaces. The totally symmetric @ modes are observed for conventional
SERS at 1,025, 1,062, 1,217, and 1,296 cm™! (bottom of Fig. 3.8). On the other
hand, nontotally symmetric b; modes or b, modes are observed for the single BPY
molecular junction at 840, 998, 1,026, and 1,205 cm™! (middle of Fig. 3.8), at
975 cm™! (top of Fig. 3.8). The appearance of the nontotally symmetric modes is
explained by the photoinduced charge transfer process.

Simultaneous conductance and SERS measurement of molecular junctions has
more recently been employed to monitor vibrational mode effective temperatures at
the junction [39, 40]. By simultaneously measuring Stokes (S) and anti-Stokes (AS)
Raman components, an AS/S ratio can be calculated which represents the steady-
state nonequilibrium population in the presence of inelastic tunneling current. This
ratio can then be translated into effective temperature (7,") for each vibrational
mode. T, can be defined as

IAS s 4
b A TP o (i, JaTE) (3.2)
I; (oL — @)

where IS and /45 are the Stokes and anti-stokes Raman intensities for a given
mode, @ is the incident laser frequency, @, is the frequency of Raman scattering,
and A, is a correction factor that accounts for the ratio of the anti-Stokes and

Stokes cross sections [39, 40]. For the amine-terminated oligophenylene vinylene
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Fig. 3.8 Three types of SERS spectra of a single 4,4’-bipyridine (BPY) molecular junction (fop
and middle). Normal SERS of BPY molecules on Au surface (botfom). The nontotally symmetric
b, mode (top) and b; mode (medium) are observed for the single BPY molecular junction [41]

(OPV) junction, the effective temperature of vibrational modes at 1,317 cm™! and
1,625 cm™! increases linearly with the applied bias. It increases up to 600 K at
bias voltage of 500 mV [39]. The effective temperature of the vibrational mode
at 1815 cm™! remains bias-independent until the applied voltage exceeds %z ,. For
bias voltage greater than fiz ,, the effective temperature increases linearly. Although
each vibrational mode has to be considered individually, generally speaking, the
effective electronic temperature at bias voltages of a few hundred millivolts can
reach values up to three times greater than those measured when no bias is applied.

The above discussion is mainly focused on the molecular junction, where several
numbers of molecules are bridged between metal electrodes. The next target is
SERS study of the single molecular junction. The first SERS measurement of the
single molecular junction was reported for the single BPY molecular junction using
the “fishing mode” STM technique (FM-STM) [42]. In the FM-STM method, the
tip—substrate gap is precisely controlled by placing the tip at the desired position and
lowering STM proportionally and the integral gain (ca. 0.03 % of normal values).
The thermally induced movements of the molecules on the substrate surface lead
to the random formation of the molecular junctions bridging the tip—substrate gap.
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By constantly monitoring the junction conductance and SERS signal, a series of
high-frequency current jumps can be correlated with structural details by analyzing
related SERS fluctuations. In the case of the SERS of single BPY molecular
junction, the C—C stretching mode reversibly splits into a doublet upon increasing
the applied bias voltage. This signal splitting is attributed to an asymmetric metal—
molecule coupling induced by the applied bias.

Further analysis of the simultaneous conductance and SERS measurements
reveals the dynamic motion of single molecular junctions [41]. Figure 3.9 shows
the time course of the molecular conductance and the energy of the ring breathing
mode around 1,050 cm™! in the single BPY molecular junction. The energy of the
ring breathing mode becomes higher (lower) as the conductance becomes smaller
(larger). This anticorrelation between the peak energy and the conductance can
be explained by the change in the tilting angle of the molecule to the electrode
surface during the time course. At the higher-conductance state at r =3.5 s, BPY
features a perpendicular orientation with larger metal-molecule coupling (i.e.,
smaller energy of the vibrational mode). In the course of the time at t=4.5 s, a
tilting of BPY weakens the metal-molecule coupling which leads to the increase
in the conductance of the single molecular junction as well as the decrease in the
vibrational energy.

3.1.4 Current-Voltage Characteristics

Current—voltage measurement provides us information about the electronic structure
of the single molecular junction. Energy difference between a conduction orbital
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Fig. 3.10 (a) Schematic illustration of TVS analysis of an /-V curve. Change in the shape of the
tunneling barrier as a function of the bias voltage [46]. For details, see main text. (b) Transition
voltage spectroscopy for the single alkanedithiol molecular junction taken at different separation
of the electrode (/—4). (¢) 2-D transition voltage histograms for single alkanedithiol molecular
junction at three different conductance regimes (H, M, L) [45]

and electrode Fermi level can be determined as an effective tunneling barrier height
in a transition voltage spectroscopy (TVS), in which minimum voltage (Vp;,) on a
(I/V*)-1/V curve (Fowler—Nordheim plot) of I-V data is associated with tunneling
barrier height and the energy-level position of the closest conduction orbital relative
to the electrode Fermi level [1, 45, 46]. The minimum voltage (i.e., transition
voltage) on the Fowler—Nordheim plot corresponds to the voltage at which the
electron transport changes between the direct tunneling and the field emission or
F-N tunneling. TVS allows for the determination of the tunneling barrier height, i.e.,
energy-level alignment between the molecule and the electrodes in single molecular
junctions.

Tao et al. have demonstrated TVS for single molecular junctions with different
binding geometries with Au electrodes to analyze the tunneling barrier heights and
the dependence of the energy-level alignment on the Au—molecule contact geometry
in the molecular junction [45]. Figure 3.10 shows the TVS of the alkanedithiol
molecular junctions sandwiched by Au electrodes, featuring three conductance
values (H, M, and L). Despite their lower conductance values, the L-junctions
show smaller transition voltage (Vi = 0.7 V) than those for M- and H-junctions
(Vmin = 1.1 and 1.4 V), which indicates that the difference between the HOMO
and the Fermi level of the Au electrodes is smaller for L-junctions than those of
M- and H-junctions. The L-junction has been attributed to a gauche conformation,
and the theoretical calculation supports a smaller HOMO-Fermi gap for the
L-junctions. The experimental observation that both H- and M- junctions exhibit
similar transition voltages (energy-level alignments between the molecule and the
Au electrodes) and the absence of correlation between the conductance and the
transition voltages mean that the conductance variation is primarily due to variation
of the contact resistance (i.e., metal-molecule electronic coupling efficiency).

In the tunneling barrier height model of the TVS analysis, the energy-level
alignment is discussed. Next, we pay attention to the metal-molecule coupling
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strength in the single molecular junctions. In a single-level tunneling model, I-V
characteristic of the molecular junction is represented by

I 1)
an—l FL‘EFR eV —eo + tan_l FL"IEFR eV + &
I't + I'r ' +TIr

where g, I'1, and IR are the energy difference between the conduction orbital and
metal orbital and the strength of the coupling between molecule and left and right
electrodes, respectively [1, 2]. Figure 3.11 shows the example of the /-V curve of
the single benzenedithiol (BDT) molecular junction [25]. By fitting the experimental
result with Eq. 3.3, the I, I'r, and gy were determined to be 0.030 eV, 0.033 eV,
and —0.63 eV, respectively.

Based on this technique, there is a challenge to study the atomic structure of the
metal-molecule interface of the single molecular junction [43]. Figure 3.12a shows
the two-dimensional /-V histogram summarizing the -V characteristics of 203
single BDT molecular junctions. The /-V curves show the three statistically high-
probability nonlinear curves, indicating the existence of three metastable states.
Figure 3.12b, ¢ shows the distribution of ¢y and I" obtained from fitting 203 I-V
characteristics to Eq. 3.3. The distribution of I" shows three main coupling values,
i.e., low (L), medium (M), and high (H), at 0.01, 0.05, and 0.14 eV, respectively. In
contrast, the distribution of &y shows a single peak centered at 0.86 eV. The strength
of the coupling is sensitive to the metal-molecule interface. The three different
couplings suggest the three different adsorption sites of the BDT molecule. The
current—voltage characteristics provide the information about the single molecular
junction: conductance, I', and &9. By comparing these three parameters between

8e I'LIN
(vy=6_"LR_
h I'y +T'r

(3.3)
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Fig. 3.12 (a) Two-dimensional /-V histogram summarizing the /-V response of 203 single BDT
molecular junctions. Three intense bands are clearly observed: high (H), medium (M), and low (L)
profiles, respectively. Distribution of (b) I" and (c¢) &y constructed from / to V profiles fitted to a
single-level tunneling process [43]

experimental results and theoretical calculation results with the model cluster, H,
M, and L states are assigned to the bridge, hollow, and atop site, respectively.

3.1.5 Thermopower Measurement

The energy difference between Fermi level and conduction orbital can be inves-
tigated by analyzing the current—voltage characteristics. But it does not answer
whether Fermi level is above or below the conduction orbital. Thermopower
measurement provides this electronic information [12]. Therefore, combining the
current-voltage measurement with the thermopower measurement, full characteri-
zation of the energy alignment of the conduction orbital is achieved. The Seebeck
coefficient of the single molecular junction can be represented by

—72kg*T 1n (HE
Sseebeck = T n( ( )) (34)
3e 0E  |p—g,

where kg, T, and #(E) are the Boltzmann constant, temperature, and transmission
function, respectively [12]. When the conduction orbital is an occupied state
(unoccupied state), the slope of the transmission curve is negative (positive)
at Fermi level, and the thermopower becomes positive (negative). Here, it is
noteworthy that the conductance is sensitive to the number of molecules bridging
the metal electrodes and the strength of the metal-molecule coupling, but the
Seebeck coefficient is independent of the number of molecules (see Eq. 3.4., i.e.,
dln(t(E) /OE = dln (nts(E)/JE) = dIn(n = const.) + dIn(ts(E)/JE) where n
and ts(E) are the transmission function of a single molecular junction and number
of molecules, respectively).
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Fig. 3.13 (a) Schematic diagram of the thermoelectric voltage measurement setup. (b) Thermo-
electric voltage histograms for BDT/Ni junctions [47]

Figure 3.13 shows the example of the experimental setup of the thermopower
measurement with STM [47]. A difference in temperature between the tip and the
substrate is generated by controlling the temperature of the substrate with a Peltier
device. The STM tip is mounted on a Cu block and kept at approximately room
temperature. The STM tip is brought close to the substrate until it reaches a certain
threshold conductance value larger than the conductance of the molecular junctions.
Subsequently, the bias voltage source and current amplifier are disconnected, and
the voltage amplifier is connected. Figure 3.13b shows the voltage histogram for
BDT/Ni junctions. The negative thermoelectric voltage indicates that the charge
carriers are electrons. The absolute value of the thermoelectric voltage rises up with
increasing the temperature difference across the junction. The Seebeck coefficient
is calculated to be in the range of —12.5 &+ 1.2 to — 14.1 &£ 1.0uV/K from the
slope of the peak voltage in the voltage histograms as a function of the temperature
difference across the junction.

The Seebeck coefficient measurement can provide insight into the electronic
structure of the single molecular junction with the aid of the theoretical calculation.
The ab initio theoretical calculation of the model cluster provides the transmission
function of the single molecular junction. Using the transmission function, we can
calculate the Seebeck coefficient based on Eq. 3.4. By comparing the calculated
Seebeck coefficient with the experimentally obtained one, we can determine the
position of the conduction orbital. Reddy et al. succeeded to reveal that the Au
Fermi-level position is 1.2 eV above the HOMO level of BDT [12].

3.1.6 Shot-Noise Measurement

The determination of the number of molecules bridging between metal electrodes
is important but a difficult subject. In most of studies, the number of the molecule
has been determined by the stepwise conductance change in the conductance trace
during the breaking the junction. The conductance of the last plateau is assumed
to be a single molecular junction [1, 2]. The analysis of the conductance step is
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Fig. 3.14 (a) Schematic outline of the setup used for simultaneous measurements of point-contact
spectroscopy and shot noise on a single molecular junction. (b) Excess noise, that is, the difference
between the measured white noise level with and without current, as a function of the applied
current. The Poissonian shot-noise level is indicated by the curve marked “full shot noise.” The
dashed curve illustrates the sensitivity of the noise to the distribution of transmission probabilities
for a slightly different choice (v; =0.985, v, = 0.025) [10]

not a direct evidence of the formation of the single molecular junction. The shot-
noise measurement in combination with the conductance measurement provides
an alternative approach to assess the number of the molecular junctions (i.e., the
information on the number of the conduction channels and transmission probability
of each channel that directly correlates with the number of the molecular junctions)
[10, 27, 31]. If the number of the conduction orbital is one, we can know that the
number of molecules bridging between metal electrodes is exactly one (see Fig. 3.14
and corresponding text).

The shot noise originates from time-dependent fluctuations in the electrical
single-molecule current caused by the discreteness of the electron charge. When
electrons flow across the molecular junction, the noise level is determined by the
number of available transmission channels across the junction and their transmission
probabilities 7;. The total noise level of a quantum point contact for temperature 7'
and applied bias voltage V is given as

eV \ 262 2¢% 5
Snoise = 2¢V coth (ﬁ) TZ Ti (1 — ‘L'i) + 4kBTTZ Ti (35)

On the other hand, the conductance (G) of the molecular junction is given by

2 2
G=2""3"1 (3.6)
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The shot-noise and the conductance contain information on the transmission
probabilities. Here, a set of transition probabilities (t;) is described by two inde-
pendent equations (Egs. 3.5 and 3.6). Therefore, information on the transmission
probability of each channel (i.e., the number of the conduction channels) can be
obtained by combining shot-noise and conductance measurement. The simultaneous
shot-noise and conductance measurements have been performed for single Hp,
benzene, and water molecular junctions [10, 27, 31].

Figure 3.14a shows the experimental setup of the shot-noise measurement. The
shot noise is a weak signal, and thus, there are ideas to separate the shot noise from
other noises. The cryostat together with the amplifiers is placed in an acoustically
shielded Faraday cage to prevent coupling to external vibrations or electromagnetic
fields. For shot-noise measurements (S1 open, S2 closed), the signal is picked up
by two separate Cu wire twisted pairs and then is amplified by two parallel stages
of low-noise preamplifiers. The two outputs are sent to a signal analyzer, which
takes a Fourier transform of both signals and calculates the cross spectrum of the
two signals. By taking the cross spectra, we can efficiently extract the intrinsic shot
noise from the signal.

Figure 3.14b shows shot noise for the single D,/Pt molecular junctions as a
function of bias current [10]. The Poissonian shot-noise level is indicated by the
curve marked “full shot noise,” and we observe a strong quantum suppression of the
noise. The zero bias conductance for this junction is 1.01 Gy, and the experimental
result can be well fitted with theory assuming essentially a single fully open channel,
(r; =0.995, r; =0.015). The number of channels is close to one, indicating that the
number of the molecules bridging Pt electrodes is one.

3.1.7 Force Measurement

Simultaneous conductance and force measurement provides an understanding of
the structure—conductance relationship in a single molecular junction [13, 48]. Typ-
ically, conductance and force are simultaneously measured during the elongation
process of a single molecular junction using atomic force microscopy-based BJ
(AFM-BJ) method (Fig. 3.15a), where stepwise conductance changes accompany
abrupt changes in forces, which are associated with structural rearrangement in the
junctions along the deformation and rupture of the junction.

Figure 3.15b—d shows the force curve during breaking of the alkanedithiol molec-
ular junction binds to Au electrodes together with the conductance curve. While
the conductance decreases in discrete steps, the corresponding force decreases
in sawtooth waves. The force required to break a single alkanedithiol molecular
junction (i.e., the final step of the force curve, which is accompanied with a
conductance drop to zero) is 1.5 nN. The rupture force is similar to the force required
to break an Au—Au bond. Because the Au-S bond is stronger than the Au—Au bond,
the Au—Au bond is responsible for the breakdown of the alkanedithiol molecular
junction. In contrast, for a single 4,4’-bipyridine (BPY) molecular junction, the
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Fig. 3.15 (a) Schematic representation of a BPY junction formed between a gold-coated can-
tilever tip and a gold substrate. Au, C, H, and N atoms are shown in yellow, gray, white, and blue,
respectively [48]. (b—d) Simultaneously recorded conductance and force curves of (b, ¢) C8 and
(d) BPY junctions during stretching [13]

force required to break a single molecular junction is 0.8 nN, which is considerably
smaller than the force required to break an Au—Au bond. The smaller force is
expected because BPY binds to Au electrodes via N—Au affinity, which is weaker
than the S—Au bond. The force required to break a single molecular junction reveals
the bonding nature of the molecule to the electrodes.

The following conductance and force study on the BPY junctions binding to Au
electrodes revealed that the single BPY junctions feature two preferential high- and
low-conductance states with —Au and N—Au metal-molecule couplings and the
two conductance states exhibit distinct rupture forces of 1.5 and ~0.8 nN (Fig. 3.16)
[48]. In general rupture force is correlated with chemistry (binding modes) at the
metal-molecule interfaces in a single molecular junction. Together with character-
izing the charge transport property (conductance), the distinct preferential rupture
force measurement is complementary evidence that a “single” molecule is bridging
a gap between metal electrodes.
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Fig. 3.17 (a) Chemical structure of the tolane-type molecule with the two pyridine terminal
groups (PY2). (b) Structural models of BPY2 junctions. ¢ Simulated mean breaking force
(symbols) and its standard deviation (error bar) for PY2 molecular junctions as a function of the
logarithm of the normalized conductance log(G/Gy). “PY2-S” and “PY2-D ( - )” indicated a
single PY2 junction and PY2 dimer junction, respectively. “PY2-D ( -Au)” and “PY2-D (N-Au)”
denote PY?2 double junctions with —Au and N-Au couplings (see the models in b). The gray
bands mark the experimental data [49]

A very recent combined AFM-BJ experiment and DFT simulation study has
demonstrated detailed analysis in rupture forces of tolane (diphenylacetylene)-type
molecular junctions with two pyridine terminal groups (Fig. 3.17a) [49]. DFT
simulations most quantitatively reproduce the experimental data on the rupture force
and conductance of the PY2 molecular junctions (Fig. 3.17b, ¢). DFT-based rupture
force simulation revealed the rupture forces of the tolane-type molecular junction
are ca. 1-2 nN and are independent of metal-molecular coupling types of the
“N—Au” and “ —Au,” which is in contrast to the BPY junctions. The smaller rupture
force ~0.5 nN is ascribed to the formation of — -stacked dimer junction (see PY2-
D( - )in Fig. 3.17b). The simultaneous measurement of conductance and forces
in the molecular junctions is still a challenging task as evidenced by the scarcity of
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experimental results, requiring further research and development of the current and
force detection techniques.

3.2 Summary and Future Perspective

In this chapter, we discuss the characterization technique of the single molecular
junction (Table 3.1). The chemical species bridging between metal electrodes are
determined with the IETS, PCS, and SERS. The length of the single molecular
junction and metal atomic contact is determined by the conductance measurement
during the breaking process. The number of molecules bridging between metal
electrodes is determined by the simultaneous shot-noise and conductance measure-
ment. The atomic structure of the single molecular junction can be identified by the
combination of these techniques. The electronic structure of the single molecular
junction can be studied with the thermopower measurement and current—voltage
characteristics. The thermopower measurement determines whether a conduction
orbital is above or below the Fermi level of the electrode (i.e., whether a dominant
conduction orbital is HOMO or LUMO and whether a charge carrier is a hole or
electron), while the current—voltage characteristic determines the energy difference
between a conduction orbital and Fermi level. The force measurement provides
information about the bonding nature of the molecule to the metal electrode.

The characterization of magnetic properties of the single molecular junction is
becoming an important topic, although we made no mention of this topic. The use
of molecular spin state as a quantum information for data storage has attracted
considerable attention in the context of next-generation low-power data storage
devices. At ultralow temperature, the spin state of the single molecular junction has
been investigated with the current—voltage characteristic. The Kondo effect and its
manipulation have been reported for single molecular junction with transition metal
complex (e.g., Co, Mn) [50].

We consider that the characterization of adsorption site at the metal-molecule
interface and time-resolved spectroscopy will become the next important topic in
developing the new characterization technique of the single molecular junction.
The conductance of the single molecular junction is sensitive to the local contact

Table 3.1 Summary of the characterization techniques

Characterization technique Quality and quantity to be measured
IETS, Raman spectroscopy Junction configuration
Force measurement
Conductance and shot-noise measurements Transmission
Conduction channels (number of molecules)
I-V and thermopower measurements Electronic structure, charge carriers
IETS, PCS Transport mechanism
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configuration at the metal-molecule interface. A number of theoretical and experi-
mental studies have discussed that the conductance of the single molecular junction
changes more than two orders of magnitude depending on the molecular adsorption
site on the metal electrodes [43]. The importance of the characterization of the
adsorption site is clear. In theory, the vibrational spectroscopy of the single molec-
ular junction can determine the adsorption site, but there are little studies to fix the
adsorption site with the vibration spectroscopy up to now. The vibration mode of the
metal-molecule bond is susceptible to the molecular adsorption site, and the energy
shift of the vibration mode is widely used for identification of the adsorption site
in the case of molecules on well-defined surface, such as metal, semiconductor, and
metal oxide surface. Similar detailed vibration analysis can fix the adsorption site
of the single molecular junction. The current—voltage characteristics also provide
information about the metal-molecule interface, as strength of the metal-molecule
coupling. This metal-molecule coupling varies with the molecular adsorption site,
and thus, the adsorption site can be determined by the current—voltage characteristic
measurement, together with the theoretical calculation. One of the big problems in
the industrial application of the single molecular devices is the fluctuation of the
conductance of the single molecular device. This fluctuation is mainly caused by
the change in the molecular adsorption site. The characterization and governing of
the molecular adsorption site represents a crucial step toward the reliable single
molecular device and integration of single molecular devices into a working device.

The second challenge in the characterization technique of the single molecular
junction is the time-resolved spectroscopy. Most of characterization technique of
the single molecular junction cannot follow the high-speed event, such as chemical
reaction, and phase transition. It is because the signal from the single molecule is
weak, and it takes time to get the reliable signal. On the other hand, a timescale
of ~fs is required to track an atomistic motion of the single molecular junction.
The structural changes in the single molecular junctions are directly translated
into a change in the properties of the system. The high-speed characterization
and controlling the structural fluctuation are much more important for the single
molecular junction, compared to conventional organic electronic devices, such as
organic field-effect transistor and light-emitting diode. In these organic electronic
devices, a number of molecules contribute to the electron transport in the devices,
and the character of the individual molecule is smeared out, and thus, the motion
of individual molecule is not so important, compared to single molecular devices.
In addition to the characterization of the motion of the single molecule, the
time-resolved spectroscopy is important to investigate the excited state in photon-
to-electron conversion, chemical reaction, and other ultrafast events in the single
molecular junction. The pump-probe spectroscopy has been widely used to study
the short-lived excited state (e.g., photoinduced phase transition, spin relaxation)
[51]. A similar pump-probe spectroscopy would be applied to the single molecular
junction. In order to get the signal from the single molecular junction, we think that
the voltage pulse (current through the junction) should be the source of the pump or
probe.
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Chapter 4
Molecular Wires: An Overview of the Building
Blocks of Molecular Electronics

Paul J. Low and Santiago Marqués-Gonzalez

Abstract Molecular wires are the archetypal components in molecular electronics,
performing the simple electronic function of conducting charge from one side of
a circuit to the other. At the most basic level, a molecular wire is composed of
a backbone through which the transmission of charge can take place, either via a
coherent superexchange (tunneling) or incoherent charge-hopping mechanism and
binding or anchoring groups to physically attach and electronically couple the wire
to the rest of the circuit (typically metal electrodes). However, despite the simplicity
of concept, the design of an efficient molecular wire, i.e., one able to conduct charge
close to the ideal quantum of conductance Gy and with extremely low attenuation
with distance, in a uniform and reproducible fashion remains a topic of debate
and intense investigation. In this chapter an empirical overview of the chemistry
of molecular wires is presented, with emphasis on the chemical structures and
influence on the electrical properties of the molecular junctions formed from them.

Keywords Single-molecule junctions ¢ Charge transfer ¢ Molecular wire
design ¢ Metal-molecule interface * Anchoring groups

4.1 Introduction

Molecular wires have served as the test-bed components for the concepts, theories,
methods of measurement and device fabrication since the earliest days of molecular
electronics and continue to be a topic of intense interest and investigation [1]. By
analogy with a conventional macroscopic metallic wire, a molecular wire is a simple
structure, usually linear in shape, through which charge (i.e., electrons or holes) can
be transmitted. A conceptual model for a molecular wire would therefore consist of
two terminals, between which charges will be exchanged, linked through a suitable
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bond or anchoring group to some molecular bridge which mediates the charge
exchange (Fig. 4.1). The terminals can be considered as some appropriate electron
donor (D) and acceptor (A) combination, or an electrode pair. These two different
models are usually represented as donor-bridge-acceptor (D-B-A) assemblies or,
since the electrodes are typically metallic (although nonmetallic electrodes such
as graphene are gathering attention), as metal-molecule-metal junctions. Charge
transfer in classic D-B-A systems can be induced photochemically or thermally. On
the other hand, in molecular junctions, charge transfer can be induced by application
of a bias voltage.

The concepts of charge transfer in molecular systems are well developed, with
Marcus theory providing a conceptual framework around which to relate electron-
transfer rates (kgt) to the thermodynamic driving force (AGY), the reorganization
energy (A) which can be further partitioned into the inner-sphere (which arises from
changes in molecular structure as a consequence of the change in charge at each
site D and A) and outer-sphere (arising from changes in solvent distribution and
solvation energies) contributions, and the electronic coupling, V, between the D and
A sites mediated by the bridge, B [2, 3]. In cases where there is significant spatial
overlap of the donor HOMO (highest occupied molecular orbital) with the acceptor
LUMO (lowest unoccupied molecular orbital) via the bridge and hence the highest
coupling terms V, photoexcitation can lead to charge transfer directly from D to A.
In other cases, typically for longer bridges and lower V, localized photoexcitation is
followed by charge (electron) transfer from the photoexcited donor to the acceptor
or from the donor to the photoexcited acceptor. This process of charge transfer takes
place by one of two general mechanisms: superexchange (tunneling) or hopping
(Fig. 4.2).

In the case of electron transfer by tunneling, the unoccupied molecular orbitals
of the bridge are too high in energy to be directly populated by the charge being
transferred from the donor. Rather, the charge tunnels from donor to acceptor via
virtual bridge states, but does not reside on the bridge in any physical sense. The
coupling parameter is therefore a function of the interactions D-to-B and also B-to-
A, and the overall coupling element Vps can be further partitioned into coupling
terms that explicitly include the donor-bridge (Vpg) and bridge-acceptor (Vpa)
terms. If the bridge is considered as a series of identical sites, then a third term
Vep representing the coupling between these sites within the bridge can also be



4 Molecular Wires: An Overview of the Building Blocks of Molecular Electronics 89

Fig. 4.2 (a) Schematic (a) superexchange: Coherent tunneling transport
representation of the

superexchange. (b) Hopping
electron-transfer mechanisms
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introduced. For N such sites, it is possible to show that the overall term Vpa can be
written as

Vo — VosVea [ Ves "'
A AEpp \ AEpp

where AEpg is the energy gap for charge injection from the donor into the bridge
virtual states [4]. This is an important concept as it underlines the key point that the
assessment of a wirelike molecule or comparisons between similar systems need to
consider not only the structure of the bridge but also the nature of the end caps.
Electron-transfer rates, kg, in the tunneling regime are expressed in the form

kgr = koe_ﬂr”"‘

where kj is the “fundamental” electron-transfer rate at the van der Waals contact
distance, rpa is the separation of the donor and acceptor, and f is the bridge-
specific attenuation factor. For effective long-range charge transfer, the attenuation
factor should be low. The attenuation factor is determined by measuring electron-
transfer rates for a series of closely related D-(B)y-A molecules across a range
of bridge lengths and hence rp4. Typically, for systems in which tunneling is the
dominant transport mechanism, values of # range from 2.0 to 5.0 A~! in vacuum
and considerably less for covalently linked molecular bridges, as will be illustrated
further in the examples below.

In contrast to the tunneling mechanism, when the bridge orbitals are sufficiently
close in energy to the donor, the transferring charge can become localized on the
bridge at a suitable redox site for a short period before moving (hopping) to the next.
This random walk continues until the charge crosses the bridge. Since the hopping
mechanism is a series of redox processes, there is considerable nuclear motion
associated with each step, and the charge-transfer rate is temperature dependent.
The rate of charge transfer is inversely proportional to the charge-transfer distance
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[5]. While in principle such mechanisms should be simple to determine and
distinguish, in practice both mechanisms can coexist, with superexchange often
found to dominate at shorter charge-transfer distances and hopping becoming more
important for longer bridges.

The fundamentals of intramolecular charge transfer determined from studies of
D-B-A assemblies, including mixed-valence examples (D-B-DT or A™-B-A), have
provided the basis for an extension to molecular electronic junctions [6], where
the donor and acceptor are replaced by macroscopic electrodes under an applied
bias. In these cases, rather than discussing an electron-transfer rate, kgr, the notion
of conductance, G, is used and usually reported in units of Siemens (S) (or more
commonly nano-Siemens (nS)) or as a fraction of the quantum of conductance Gy:

262
Gy = e = 77481 nS

Theoretical models of a linear relationship between kgt and G in both tunneling
and hopping regimes have been proposed [7-10], although experimentally a power
law correlation has been found [11]. These discrepancies have been attributed
to differences in the charge-transfer energy barriers between the bridge and the
D/A groups or electrode and bridge de-phasing and the potential for multiple
mechanisms of charge transfer. The relative charge-transfer rate constants for a
bridge obtained from electrochemical or spectroscopic methods may not therefore
correlate with the order of conductance values obtained from molecular junction
studies. Nevertheless, despite the differences that may characterize the individual
terms, similar expressions relating conductance (G) to junction length (r) in both
tunneling (G = Goe_ﬂr) and hopping (where for N hopping sites, a linear current
dependence on 1/N indicates directional hopping and a linear dependence on 1/N?
is indicative of a nondirectional diffusion mechanism) persist [12].

Much of the early work in single-molecule electronics was concerned largely
with the chemical nature of the molecular backbone (bridge). However, it is now
well established that the electrical performance of a molecule is an ensemble effect
of the system, with the electrode-molecule interface playing a major role [13-17].
These contacting groups not only serve to physically attach the molecule to the
electrode surface but also serve as the coupling point, or tunnel barrier, between the
molecule and the electrode.

Contemporary studies are now beginning to address the processes that take place
at the electrode-molecule interface as the junction is formed and also the nature
of the particular surface features and binding geometry, molecular alignment and
conformation within the junction, and variations in these structural details between
individual junctions. The importance of these junction-to-junction variations is
clearly evinced in the multiple conductance values often found in single-molecule
conductance studies, which can vary between individual measurements by several
orders of magnitude. These different conductance values are commonly ascribed
to differences in the surface roughness of the electrodes and the different contact
geometries [18], although as described below, other deformations including tilting
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of the molecule within the junction, molecular stretching or other changes in
molecular conformation, electrode contacts to different parts of the molecule,
and electrode deformation including extrusion of metal-atom chains from metallic
electrode surfaces are all important in considering the particular behavior of any
individual junction measurement.

In the simplest case though, we can consider the general scenario arising from the
construction of conductance histograms from many (hundreds to tens of thousands)
of individual measurements. Very often, three different conductance peaks or values
will be observed, which have been termed simply types A, B, and C or low
(L), medium (M) and high (H) conductance, respectively (Fig. 4.3). The low-
conductance (A) contacts are ascribed to molecule binding at low-coordination
surface sites. The medium (B) and higher (C) conductance values are believed to be
due to molecule binding at defect sites and which can also include interactions from
the -rich regions of the molecule to defects on the electrode surface in a “side-on”
manner. Within each of these conductance peaks further variation can be ascribed
to the variations in fine details of the molecular geometry within the junction.

The behavior of molecules within molecular junctions is therefore influenced not
only by the structure of the particular “bridge” but also the nature of the electrode;
the detail of the electrode-molecule contact, including potential for deformation of
the electrode surfaces during junction evolution; and other factors such as local
solvent environment which will be discussed in relation to specific examples in the
subsequent sections of this chapter. In addition, the ability to vary the electrode
separation in various break junction and STM-based junctions allows a degree of
mechanical control over the molecular conformation and length. The design of
molecular wires therefore needs to take into consideration not only the chemical
nature of the species under investigation but also the nature of the measurement.

Molecular electronics is a truly interdisciplinary field of endeavour. Innovative
synthetic chemistry has allowed molecules of incredible structural diversity bearing
a wide range of surface contacting groups to be prepared. Advanced engineering

Increasing Roughness
Increasing Conductance

Fig. 4.3 Schematic representation of a molecular junction showing the A, B, and C binding modes,
responsible for the different conductance values typically observed for the same molecular wire
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and experimental physics now allow the truly remarkable feat of suspending an
individual molecule within a junction and measuring the conductance values over
thousands of individual experiments. The range of in situ spectroscopies that
allow characterization of these junctions is growing, whilst advances in theory
and high-level computation help to interpret the results and inspire and direct new
experiments. Together, activities in these areas have brought the field of molecular
electronics and the study of molecular wires in particular to an advanced state
[19]. Here we will consider the new insights concerning wirelike molecules within
molecular junctions that have emerged from recent studies of wirelike molecules
based on saturated hydrocarbons, oligo(enes) and oligo(ynes), oligo(arylenes), and
oligo(phenylene ethynylenes) and oligo(phenylene vinylenes).

4.2 Saturated Hydrocarbon Wires

The first reports of studies of conductance through molecules emerged in the late
1960s. However, the first clear evidence for a consistent, exponential decay of con-
ductance with molecular length is likely due to Mann and Kuhn [20]. These workers
succeeded in creating a monolayer junction by depositing Hg, Pb, AU or Al as top-
contact electrodes pn to a series of Langmuir-Blodgett monolayers of cadmium salts
of fatty acids CH3(CH,),.,CO,H (n = 18-22) supported on Al-coated glass slides.
Since that time, alkanes have maintained a special place as prototypical molecular
wires, despite some rather obvious, and perhaps deceptive, apparent shortcomings.
The availability of homologous series of alkanes CH3(CH,),_; X and X—(CH;),—X
where X is some surface binding group has allowed the exponential decay of
conductance with length expected for a tunneling transport mechanism to be
demonstrated on many occasions, in a wide range of experimental platforms using
both monolayers and individual molecules [21]. From across these various studies,
for well-packed monolayers and fully extended molecules, a decay factor 8 of about
1.14-1.5 per methylene (-CH;-) is commonly observed (Fig. 4.4) [22].

However, both 8 and conductance values for a given molecule can vary over
many orders of magnitude which can be attributed to differences in electrode
material and charge injection barriers and details of the individual contacts,
solvation, and conformation. For example, the 8 value of alkane dicarboxylic acids
in Pd or Ag junctions under ambient conditions was approximately 1 for the lowest
conductance group in each case. The lack of dependence on the electrode material
(and in principle the different energy gaps between the electrode Fermi level and
the molecular energy levels) can be attributed to pinning of the Fermi levels and the
molecular states [23]. However, under electrochemical control, the Fermi levels are
changed relative to a reference electrode, while the molecular levels (in the case of
redox-innocent alkanes) remain essentially constant. This change in Fermi level and
molecular level alignment results in 8 values which range from 0.95 (Cu) to 0.71
(Ag) to 0.65 (Pd) [24, 25].

In conducting probe-atomic force microscopy (CP-AFM) studies of monolayers
of octane- or decane-thiol, the use of a solvent environment (toluene or hexane) [26]
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Fig. 4.4 A typical approach Au-coated
to the measurement of -V AFM tip

probe-based molecular
junction [22]

decreases the conductance value by up to three orders of magnitude in comparison
with similar experiments conducted in ambient environments [27]. This has been
proposed to be due to the solvent shell around the tip limiting the electronic coupling
of the hydrocarbon “tail” of the molecule to the CP-AFM tip [21]. Interestingly, such
differences are not as apparent in analogous studies of alkane dithiols under these
different conditions [28, 29]; presumably the stronger chemisorbed contact at both
molecule-electrode interfaces limits the effects of tip solvation.

With the mechanism of tunneling clearly established for alkane-based wires,
it is possible to design more functional molecules, including surprisingly effi-
cient molecular rectifiers, which can take advantage of a change in mechanism
as the bias is switched [30]. Self-assembled monolayers (SAMs) of ferrocene-
terminated alkane, 11-(ferrocenyl)-1-undecanethiol, on Ag were top-contacted by
a eutectic Ga-In alloy, likely with an interfacial Ga,O3 layer. Rectification ratios
(R=1|J(-1.0V)|/|J(+1.0 V)| of ca. 130 were obtained for a large number of
junctions. The poor rectification ratios of alkane thiols (R = 1-5) in similar devices
indicate that the ferrocenyl moiety is involved in the rectification process. It is
thought that under positive bias, the ferrocenyl HOMO, which is more strongly
coupled with the top electrode with an assumed potential drop of 0.3 V across the
van der Waals contact, does not fall between the Fermi levels of the electrodes,
and tunneling across the whole molecule dominates the molecular conductance
(Fig. 4.5) [30]. However, under positive bias, the HOMO is raised, and initial
tunneling from the Fc donor to the Ag electrode (to give an oxidized ferrocenium
moiety) is followed by charge hopping from the Ga,O3/EGaln electrode. This
reduces the effective tunnel barrier width and likely promotes the rectification
process.

The rather chemically inert nature of the alkane backbone and predominance
of studies identifying tunneling mechanisms belie the complexity of molecular
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Fig. 4.5 A simplified energy level diagram illustrating the mechanism of charge transport across
Ag|SC,Fc||Ga, O3 |EGaln junctions. The barrier widths of the junctions are defined by the lengths
of the C; alkyl chain (ca. 13 10\) and the Fc moiety (6.7 A). At positive bias, the HOMO level of the
ferrocenyl (Fc) group falls out of the gap between the Fermi levels of the electrode, and the entire
molecule serves as a tunnel junction. At negative bias, the Fc HOMO falls in the Fermi gap and
can undergo a redox process. The charge tunnels from Fc over the 13 A alkyl moiety to create an
oxidized ferrocenium (FcT) fragment. The electron transfer is completed when an electron hops
onto the Fct, reducing it back to Fc [30]

junctions based on these conformationally flexible molecules. In the case of alkanes,
a large number of molecular conformations are possible, which are related by the
relative orientations of the individual methylene (-CH,) moieties. These different
conformers offer dramatically different lengths. While the access to these different
conformations seems less likely in highly ordered SAMs, in true single-molecule
junctions, the molecular conductance has been shown to increase sharply as the
electrode separation is decreased below the molecular length of the alkane in
the “stretched” all-trans configuration. At smaller electrode separations, more
conductive gauche defects are introduced into the molecular backbone (Fig. 4.6).
A significant temperature dependence is observed for alkanes contacted within
the narrower gaps, which is consistent with the thermal population of a range of
conformers [31, 32]. These proposals are consistent with DFT calculations from
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Fig. 4.6 Ball and stick models of four energetically different conformers of the model alkane
pentane (CH3CH,CH,CH,CHj3) from all trans (1) to all gauche (4). The lower portion of the
diagram indicates the gradual contraction in molecular length as the number of gauche conformer
increases (Reproduced from Haiss et al. [32] with permission from the Royal Society of Chemistry)

g
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Jones and Troisi [33], although others have proposed that in fact the all-trans
conformation is the more conductive form [34, 35].

Regardless, these conformational effects are also superimposed on the variations
in contact geometry, further complicating the overall junction behavior [36, 37]
and analysis [38]. While the careful mechanical control of the electrode separation
may offer a route to modulating or gating conductance through these systems [39],
conformational flexibility is likely more a complication to the full characteriza-
tion of alkane single-molecule junctions. The concept of using structurally rigid,
saturated hydrocarbons to promote effective through-bond transmission through
long-range o *-overlaps predates these findings [40], and measurements of single-
molecule conductance of these systems indicate that there is still considerable scope
for investigation of these conformationally restricted molecules in molecular wire
design strategies [41].

As noted above, common surface binding groups can contact to the electrode
surfaces in a number of different ways, leading to distribution of molecular conduc-
tance values for each molecule. For alkanedithiols and diamines of various lengths,
measured under a wide range of different conditions, these conductance values can
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be as high as 10~ Gy for propane dithiol at 4.2 K [42], but more commonly fall in
the range of 1074~107> G for the higher conductance junctions and as low as 107°
Gy for the lower conductance features of decane dithiol [43]. Quite remarkably,
the use of a,w-bis(trimethylstannyl)alkanes Mes;Sn(CH;),SnMes (n =4, 6, 8, 10,
12) as precursors to the formation of molecular junctions on gold using STM-BJ
(scanning tunneling microscope break junction) in 1,2,4-trichlorobenzene solution
gives junction conductance values of some two orders of magnitude higher than
those formed from thiol- or amine-contacted alkanes of the same number of carbon
atoms [44]. The decay constant f is close to 1 (0.97 & 0.02) per methylene group, as
is usually found for alkane-based wires. The remarkably high conductance has been
attributed to the formation of a direct Au-C bond, with the trimethylstannyl group
being lost to the surface, although the precise mechanism remains an open question
(Fig. 4.7) [45-47].

The concept of the Au-C bond being formed from such “transmetallation”
reactions has an origin in the work of Michl and colleagues with studies of alkyl
transfer from tin species of general form SnX(Me),(C;gH3s7)3— (n=0, 1, 2) [48],
although the significance of the result was not recognized until later [45]. The Au-C
bond formed from transfer of an alkyl group from tin to the gold surface has been
confirmed by inelastic electron tunneling spectroscopy (IETS). The role of a radical
intermediate and in situ cleavage of the SnMe; group in the junction is suggested
by the observation of conductance plateau corresponding to alkanes of twice the
length of the as-synthesized species being measured. The high-conductance values
have been attributed to the strong resonance feature arising from the Au-C o-bonds
or “gateway” states [49, 50].

Additional features corresponding to junction rearrangement due to mobility of
the gold atoms can also be observed in individual conductance traces. A further
exciting observation is that similarly highly conductive junctions are formed from
a,w-bis(triphenylphosphinegold)alkanes [44]. While the fate of the PPhs ligand

Fig. 4.7 Schematic STM Tip
representation of the junction

formed from 1,4-

bis(trimethylstannyl)octane SnMe; _/Sn_

and two gold electrodes [44]
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S Controller
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has not yet been ascertained, the potential for such tin and gold (and presumably
other) organometallic agents known to undergo transmetallation reactions to serve
as precursors for the formation of highly conductive electrode-C contacts is well
worth further investigation.

4.3 Oligo(enes) and Oligo(ynes)

In moving from alkanes, the most logical extension, if not the most chronological,
involves the increasing degrees of unsaturation associated with oligo(enes) and
oligo(ynes). The poly(ene), or poly(acetylene), as distinct from poly(ynes), frag-
ment has clear conceptual place as a model molecular wire, offering a well-defined
series of alternating single and double bonds through which charge transfer can
be readily envisioned through the conventional “curly arrow” descriptions beloved
of organic chemists (Fig. 4.8) [51]. These conceptual ideas hold true for different
connections in cyclic poly(enes) in which different points of connection can be
envisioned [52]. These concepts are also expressed in terms of quantum interference
patterns that can be propagated through molecular frameworks [53].

A very recent computational study from the Lambert group has used a small
family of poly(ene) compounds to explore the interplay between the inherent
“conjugated” pathway that can be drawn between the designated anchor groups
through a series of o, w-diphenyloligo(enes) and the variation in electrode-molecule
coupling that can arise as electrode gaps are tuned [54]. At small electrode
separations, the interaction between the metallic electrode and the -system of the
molecule via a “side-on” contact is significant, and the difference in conductance

Fig. 4.8 A schematic “curly
arrow” depiction of charge
transfer through a poly(ene)

suspended between two
electrodes -" NG ) W%

Val N
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Fig. 4.9 Examples of two of the compounds from the Lambert study of junction evolution in
oligo(enes). The lower parts of the figure show two relaxed junctions for each compound, with
a different electrode separation. The electrode-molecule ( ) interaction is clear in the shorter
junctions (Adapted from Berritta et al. [54] with permission from The Royal Society of Chemistry)

Fig. 4.10 A carotene-inspired molecular wire

between molecules with meta- and para-positioned anchor groups is suppressed
(Fig. 4.9). As the electrode separation is increased, the metal- interaction gives
way to the anchor group-metal coupling. This naturally leads to a suppression of
conductance in the meta case, due to destructive quantum interference (QI). When
the calculations are performed to include fluctuations in the electrode-molecule
binding via finite-temperature molecular dynamics, the transition from metal-
to anchor-metal coupling takes place at smaller electrode separations, and the
destructive QI effects in meta isomers again lead to a much lower conductance.

Despite the structural appeal of the oligo(ene) fragment as a molecular wire,
the synthesis of well-defined examples of significant length is challenging, and
the propensity for such systems to undergo photochemical cis/trans isomerization
and intermolecular coupling is a substantial barrier. Consequently, there are fewer
extensive series of these compounds, and estimates of decay values are therefore
more limited than in the case of the alkanes.

Examples of oligo(ene)-based wires studied to date include the thiomethyl-
contacted series MeSCgH4(CH = CH),C¢HsSMe (n =1, 2, 3) [55] and the much
longer carotene-inspired fragment contacted via benzylthiol moieties (Fig. 4.10)
[56] and pyridine [57]. For these latter systems, values of f per (CH = CH) moiety
are found to be 0.556 £0.09 and 0.43 £ 0.07, respectively, considerably smaller
than the values of ca. 1 per methylene (CH,) in alkane-based wires.
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Fig. 4.11 Schematic representation of the compounds used to demonstrate the variable points
of contact along oligo(enes) bearing o,w-anchor groups. The -metal interaction leads to a
higher molecular conductance (high G state) (Adapted with permission from Meisner et al. [S8].
Copyright 2011 American Chemical Society)

In the case of the oligo(enes) shown in Fig. 4.9, the terminal sulfur groups are
designated anchor groups in the molecular design, while the oligo(ene) provides
the wirelike molecular backbone [58]. However, in shorter junctions, while the
sulfur atoms may serve to physically connect the molecule into close proximity
of the electrode, the oligo(ene) -system can electronically couple to the electrode
providing an electrode-oligo(ene)-sulfur-electrode tunneling pathway (Fig. 4.11).
As the junction length is increased, the molecule can “slide” along the electrodes
until such point as the sulfur atoms serve as both mechanical and electronic points
of contact, giving a lower conductance state. From this sulfur-sulfur-contacted
junction, a decay value B of 0.2 A~ was estimated.
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Perhaps the simplest chemical structure that can be viewed as a molecular wire
is the oligo(yne), R-(C=C),-R. The synthetic chemistry of the longer members
of the family has been a topic of considerable interest for decades, driven by a
desire to better understand the properties of the linear carbon allotrope carbyne [59].
Conceptually, oligo(ynes) are extremely appealing building blocks for construction
of molecular wires, offering a cylindrical -electron system free of the conforma-
tional issues noted for alkanes and alkenes, although the low bending force constant
associated with the -C = C- fragment can result in some spectacular and beautifully
curved structures in the solid state [60]. The electronic structures of these carbon
fragments lead to proposals of the use of such molecules as molecular wires, with
predictions of extremely low length dependence of the conductance values [61, 62].

The connection of oligo(ynes) capped by surface binding groups into molecular
junctions has been recently achieved, and experimental explorations of conductance
have been supported by a range of computational studies [63—65]. In a manner
similar to that described for the oligo(enes) in Fig. 4.11, conductance traces and
conductance distributions over a family of oligo(ynes) are consistent with the
sliding of the anchor groups along the electrodes as the junction length is increased
(Fig. 4.12), leading to oscillations in both the electrical conductance and the binding
energies of the oligo(yne)-based molecular wires [64].

The experimental attenuation constants 8 in poly(ynes) XCgHy-(C = C),,-C¢Hs X
(X = CN, NH,;), benzodihydrothiophene (BT), and NCsH4-(C = C),-CsH4N (PY-
(C=C),-PY) are sensitive to the nature of the binding group, falling between
0.17 A=! (CN) and 0.32 A~' (SH), with a trend B(CN) < B(NH,) < B(BT) <
B(PY) ~ B(SH) for the higher conductance peak, although chemical stability of
the NH,- and SH-substituted oligo(ynes) decreased significantly with increasing
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Fig. 4.12 A bis(benzodihydrothiophene) (BT) functionalized tetrayne and examples of key
configurations obtained from DFT modeling of junction evolution. The aryl and alkyne -
system interactions with the electrodes are clearly evident in the shorter junctions (Adapted with
permission from Moreno-Garcia et al. [64]. Copyright 2013 American Chemical Society)
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molecular length (n>2). The benzodihydrothiophene (BT) contacts were identified
as being particularly useful, leading to high junction formation rates and significant
conductance values of ca. 3.1-10™* Gy in the case of the tetrayne (estimate molecular
length 2.08 mn). Interestingly, compared with these STM-BJ experiments con-
ducted in 4:1 1,3,5-trimethylbenzene/THF, a related study with pyridine-contacted
oligo(ynes) in air gave a much lower f value of 0.06 +0.03 A [63]. A combined
experimental and computational study has been undertaken to explore the influence
of the environmental medium on conductance and the decay of conductance () in
the trimethylsilyl-contacted oligo(ynes) Me;Si-(C = C),-SiMe; (n =2, 3, 4, 5) [66].
Experimentally, a lower conductance and higher decay constant (8 ca 0.1 A=) were
observed in mesitylene solvent, with higher conductance values and lower length
decay in propylene carbonate (8 ca 0.05 A=) and 1,2,4-trichlorobenzene (8 ca
0.01 A="). Detailed theoretical and computational investigation using models that
explicitly include solvent molecules reveals that the junction conductance and 8 are
very sensitive to the position of the electrode Fermi energies within the molecular
HOMO-LUMO gap and that solvent interactions with the molecular bridge via
long-range electrostatic interactions are sufficient to gate the electrical properties of
the junction. Solvent effects in molecular electronics are not limited to oligo(yne)-
based systems and are being increasing recognized in a wide variety of systems,
influencing the electrical properties of junctions through a number of different
mechanisms. Thus, while the conductance of octanedithiol is largely independent of
solvent, due to the large HOMO-LUMO gap and far-off resonant tunneling behavior
[67], in the case of an oligo(thiophene)-containing molecular wire, water molecules
are thought to play a large role on the conductance behavior through a more direct
interaction with the thiophene -system which significantly shifts the transport
resonances and hence the conductance of the system [68]. Temperature-dependent
conductance of a perylene tetracarboxylic diimide-based molecular wire in water
solvents, but not toluene, has been attributed to the thermal effects on the hydrogen
bond network around the carbonyl moieties of the perylene diimide core [69, 70].
Other studies have considered the role of solvent on the Fermi level of the electrodes
and the resulting improved molecular junction level alignment [71]. These various
environment contributions to the electrical behavior of molecular junctions may also
help explain in part some of the discrepancies between electrical behaviors of a
given molecule in different studies.

4.4 Oligo(arylenes)

In moving toward more complex chains as molecular wires, attention is next
directed toward oligo(arylene)-based systems [72]. Perhaps the best-known example
of a molecular wire constructed from adjacent aromatic rings is 4,4’-bipyridine
(Fig. 4.13), studied in Tao’s seminal work concerning the development of the STM-
BJ method [29]. Here, the pyridine N atoms serve as surface contacting groups,
and a conductance value of approximately 0.01 Gy was determined for a single
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Fig. 4.13 (a) Schematic
representation of a

4,4’ -bipyridine junction,
showing the steric
interactions between the
2,6-2/,6' hydrogen atoms in
the “planar” conformation.
(b) Lower-energy “twisted”
conformation

Fig. 4.14 Schematic view of
a biphenyl molecular
junction, with anchor groups
X (= NH; or SH in literature
examples), illustrating the
nonplanar geometry brought
about by steric interactions
between substituents, R

bipyridine moiety, although characteristic traces for junctions with two or three
molecules within the electrode gap were also apparent.

The presence of the two adjacent aromatic rings in the prototypical 4,4'-
bipyridine system immediately raises questions of molecular geometry. A perfectly
planar molecular geometry would offer the most efficiently delocalized -system
between the two ring systems, yet the steric interactions between the hydrogen
atoms lead to a significant inter-ring torsion (Fig. 4.13). The influence of confor-
mation on the efficacy of charge transfer in donor-acceptor systems has long been
established [73], and so there was obvious interest in extending these concepts to
single-molecule junctions. A number of biphenyl molecules with amine (-NH;) [74]
or thiol (-SH) [75] anchor groups and a variety of substituents placed to influence
the ground state orientation of the aryl rings with respect to each other (defined by
the angle 0; Fig. 4.14) have been studied in STM-BJ-based molecular junctions.
The conductance values followed well to the anticipated cos?6 relationship, with
the more planar molecules exhibiting higher conductance values than the more
twisted systems. The electronic characteristics of the substituents (R) played a less
important role in the conductance when the Fermi level sits between the molecular
HOMO and LUMO levels. However, as the HOMO or LUMO resonances come
closer to the Fermi level, chemical effects from the substituents which influence
the molecular levels become a more significant contributing factor to the electrical
performance of the junction [76].

In the case of unconstrained systems, thermal fluctuations which cause popula-
tion of a dynamic range of molecular conformations are evinced by an increase in
the width of the conductance peaks. Thus, the peak width arises from individual
junctions sampling a different specific conformation, each with their own specific
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and characteristic conductance. The peak in the conductance histograms correspond
to the most probable conformations, which are likely similar to the lowest energy
conformation. Similar conformational effects have been discussed in the context
of intermolecular charge transfer in mixed-valence systems [77], and proposals
for the design of molecular switches based on conformational changes, such as
the reversible formation and cleavage of a tether between the rings of a biphenyl
system, have also been made [78]. However, care must be taken to distinguish
conformational switching phenomena from stochastic changes in the electrode-
molecule binding groups.

Conformational effects have been observed in other arylene systems, such as
those based on oligo(thiophenes). In the case of the small series of thiomethyl-
contacted oligo(thiophenes) T1-T6 (T5 and T6 being hexyl substituted for reasons
of improved solubility) (Fig. 4.15), some rather unusual effects of increasing length
on conductance were observed [79]. While conductance values from T1-T3 to T5
fall more or less in the expected pattern, with a decay constant 8 of ca. 0.3 A~!, the
conductance of T4 is rather higher than the shorter T3 [79, 80].

The conductance of T6 is rather less than might be expected by extrapolation
from T1-T3 to T5. Although the T3/T4 discrepancy was initially interpreted as
a result of better alignment of the HOMO of T4 with the electrode Fermi level,
electrochemically determined HOMO energies were rather invariant across the
series. The lower than expected conductance of T6 was attributed to the steric
interactions between the solubilizing hexyl groups, which prevent the attainment
of the most conjugated (and conductive) planar forms. In the case of T3 and T4,
while the planar and twisted forms of the tetrathiophene have comparable end-
to-end lengths, thereby permitting relatively free rotation in the constraints of the
anchored junction, the twisted and planar forms of terthiophene T3 are of different
lengths, and a molecule of T3 being bound in the junction in the less conductive
twisted form will not be able to planarize without rupturing the junction (Fig. 4.15).
Although this conformational model is unlikely to be the complete description of
the molecules within the junction, it serves to underline the growing awareness
of the issues of conformation in molecular electronics and results obtained from
measurements taken over many individual junctions.

A comprehensive study of the length dependence of conductance in thiolate-
contacted oligo(phenylene) wires in junctions to Au, Ag, and Pt electrodes has
permitted a rather complete picture of the tunneling transport in these systems to
be derived. The rather strong dipole associated with the M-S bond results in Fermi
pinning and a significant shift of the energy of the molecular HOMO. The charge
injection barrier height is therefore only weakly correlated with the metal electrode
work function [81].

In seeking to improve the coupling between the electrode and the molecule,
attention has naturally focused on the nature of the chemical bond at the metal-
molecule interface. Direct Au-C bonds are fast emerging as promising candidates,
and naturally attention is being quickly turned to explore methods for fabricating
such contacts for a wide range of molecular bridges. The reduction of diazonium
salts has been identified as a useful route to anchor molecular materials to electrodes



104 PJ. Low and S. Marqués-Gonzilez

~ ~
S S S
n
T1-Téforn=1-6
10"
e Y i
go. 10 ~,‘.~'[1
8 10° Talz
.§ 10°F ‘&'Ta. }u
g o e 5
S 10°
10-5 | 1 1 1 .‘-IB-
0.0 05 1.0 15 2.0 25 30
Thiophene Length (nm)

Fig. 4.15 The oligo(thiophenes) T1-T6 (solubilizing side chains on T5 and T6 omitted for clarity)
with a plot of the conductance data extracted from 2-D conductance histograms for the fully
elongated junctions. The lowest section of the figure illustrates the hindered rotation of T3 in a
junction and the change in molecular length (S . .. S) compared with the lower-energy rotation and
limited change in molecular dimensions for T4 (Adapted with permission from Capozzi et al. [79].
Copyright 2014 American Chemical Society)

via direct electrode-C bonds [82], although care is required to avoid molecule-
molecule coupling processes and the formation of dendritic architectures. Reduction
of the diazonium group results in liberation of molecular N, and formation of
an aryl radical, which forms a new bond with the electrode surface. The 3,3’-
dimethoxybiphenyl-4,4’-bis(diazonium) compound (commercially available as the
zinc tetrachloride salt, also known as Fast Blue B salt) reduced within the BJ
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Fig. 4.16 Schematic

illustration of the in situ

reduction of the diazonium

Fast Blue B salt to create a ® OMe
Au-C-contacted

single-molecule junction N2 O
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gap formed in an electrochemical STM gave robust molecular junctions with
conductance of ca. 2.3-10~* Gy and median pulling length of 0.34 nm (Fig. 4.16)
[83]. This compares with junctions formed from the analogous amine-contacted
molecule which gave G = 1.4-102 Gy and a median pulling length of only 0.18 nm
before junction rupture. The rather small increase in conductance perhaps is a good
indication that in this case the molecule-electrode coupling, while physically strong,
does not take full advantage of the biphenyl -system and is more dominated by the
o-channel [44].

Trimethylstannyl transfer chemistry may offer a remarkable solution to this issue
of creating robust and highly transmissive electrode-molecule contacts [49]. While
a direct benzene-gold o-bond formed in this manner gave a conductance value of
ca. 0.03 Gy, this is somewhat lower than obtained for a similarly connected butane
(-(CHy)4- chain (ca. 0.09 Gp). By interpolating a methylene spacer between the
gold electrode and an oligo(phenylene) chain, -Au|CH,(CgH4),CHz |Au (Fig. 4.17),
conductance values as high as Gy (n = 1) are obtained (n =2, G=0.1 Gy; n =3,
G =0.014 Go; n =4, G =0.0022 Gy). The extracted decay constant 8 is 1.9/pheny-
lene or 0.43 A~'. A smaller peak due to dimerization of the target molecular
fragment was also observed at lower conductance values. Interestingly, by constrain-
ing the biphenyl derivative (n = 2) into a planar fluorene, the conductance rises to
0.17 Go. The extraordinarily high-conductance values are attributed to the coupling
of the electrode through the Au-C o-bond and the molecular -system [49]. These
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Fig. 4.17 A schematic of the SnMe3
in situ formation of Au-C
bonds from SnMej; precursors

Me33n n
n=123,4

remarkable molecular contacts and the strategy for generation of highly conductive
junctions will likely attract considerable attention in the future [84].

4.5 Oligo(phenylene ethynylenes) and Oligo(phenylene
vinylenes)

Of the myriad of wirelike molecules that have been prepared and studied in D-
B-A, thin film, and single-molecule junctions, the oligo(phenylene vinylene) and
oligo(phenylene ethynylene) occupy a particularly prominent position. The ease of
synthesis, stability under ambient conditions, ready functionalization with a wide
range of electronically and sterically interesting groups, and suitability to form
modular structures of regularly increasing length have made these systems idea
workhorses for the explorations of electronic phenomena in molecular systems.
There are many reviews and discussion papers that address the chemistry and
junction characteristics of these species [85]; a comprehensive description of this
molecular class alone would occupy at least an entire volume. Here we focus on a
brief overview of this class of molecule, including recent developments concerning
the wirelike characteristics of longer molecular species, with molecular lengths that
approach near future technological dimensions (ca. 5-10 nm).
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The oligo(phenylene vinylene) (OPV) fragment has long been considered as an
excellent candidate structure for the assembly of long molecular wires [86]. The
phenylene rings are able to conjugate with the adjacent vinyl moieties and the
relatively high barrier to rotation (in comparison with oligo(phenylene ethynylene)
(OPE) derivatives) [87], although such low-frequency torsional modes have been
found to play a role in long-distance charge transfer in D-B-A models (Fig. 4.18)
[88]. Estimates and measurements of the relative decay constants of molecular
backbones often place OPV-style molecules at the lower end, indicating their
suitability for the construction of long molecular wires, although the crossover from
coherent tunneling to incoherent hopping ensures a degree of debate about such
comparisons will ensue [89, 90].

Planarizing the OPV system through the introduction of methylene tethers to give
“carbon-bridged” oligo(phenylene vinylenes) (COPVs) has been shown to result in
dramatic (ca. 840-fold) increase in electron-transfer rates in D-COPV-A systems
compared to the analogous D-OPV-A compounds [91]. This rate enhancement is
attributed to both enhanced coupling through the planar -system and contributions
from inelastic electron tunneling caused by electron-vibration coupling [92].

While the OPE backbone is thought to offer a wider range of conformations,
given the essentially barrierless rotation of the phenylene moieties around
the ethynyl axis [93], the great advantage of this fragment is the (relative)
simplicity of synthetic approach based on sequential and convergent cross-
coupling methods [94]. OPEs, particularly the three ring derivatives based on
the 1,4-bis(phenylethynyl)benzene moiety, have been widely explored as wirelike
molecules within molecular junctions [95]. However, despite early promise of
higher electronic function arising from conformational switching [96] and redox
chemistry leading to negative differential resistance (NDR) effects [97], these
observations were later traced to stochastic changes in the S-Au bond [98] and
metallic filament formation [99], respectively. However, these earlier visionary
works were important in creating interest in the field and driving the development
of molecular structures and methods through which to explore these observations
and underlying phenomena in greater detail. Indeed, through the application of
electrochemical STM-based platforms, electrochemical gating of the electrical
properties of OPE-based molecular junctions has been realized [100].
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The relative ease of synthesis of OPE-type systems has allowed a number
of comparative studies that have probed effects of the anchor groups on the
formation and evolution of molecular junctions [101, 102]. The simplest “OPE,”
diphenylacetylene functionalized with -SH, NHj, and -CN binding groups together
with the “extended” bipyridine analog NCsH4C = CCsH4N (PY-C = C-PY) which
presents a model for the pyridine binding group, has been used to explore not only
the conductance behavior of the diarylethynyl fragment but also the evolution of the
junction during the stretching process that is implicit in both STM-BJ and MCBJ
methods [103]. As is commonly the case, and noted elsewhere, the conductance
histograms revealed multiple conductance features (H, M, L). The most probable
main conductance values H decrease in the following sequence: SH (2-1073 Gg) >
NH, (8:10™* Gg) > PY (5-107* Gp) > CN (2:107). The accessible data from the
L conductance groups showed the same trend, e.g., SH > NH, > PY. However, their
values spread over nearly two orders of magnitude between 10~ and 107° G,. A
possible low-conductance feature could not be resolved from the instrument noise
for the CN-contacted compound. Careful analysis of 2-D conductance histograms
and stretching distances coupled with simulation suggests that as in other studies
described above, there is a significant contribution to the junction from not only
contact from the anchor group to the gold electrode but also an electronic interaction
from the -system of the aryl ring to the electrode at short electrode separations.
Indeed, in all cases except thiol, the -metal interaction was the most significant
contribution to the overall binding energy. As the electrodes are moved apart during
the pulling process, the molecules slide along the electrode (modeled as a pyramidal
arrangement of gold atoms) until the gap is large enough that the only contact is via
the terminal anchor groups and the apex atoms of the gold tip. The strong gold-
sulfur bond causes restructuring of the electrode during this evolution process, and
this adaption of the surface to maintain good interaction with the sulfur atom is
likely a contributing factor to the higher conductance of the molecule contacted by
this group. Conversely, the nitrile (-CN) moiety binds in a rather linear fashion,
preventing a strong -metal interaction and likely a cause of the lower conductance
generally weaker binding of the molecule to the electrode through this anchor. The
general conclusion reached through this study of the shortest members of the OPE
family would be that while the fully stretched molecular junctions can be formed,
the conductance of this idealized junction configuration is likely rather low. The
main conductance features probably arise from a statistical average of junction
configurations of higher conductance which involve -metal interactions between
the molecule and the rougher portions of the electrode surface.

In the search for simpler junction behavior, the trimethylsilylethynyl
moiety, -C =CSiMes, has been identified [104, 105]. While giving rise to
only one apparent conductance peak, the conductance values are quite low
(e.g., Me3SiC = CC6H4C = CC6H4C = CC6H4C = CSiMe3 G= 2.75'10_5 G())
Although initially attributed to a five-coordinate silicon-Au interaction, more recent
computational studies suggest that the silicon retains four coordinate tetrahedral
geometry, and a side-on contact between the C=C -system and defects on the
electrode surface similar to those described for aryl systems is more important
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[66]. Cleavage of the silyl moiety in situ by addition of tetrabutylammonium
fluoride (NBusF) gives a transient alkynyl anion which can form a new bond
to the (gold) electrode surface [106]. Analysis of the break-off distance and the
estimated molecular lengths indicate that binding of the molecule in an upright
(vertical or normal to the electrode surface) position is most probable, with Raman
spectroscopy providing further support for the Au-C bonding mode. The main
conductance feature of a three-ring OPE contacted to gold electrodes in an STM-
BJ setup was determined to be 2.5-107* Gy, while analysis of a small series of
compounds from one to three rings gave = (0.33+0.01) A~', which compare
well with the value of (0.34 + 0.01) A~! determined for thiol-contacted OPEs under
similar conditions [107]. As with the trimethylstannyl method of engineering Au-C
bonds, some evidence for dimerization of the target compounds was also observed
with peaks of lower conductance being detected and assigned by comparison with
the conductance traces of authentic samples of the putative dimers.

The capacity to synthesize very long OPE derivatives lends naturally to explo-
ration of both 8 and the potential to observe the transition from tunneling to hopping
mechanisms in long molecular wires; similar interests are of course also expressed
in related systems [108]. Estimates of 8 from photoinduced charge transfer studies
in D-OPE-A systems based on triarylamine donors and diaryloxadiazole acceptors
have given 8 =0.15 Al [109], consistent with the value obtained from shorter
OPEs in molecular junctions (ca. 0.3 A~"). In molecular junctions, over a longer
range of molecular lengths with amine contacts, 8 is found to range from ca. 0.2 A~!
in the tunneling regime to 0.03 A~ as hopping mechanisms begin to dominate
[110]. The transition from tunneling to hopping was found to occur around the
three- to four-ring compounds (ca. 2.75 nm) in thin films contacted into junctions by
contacting with a CP-AFM, although the mechanism of transport in the intermediate
length ranges was likely arising from more than one process. Conductance values
spanned the range of ~1073 (OPE 1), ~10™* (OPE3), and ~6-107 (OPE7). These
behaviors compare with analogous long OPE wires featuring pyridine contacts
(in which case the term oligo(arylene ethynylene) (OAE) has been adopted to
reflect the presence of the pyridyl anchor group which also forms part of the
numbered ring system) measured in single-molecule STM-BJ junctions [111].
Across a series of OAEs from OAE3 (molecular length ca. 1.6 nm) to OAE9
(5.8 nm), conductance values determined from STM-BJ studies in 4:1 (v/v) 1,3,5-
trimethylbenzene/tetrahydrofuran fall sharply from ca. 3-10~> Gy (OAE3) to 3-107°
Gy (OAE4) to 2:1077 Gy (OAES) (B = (0.33 4 0.01 A™1)), before decreasing more
slower from OAE5 to OAE 9 (G =1-10"7 Gy) (8 =(0.016 £ 0.008 A~")). This
change in B, and hence mechanism from tunneling to hopping, was found to
correspond to molecular lengths of ca. 3 nm.

These remarkable single-molecule experiments conducted on the longer mem-
bers of the OAE family illustrated several issues which are becoming more
frequently recognized as common traits within studies of molecular junctions:
the molecular junctions break before the full extension to the idealized “vertical”
conformation, likely indicating the preference for pyridyl -to-metal contacts
and the “dragging” of the molecule across the surface that must accompany
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translation of the junction in a fixed x,y-coordinate as the electrodes are separated;
the conductance peaks are broadened as the degrees of internal freedom of the
molecule increase; the junction formation probability decreases with increasing
length, reflecting the difficulties in establishing a strong connection as a result
of steric interactions with the solubilizing alkyloxy chains that were necessarily
introduced during the synthesis to improve handling; and the strong -interactions
between the molecule and the surface which might provide an additional barrier to
creating a free-standing molecular junction suspended between the electrodes.

4.6 Summary and Outlook

This summary of molecular wires within molecular junctions has set out to provide
an overview of the key features of these junctions and the points that are emerging
as important criteria and considerations for future molecular designs of wirelike
molecules. The initial cartoon depicting a molecular junction (Fig. 4.1) and the
partitioning of the system into electrodes, contacts, and bridges can now be seen
as rather misleading. The electrical characteristics of the junction cannot be simply
arrived at from a sum-of-the-parts modular approach. The anchor should not only
provide an effective, robust, and uniform contact but must effectively couple the
electrode to the molecular orbitals that propagate the transferring charge with a
small barrier to charge injection. The bridge should not only offer a well-defined
pathway for charge propagation, but have few degrees of freedom to limit the
number of distinct junction types that are formed. The use of solubilizing side chains
might be best avoided, as these can interfere with the docking of the electrode to
the anchor groups or provide alternative points of contact. Similarly, the use of -
conjugated systems as the conduction channel also provides an alternative point of
strong contact between the molecule and metallic electrodes.

In looking ahead we can identify the potential to use insulating groups to shield
the conducting -system of a conjugated wire, the use of large-area contacts that
may average over different contact sites on the electrode surface, and advanced
spectroscopic methods to better characterize individual junctions to better under-
stand the diversity of contact, molecular conformation, and junction geometry on a
junction-to-junction basis. Exciting steps in these directions are discussed in other
chapters of this volume and provide a framework for extension of the emerging
technology of molecular electronics, where molecules may act either individually
or as an ensemble average, to perform a useful electronic function in a true device
architecture.
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Chapter 5
Insulated Oligothiophenes

Yutaka Ie

Abstract Single-molecule electronics have attracted a great deal of attention in
terms of the bottom-up construction and potential for ultimate device miniatur-
ization. Development of novel functional components for this application has
become an active area of research. Structurally well-defined oligothiophenes have
been utilized as a key framework of molecular wires. For this purpose, the
encapsulation of the -conjugated backbones is important to prevent intermolecular
electronic communications. In this chapter, I summarize on a series of oligoth-
iophenes for the use in “insulated molecular wire” units, which are essential
components of single-molecule electronics. Especially, I focus on the combination
of cyclopenta[c]thiophene with orthogonally introduced bulky substituents. This
novel framework can accomplish the encapsulation of its-containing oligothiophene
backbones without disturbing effective conjugation, leading to the construction of
ideal insulated molecular wires.

Keywords Oligothiophene ¢ Insulated molecular wire ¢ Single-molecule conduc-
tance

5.1 Introduction

Oligothiophenes have been recognized as an important -conjugated platform for
molecular wires in single-molecule electronics for the following reasons: [1-5]
(1) oligothiophene backbones have the longest effective conjugation length among
reported organic -conjugated systems [6], leading to small energy gaps between
the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO). (2) Their wide synthetic availability and high chemical stability
enable us to fine-tune the electronic and electrochemical properties. (3) The high
polarizability of the sulfur atom in thiophene effectively stabilizes cationic oligoth-
iophenes in various oxidation states. These characteristics provide advantages for
carrier injection from metal electrodes and intramolecular charge-carrier transport
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properties. Although long oligothiophenes whose molecular lengths far exceed
10 nm have been developed [6-11], there are few reports on the measurement
of the electrical conductance of single-molecule oligothiophenes for revealing
their electric potential in molecular wires because of the difficulty in designing
and synthesizing suitable molecules [12—19]. For example, Ie et al. (2007) [11]
synthesized tetrahexylsexithiophene-based oligothiophenes (1 and 2) of ca. 10 nm
length, bearing anchor units (either a protected thiol group or a trimethylsilylethynyl
group) at both terminal positions on the conjugated backbone (Fig. 5.1). The
thiol-terminated oligothiophene 1’ was bridged to nanogap gold electrodes by self-
assembly, and then, the current—voltage characteristics were measured [14].
However, as shown in Fig. 5.2, the scanning tunneling microscopy (STM) image
of 1/ on an Au (111) substrate showed a dense parallel arrangement [20]. This
phenomenon is due to the spontaneous aggregation of oligothiophene backbones,
making it difficult to elucidate the single-molecule conductance without the influ-
ence of aggregated molecules. In order to circumvent these — interactions,
insulation of the conjugated backbones is essential. In this chapter, I summarize

Fig. 5.1 Chemical structures
of anchor-terminated
oligothiophenes (1, 1/, and 2)

Fig. 5.2 STM image of 1’ on
Au (111)
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research on the development of insulated oligothiophenes for this purpose, along
with their single-molecule conductivity.

5.2 Oligothiophenes with Bulky Silyl Substituents as
Insulating Units

The introduction of covalently attached insulating groups is advantageous for
the tight insulation of the well-defined oligomeric -conjugated system, thus
facilitating investigation of structure—property relationships. As one of the pio-
neering strategies, bulky dendrons have been utilized for the development of
insulated -conjugated systems [21, 22]. In this context, as shown in Fig. 5.3,
dendron-incorporating oligothiophenes 3 and 4 have also been reported by Fréchet
et al. (1998, 2000) [23, 24]. Direct introduction of bulky N-silyl-protected diamino
substituents at both B-positions in the thiophene ring was carried out by Tanaka
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Fig. 5.3 Representative chemical structures of insulated oligothiophenes and polythiophene with
covalently attached bulky substituents
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Fig. 5.4 Chemical structures HeC4O 0OC4Hy TBDPSO OTBDPS
of nT? and nTS! A \

and Yamashita (1999) [25]. The terthiophene S (N = 1) containing this unit was
elongated to the nanometer scale for single-molecule measurements [10]. However,
its steric bulkiness limited the number of insulating units that could be incorporated
in the -conjugated backbones. In fact, only a few thiophene-based conjugated
systems containing the covalently attached insulating groups at all repeating units
have been reported [10, 26-30]. This is due to the crucial difficulty in designing an
appropriate repeating unit that is compatible with the use of bulky substituents for
insulation while retaining the effective conjugation of the backbone. Nishinaga et al.
(2003) [26, 27] designed bicyclo[2.2.2]octane-annelated thiophene and developed 6,
an oligothiophene based on this thiophene. Sugiyasu et al. (2010) [30] developed a
threading-type insulated polythiophene (7).

Here, Ie et al. have focused on annelated cyclopentanes at the P-positions in
the thiophene ring, because effective conjugation is maintained up to 96 repeating
thiophene units for nTP despite the presence of substituents on every B-site [6].
It is anticipated that the combination of cyclopentane annelation and bulky #-
butyldiphenylsilyl (TBDPS) groups in the thiophene ring would be an ideal unit for
insulated oligothiophene and designed oligothiophenes nTS! based on this (Fig. 5.4)
[31]. Note that the TBDPS group is known to exhibit good stability toward oxidative
conditions, which is suitable for an insulating group for oligothiophenes. Indeed,
iron(I1T)-mediated oxidative coupling could be used for the synthesis of nTS!.

The electronic absorption spectra of 2TS'-12TS in CH,Cl, are shown in Fig. 5.5.
The absorption maxima of nTS! were bathochromically shifted with chain extension.
When the - * transition energies (E) were plotted against inverse thiophene-
ring numbers (1/n), a linear relationship was observed with the equation E (eV) =
2.03+4-3.86/n. This slope was very close to that of the corresponding non-substituted
oligothiophenes (3.76) [32]. This result indicates that the introduction of bulky
TBDPS groups at the pendant position of cyclopentene ring had little effect on the
effective conjugation.

The X-ray crystal structure of 4TS! clearly shows the highly coplanar structure of
the oligothiophene backbone with all anti-conformation as well as the -conjugated
backbone completely encapsulated by the TBDPS groups (Fig. 5.6).

To evaluate the effect of insulation on suppressing intermolecular interactions,
the UV-vis—NIR spectra of radical cationic species of 6TS! (6TS"*) and uninsulated
hex-6T"* were measured. As shown in Fig. 5.7, the polaronic bands of hex-6T"*
(0.8 and 1.6 eV) at 298 K disappeared along with the concomitant appearance
of new bands (1.2 and 1.9 eV) at 223 K. These high-energy shifts of polaronic
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Fig. 5.5 UV-vis absorption spectra of nTS (n=2,4,6,8, and 12) in CH,Cl,

top view side view

Fig. 5.6 X-ray crystal structure of 4T

bands are typically characteristic of -dimer formation [33]. On the other hand,
6TS"+ exhibited no significant spectral change between 298 and 223 K. This
apparent difference can be explained by the insulating effect of the TBDPS
group upon suppressing the -dimer formation of 6TS"*, leading to insulation
of the oligothiophene -conjugated backbone. Importantly, the perfect blocking
of -dimeric intermolecular electronic interactions enabled us to observe further
progressive three- and four-electron oxidation of 12TS1,
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Fig. 5.7 UV-vis-NIR
spectra of radical cationic
species for (a) 6T and (b)
uninsulated hex-6T in
CH,Cl, at 298 K and 223 K.
P and D denote polaronic and

-dimeric bands,
respectively. (¢) UV—-vis—NIR
spectra of 12715 in CH,Cl,
under oxidation with FeClj at
room temperature
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5.3 Completely Insulated Oligothiophenes with Anchor Units

Single-molecule electronics inevitably require molecule—metal junctions, and thus,
the introduction of anchor units to molecular wires is essential for forming metal—
molecule—metal junctions for single-molecule conductance measurements. The
uninsulated oligothiophenes with thiol anchors have been investigated by Bourgoin
et al. (1999) (compound 8) [34], Tao et al. (2005) (compound 9) [12], and Campos
et al. (2014) (compounds 10-12) [19] (Fig. 5.8). However, these molecules cannot
exclude the presence of intermolecular interactions. Furthermore, Kiguchi et al.
(2014) [35] reported that partially insulated oligothiophene 13 showed two types
of anchoring geometries in the exposed thiophene rings, indicating that the effective
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Fig. 5.8 Reported uninsulated oligothiophenes having anchor units for the single-molecule
conductance measurements

(@
oL ) ;
o —@./

S /\ S ﬂ p;gntact face contact
VARV

0 (b)

e :

13

Fig. 5.9 Chemical structure of partially insulated oligothiophene 13 and schematic illustrations
of metal-molecule-metal junctions (Reprinted with the permission from ref. [35]. Copyright 2014
American Chemical Society)

tunneling length was variable via controlling the anchoring positions in the same
molecule (Fig. 5.9). The single-molecule conductance measurements of insulated
oligothiophene 14 was performed by Yamada et al. (2009) [16] (Fig. 5.10). They
successfully observed the crossover between tunneling and hopping. However, the
conjugation of 14 is distorted by the bulkiness of silyl substituents.

Under this situation, the Stille coupling reaction of bisstannylated quaterthio-
phene 15 with 4-(2-cyanoethylthio)bromobenzene (16) was attempted to introduce
thiol anchors (Fig. 5.11). However, this reaction did not yield the desired product,
indicating that the steric bulk of the TBDPS groups inhibited this reaction. Based
on the low reactivity of 15, it is predicted that a planar fluorene group in place of
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Fig. 5.10 Chemical structure of insulated oligothiophene 14 and semilog (a) and linear (b) plots
of the resistance as a function of the number of thiophene units. Schematic illustrations of metal—
molecule-metal junctions (Reprinted with the permission from ref. [16]. Copyright 2009 The Japan
Society of Applied Physics)

the TBDPS group as an insulating unit for cyclopentene-annelated thiophene would
enhance reactivity at the a-positions for the Stille coupling reaction. Based on this
idea, Ie et al. (2011) [17] developed the oligothiophenes n'T°.

As shown in Fig. 5.12, the X-ray crystal structure of 2T°¢ indicates that it has
trans conformation and a completely coplanar structure. The octyl groups covered
the bithiophene backbone without shielding the reactive terminal a-positions,
leading to oligomers featuring suppressed intermolecular — interactions while
maintaining the versatility of terminal functionalization. As expected, the protected
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Fig. 5.11 Attempt to introduce anchor units for 15 and insulated oligothiophenes nT°¢t

thiol functional group was successfully introduced to stannylated bithiophene 17 by
the Stille coupling reaction with 16 to give the anchoring-group-introduced oligoth-
iophenes RSPh—2T*'-PhSR. Likewise, the use of Pd-catalyzed homo-coupling or
Stille coupling with 16 gave RSPh—4T**~PhSR or RSPh—-6T*'~PhSR.

To investigate the photophysical properties of the oligomers, the electronic
absorption spectra of nT°* were measured in CH,Cl, solutions. As shown in
Fig. 5.13, these oligomers exhibited an absorption band in the visible region
corresponding to the - * transition of the oligothiophene backbones together
with the — * transition of the fluorene unit centered at 280 nm. The absorption
maxima derived from the — * transitions of the oligothiophene backbones shifted
to a longer wavelength, from 314 to 466 nm, when the number of thiophene rings
increased from two to six. The linear relationship of E against 1/n for nT** was
calculated to be E (eV) = 2.03 + 3.85/n. The slope of nT° (3.85) was almost
identical to that of nTS! (3.86), indicating that the insulating dioctylfluorene units
also had little effect on the effective conjugation of the oligothiophene backbone.
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top view side view

Fig. 5.12 X-ray crystal structure of 2T°
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Fig. 5.13 UV-vis spectra of nT°* in CH,Cl,
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The electrochemical properties of T quantified by CV measurement showed
that reversible oxidation waves were observed in all oligothiophenes except 2Tt
(Fig. 5.14). The first oxidation potentials decreased as the number of thiophene rings
increased. In order to investigate the encapsulating effect in a similar manner to that
for nTS!, the UV—vis—NIR spectrum of the radical cationic species of 6T was
measured. As expected, the polaronic species of 6T exhibited no spectral band
transposition to a higher energy even upon cooling to 223 K, indicating insulation
of the conjugated backbone. This trend is in good agreement with that for nTS!,

The single-molecule electrical conductance of HSPh-rnT*‘~PhSH (n =2, 4,
and 6) was measured using the break junction (BJ) method by STM [17]. This
measurement was carried out using mechanically cut gold tips in a ~0.1 uM
mesitylene solution of the molecules at room temperature. Figure 5.15 shows
the conductance histograms obtained from 500 to 1,000 transient conductance
measurements of HSPh-rnT°~PhSH. The solid arrows indicate the peak positions
attributed to single-molecule conductance. A semilog plot of the conductance as
a function of the estimated molecular length indicated an exponential decrease in
conductance with molecular length (Fig 5.15d); thus, tunneling transport is evident,
which is expressed as G x exp(—BL), where B is a decay constant and L is the
length of the conduction channel. The 8 value of the HSPh-rT°-PhSH was
estimated to be 1.9 nm™". This value is in good agreement with that obtained from
theoretical calculations for non-substituted oligothiophenes (8 =2.11 nm™") [36],
indicating that our completely encapsulated oligothiophenes HSPh-nT*‘~-PhSH
possessed the intrinsic electronic structures and transport properties of defect-free
oligothiophenes with effective conjugation.
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Fig. 5.15 Conductance histograms for (a) HSPh-2T°—~PhSH, (b) HSPh-4T°—PhSH, and (c)
HSPh-6T°—PhSH. (d) Conductance of HSPh-nT°*—PhSH as a function of molecular length

5.4 Insulation-Tuned Oligothiophenes

Oligothiophenes have been developed not only as molecular wires for single-
molecule electronics [37] but also as semiconducting materials for organic thin-film
electronics applications, such as organic field-effect transistors and organic pho-
tovoltaics [38, 39]. In the former application, the single-chain properties become
crucial for single-molecule conductance. In the latter case, the properties of
oligothiophenes in aggregated states influence the charge-carrier mobility of their
films. In this context, the cationic species of oligothiophenes, as well as the dimer
species of their radical cations ( -dimers), have been extensively investigated to
elucidate the electronic structures and conduction mechanisms [27, 40-54]. In this
case, it is anticipated that oligothiophenes composed of both cyclopenta[c]thiophene
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Fig. 5.16 Chemical structures of T*H-containing oligothiophenes

(T) and unsubstituted thiophene (U) units would be an appropriate model to
elucidate the structure—property relationship of -dimer formation capability. In
order to compensate for the introduction of less soluble U units, the octyl-substituted
fluorene in T° was replaced with 2-ethylhexyl-substituted fluorene (TEH). To
investigate the tunability of the -dimer formation by changing the number and
position of the TEH units, Ie et al. (2015) [55] developed a series of oligothiophenes,
U(T*HU), (n=1, 3, and 5), UTEHU,TEHU, and UTEHU;TEHU (Fig. 5.16).

Under the assumption that these oligomers take all-frans conformations, the
orthogonally fused fluorene units are located on one side of the -conjugated
chain for U(T®HU),, and UTEHU3TU and on both sides for UTFHU, TEHU. These
oligothiophenes could be synthesized by the palladium-catalyzed Stille coupling
reaction as a key C—C bond formation step. As shown in Fig. 5.17, the absorption
bands of all the compounds were similar to those of nT*!. One band located at
280 nm corresponded to the local — * transition of the fluorene unit, and the other
band in the visible region was ascribed to the — * transition of the oligothiophene
backbones. The absorption maxima derived from the oligothiophene backbones
were redshifted as the number of thiophene units increased. The value of E for
U(T*HU), (n=1, 3, and 5) against 1/n displayed a linear relationship with the
equation of E (eV) = 2.11 + 3.83/n. Its slope (3.83) was almost the same as that of
the abovementioned insulated oligothiophenes. This result indicated that effective
conjugation was maintained in the U(T¥HU), conjugated system.
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To investigate the influence of the TEH ynit on the intermolecular interactions,
the UV—vis—NIR spectra of positively charged oligothiophenes were measured. As
shown in Fig. 5.18a, b, upon lowering the temperature from 298 to 223 K, spectral
change corresponding to the formation of -dimer was not observed from the
polaronic species derived from U(T¥HU)3 and UTEHU,TEHU. On the other hand,
the polaronic bands of UT*HU3;TFHU were gradually replaced by -dimer bands
(Fig. 5.18c) upon cooling the temperature to 223 K. This interconversion between
two species was confirmed by the appearance of isosbestic points. Based on the
equilibrium constant value and a van’t Hoff plot, the dimerization enthalpy (AHexp)
was determined to be —7.1 kcal mol™!.

To gain insight into the -dimerization behavior of radical cationic species for
UTEHU3TEHU, theoretical calculations were performed. To ease the calculation,
all the alkyl groups were substituted with a methyl group. Nishinaga et al. (2013)
[54] reported that the dimer of cis-connected conformers with slipped-stacking was
the most stable structure for an unsubstituted oligothiophene framework. In this
study, the dimer models of (1) the cis conformations between the unsubstituted
thiophenes (ct-UT™U3T™U), (2) all-cis conformations (ccc-UT™U3T™U), and (3)
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all-trans conformations (#-UT™U3T™U) were investigated among the possible
structures. Note that the calculated dimerization enthalpy (AH.,.) was estimated
against double the enthalpies of the most stable structure #-UT™U3;T™U"t. The
AH ' of tet-UT™U3T™U was calculated to be —6.1 kcal mol~! (Fig. 5.19a),
which is inconsistent with AH.yp,. In the case of ccc-UT™U3T™U, the optimized
dimer model adopted a slipped face-to-face structure (Fig. 5.19b). The AH g
of —24.7 kcal mol™! indicated greater stabilization compared to that for fct-
UT™U3;T™U. However, the corresponding ccc-conformer of UT™U,T™U could
also construct a similar dimer model without steric hindrance, which is also
inconsistent with the experimental results. On the other hand, the dimer model of ##¢-
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Fig. 5.19 Top and side views of dimer structure for (a) tct-UT™U3;T™U, (b) ccc-UT™U3T™U,
and (c) 11t-UT™U3T™U calculated at M06-2X/6-31G(d) level. Hydrogen atoms are omitted for
clarity

UT™U3T™U bearing the slippage structures precluded the steric hindrance between
the neighboring cyclopentene rings of T™ with a AH_ . value of —19.2 kcal mol ™'
(Fig. 5.19¢c), whereas the corresponding #-UT™U,T™U showed steric congestion.
These phenomena were consistent with the experimental results. Therefore, it was
concluded that the combination of the Us unit and an all-trans conformation led to
a decrease in the steric repulsion between the cyclopentene ring and its opposing
thiophene ring in the dimer structure, which may be a crucial factor for the -dimer
formation of oligothiophenes containing T units.

5.5 Insulated Oligothiophenes with Hopping Conduction

As mentioned in Sect. 2.3, Ie et al. (2011) [17] calculated the B-value of completely
insulated oligothiophenes. On the other hand, electrical conductance measurements
of oligothiophene in the hopping region are still limited to the result of Yamada
et al. (2009) [16] using NCS-(3m+2)Tprp-SCN (Fig. 5.10). It was shown that for
this molecule, the carrier transport mechanism changes from tunneling to hopping
at around thiophene 11~ 14-mer. However, effective conjugation is disrupted by the
presence of bulky insulating substituents. Thus, elucidation of the intrinsic electrical
properties of the oligothiophene backbone in the hopping region has been positioned
as an important issue. Quite recently, Ie et al. synthesized nTFH (n = 2-24) using the
modified Stille coupling reaction (Fig. 5.20) [56]. These oligomers retained effective
conjugation, which was inferred from the UV—vis absorption spectra. The single-
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molecule conductance measurements of NCS-nTFH-SCN (n = 2-24) using STM
will reveal the crossover point between tunneling and hopping conductance.

5.6 Insulated Oligothiophenes with Electron-Affinity
Characteristics

As mentioned above, Ie et al. have focused on a cyclopenta[c]thiophene framework
bearing bulky substituents to accomplish insulation of -conjugated backbones
while maintaining effective conjugation. Although the energetic alignment between
the work function of metal electrodes and the energy levels of molecular wire
has been considered to influence the charge injection, little progress has been
made in modification of electronic states in molecular wires. This is especially
evident as development of molecular wires with electron-transport characteristics
through their LUMO orbital has been limited to nonencapsulated -conjugated
systems [57-60]. Bearing this in mind, Ie et al. developed insulated oligothiophenes
with electron affinity suitable for applications of electron-transporting molecular
wires. The introduction of electron-withdrawing substituents into oligothiophenes
has become a general technique to stabilize the LUMO energy level, leading
to an increase in the electron affinity [61, 62]. Ie et al. (2008, 2009) [63, 64]
have reported difluorodioxocyclopenta[c]thiophene (C) as a new electron-accepting
unit and oligothiophenes based upon it as electron-transporting organic field-
effect transistor materials (Fig. 5.21). It is expected that the replacement of the
fluorine atoms in C with sterically bulky di-#-butylphenyl (DTBP) methyl groups
[65, 66] would insulate the backbones while maintaining the electron-accepting
properties. Based on this idea, insulated oligothiophenes (UC,U)y (N = 1-4) with
high electron affinity (Fig. 5.21) were developed. To construct the key thiophene
unit Cp, the alkylation reaction of the 1,3-diketone was utilized. The repeating
unit UC,U was synthesized by the Stille coupling reaction between the dibromo
derivative of Cp and tributylstannylthiophene. Palladium-catalyzed direct homo-
coupling of (UC,U); gave extended products. The absorption maxima of (UC,U)yx
were redshifted with the chain extension. The plots of E against 1/n showed
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Fig. 5.21 Chemical F. F
structures of C-, UCU-, and 0 0
Cp-containing
oligothiophenes

Ucpu :N=1
(UCLU), :N=2
(UCLU); :N=3
ucu (UCyU)s :N=4

linear relationships, indicating that effective conjugation was maintained in these
oligomers. However, the quantitative evaluation was rather difficult due to the
electronically nonequivalent repeating units [67, 68].

The X-ray crystal structure of UC,U showed the planar conformation for
terthiophenes, irrespective of the introduction of DTBP groups (Fig. 5.22a). As
expected, the DTBP groups were positioned perpendicular to the terthiophene unit,
implying effective insulation of the conjugated backbone.

As evidenced in the CV measurements, all these oligomers (UC,U)y showed
not only oxidation but also reduction processes (Fig. 5.22b). The appearance of
reduction waves for these oligomers indicated that the presence of the Cp unit
contributed to increasing the electron affinity of the oligothiophene groups. In con-
trast to a quasi-reversible reduction wave and an irreversible oxidation wave for the
CV of UCyU, the corresponding (UCpU),, (UC,U)3, and (UC,U)4 exhibited both
reversible reduction and oxidation processes. Note that the formation of dianionic
species was spectroscopically observed by reduction with potassium/graphite under
inert conditions. However, the spectral pattern was too unstable to investigate the
encapsulation effect. Thus, UV-vis—NIR measurements of radical cationic species
(polarons) were performed to investigate the insulation effects of our-developed
oligothiophenes. On one-electron oxidation of (UC,U);, the — * transition band
of the neutral species was replaced with two bands attributed to polarons. These two
bands showed little difference between the spectra recorded at room temperature
and at 233 K, which indicated that the presence of sterically bulky DTBP groups
disturbed the formation of the -dimer in (UC,U),"*.

5.7 Summary

In this chapter, I summarized a series of insulated oligothiophenes to apply to the
single-molecule electronics. Especially, I focused on our-developed encapsulated
oligothiophenes, whose structures are based on the combination of cyclopentene-
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Fig. 5.22 (a) Side view of (a)
X-ray crystal structure of

UC,U. (b) CVs of UC, U

(orange), (UC,U), (red),

(UC,U); (purple), and

(UC,U)y (blue)

1.23

Current / a.u.

. S , S __
-2.0 -1.0 0.0 1.0
Potential / VV(vs Fc/Fc*)

annelated thiophene and orthogonally oriented encapsulation units. The influence
of the insulation on the molecular properties and single-molecule electrical conduc-
tance was investigated by spectroscopic measurements, electrochemical measure-
ments, X-ray analyses, and STM-BJ techniques. All the data exemplified that there
is no interruption of conjugation along the oligothiophene backbone. Furthermore,
since single-molecule electrical conductance was obtained by the use of highly
planar oligothiophenes in the absence of intermolecular interactions, our determined
values could become a standard for forthcoming -conjugated systems. Further
studies on the design and synthesis of the molecular structures to gain insight into
structure—property—function relationships will pave the way for the development of
new insulated oligothiophenes in single-molecule electronics.
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Chapter 6

Synthesis and Physical Properties

of Three-Dimensionally Insulated Molecular
Wires

Jun Terao

Abstract Insulated conductive molecules, in which the -conjugated compounds
are covered by a cyclic protective sheath, have attracted considerable attention
because of their potential applicability in next-generation molecular electronic
devices. New methods of synthesizing three-dimensionally insulated -conjugated
molecules through the polymerization of insulated -conjugated molecules as
monomers are summarized. The obtained insulated molecular wires are highly
soluble in organic solvents and have a high coverage ratio, rigidity, and photolu-
minescence efficiency; further, they show high charge mobility, even in the solid
state. This chapter also highlights a new type of molecular wiring method based
on the polymerization or copolymerization of an insulated -conjugated monomer
between nanosized electrodes.

Keywords Insulated molecular wires ® Molecular electronic device * Rotaxane
Polyrotaxane * Permethylated cyclodextrin * Charge mobility * Molecular wiring

6.1 Introduction

Inorganic semiconductor materials such as silicon are still major players in the
fabrication of electronic devices in our modern information society. Computer inno-
vations based on the integration of silicon semiconductors have greatly facilitated
the expansion of our knowledge base, which in turn has significantly influenced
our daily activities. However, the miniaturization of these systems is approaching
fundamental limits due to the continuing decrease in feature size (Moore’s law) [1].
Therefore, the development of innovative new devices using materials other than
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silicon is necessary for the continued advancement of these systems. The field of
molecular electronics is the most promising area for further innovation in infor-
mation technology [2, 3]. In molecular electronics, each functionalized molecule
has the potential to behave as a single device, such as a switch, socket, memory,
light emitter, diode [4], sensor, transistor [5], or photoelectric cell [6], which
enables extensive integration and miniaturization [7]. To realize such molecular
electronics, various functionalized molecules must be wired in between electrodes
with nanosized gaps, in an efficient and dense fashion. Therefore, the development
of techniques for the synthesis of definite-structure molecular wiring materials with
appropriate functional groups and the development of an effective molecular wiring
method are eagerly anticipated. In this context, this chapter focuses on the follow-
ing: (1) the synthesis of functionalized insulated molecular wires possessing high
linearity, rigidity, stability, and high charge mobility and (2) the establishment of
wiring methods utilizing organic reactions such as cross-coupling or polymerization
reaction in between nanosized gaps (Fig. 6.1).

1) Synthesis of functionalized insulated molecular wire

2) New wiring methods utilizing polymerization between nanosized gap

A

Fig. 6.1 Synthesis of functionalized molecular wire and molecular wiring method by polymeriza-
tion
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6.2 Synthesis of Three-Dimensionally Insulated Molecular
Wires

6.2.1 Synthesis of Cyclodextrin-Based Insulated Molecular
Wires

Organic semiconductor materials mainly made of carbon -conjugated polymers,
known as plastics that conduct electricity, have drawn attention because of their
advantage in being more suitable than low-molecular organic compounds. Printing
technology such as inkjet printing and rotary press can be used in their fabrication,
so -conjugated polymers are expected to reduce production cost. However,
their charge mobilities, a parameter for carrier transport property, have not been
comparable to those of silicon-based inorganic semiconductor materials. This is
the biggest challenge in developing high-polymer materials for semiconductors,
and the development of such materials with high charge mobility is being eagerly
awaited. As one of the methods to solve these, research is actively conducted for
insulating the conductive -conjugated polymer chain one by one with insulation
synthesizing chemically, as though a coated conductor wire is created [8—10].
This insulation reduces the interaction between the -conjugated chains, and it is
expected to provide stability to the conjugated chain along with improvement in
solubility, fluorescence characteristics, and charge mobility characteristics of the
conjugated chain. The synthetic method for insulated -conjugated polymer (insu-
lated molecular wire) is broadly classified into the method of sterically introducing
bulky side chain to the -conjugated polymer chain [11] and method of insulating
the polymer chain three-dimensionally with cyclic molecules such as cyclodextrin
(CD) [12] or cyclophane [13]. The former can impart solubility to the -conjugated
polymer chain, by sterically linking the bulky dendrimers with covalent bonds as
the side chain and preventing contact between the -conjugated polymer chains.
Moreover, the constituent units of the insulated -conjugated polymer synthesized
by this method are unique, and the structural regularity is extremely high. The latter
using the comparatively weak interactions of hydrophilic—hydrophobic interactions
or coordination can efficiently coat the main chain three-dimensionally with cyclic
compounds. This chapter explains the overview of the synthesis method for
cyclodextrin-based insulated molecular wires and the physical properties.

It is known that water-soluble cyclic molecules capture organic molecules with
hydrophilic—hydrophobic interactions forming rotaxanes (inclusion complexes) in
water. Among these, water-soluble CD derivatives are easily available at low cost,
and they are widely used as insulation molecules (host molecules) of various organic
compounds. There are two methods for synthesizing insulated molecular wires
using CD: the first method is to form polyrotaxane by inclusion of multiple CDs in
the -conjugated polymer chain and the second method is to form by the inclusion
of -conjugated monomer molecule in CD and the subsequent polymerization
reaction.
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Harada et al. were able to form polyrotaxane by stirring polyethylene glycol
and CD in water and were successful in synthesizing molecular necklace [14, 15]
and molecular tube [16]. Ito et al. found that insulated -conjugated polymers
with a pseudo-polyrotaxane structure are formed below 275 K by stirring the
conductive polymer polyaniline and B-CD using N-methyl-2-pyrrolidinone (NMP)
as the solvent [17-19]. This molecular wire dissociates into polyaniline and B-CD
at 275 K or more. Moreover, even when cross-linked molecular tubes between CDs
are used instead of CD, the polymer enters the tube holes and provides the same
insulated -conjugated polymer chain. The same technique, as will be explained
later, has been applied to the insulated -conjugated polymer chain synthesis of
conductive polymers such as polythiophene. When polyaniline insulated molecular
wires were placed on a microelectrode substrate having 100-200 nm electrode
gap, with platinum as the electrode metal and thermal oxide film on the insulating
substrate, using scanning probe microscope (SPM)-based lithography, the resistance
was above a few TQ2 when measured in vacuum. Moreover, the resistance value was
approximately 47 K and conductivity 4 x 1072 S cm™! with the doping of the
polyaniline chain. This value is comparable to the conductivity 10™! S cm™! of
polyaniline in the bulk state [20].

Anderson et al. succeeded in the synthesis of water-soluble insulated -
conjugated polymers with the copolymerization reaction of pseudo-rotaxane
monomer, obtained by the inclusion of -conjugated monomer chain with boronic
acid reaction points at both ends to CD in water and dihalides having a water-
soluble functional group under the Suzuki—Miyaura coupling reaction conditions
[21]. In this method, since it is carried out by sterically adding a bulky monohalide
as a polymerization terminator, the molecular wire is obtained as a polyrotaxane
structure having a stopper portion at both ends (Fig. 6.2); hence, the CD does not fall
off. Since the feature of this method is to synthesize the -conjugated chain using
a polymerization reaction, it is possible to synthesize insulated molecular wires
with different -conjugated chains using monomers with various -conjugated
structures [22—24]. The resulting molecular wires show high fluorescence quantum
yield compared to the corresponding -conjugated polymers without insulation.
That is, the respective -conjugated polymer chains in the excited state exist
independently because of the insulation, and this is considered to be due to the
suppression of energy transfer between the chains.

Fig. 6.2 Chemical structures
of water-soluble insulated
molecular wire by Suzuki
coupling
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6.2.2 Synthesis of Permethylated Cyclodextrin-Based Insulated
Molecular Wires

Polyrotaxane insulated molecular wires are cyclic compounds containing -
conjugated polymer that can move relatively freely and can be moved along the
main polymer chain. However, this shuttling may reduce the solubility of the
polyrotaxane itself in addition to frequent aggregation of cyclic compounds leading
the formation of -conjugated part without insulation. Moreover, its poor structural
regularity is an unfavorable factor for application to molecular electronics where
synthesis of identical molecules with good reproducibility is required. Furthermore,
when CD is used, ionic insulated -conjugated polymers are formed due to the
CD hydroxyl group, and removal of water molecules and salts influencing the
conductivity are the issues faced when developing a device. Development of a
nonionic -conjugated polymer synthesis method with structural regularity and
solubility which retains the properties of the -conjugated polymer that is the
main chain while achieving a high insulation for the main chain is required for the
realization of molecular electronics using -conjugated polymers.

One method to satisfy these requirements is to use permethylated cyclodextrin
as a macrocycles for the synthesis of insulated molecular wire instead of native
cyclodextrin. The methylation of all the hydroxyl groups of cyclodextrin provides
permethylated cyclodextrin which has deeper vacancy and higher solubility in
organic solvents as compared to the native cyclodextrin. New synthetic route to
organic-soluble insulated molecular wires is shown in Fig. 6.3. The self-inclusion
of guest-branched permethylated cyclodextrin forms pseudo-rotaxane [25], which
is capped with a stopper molecule to afford a linked [2]rotaxane ([1]rotaxane).
Polymerization sites are introduced at both ends of this rotaxane to form a fixed
[2]rotaxane monomer. Then, this monomer is polymerized to afford -conjugated
polyrotaxane as an organic-soluble insulated molecular wire [26].

Crystals of fixed [2]rotaxane were grown from a mixture of DMSO and H,O. The
X-ray structure is shown in Fig. 6.4. It is clear that the permethylated cyclodextrin is
displaced from the center of the guest moiety, and the main axis of the guest exhibits
a slight torsion.

()

*zH—Q—NH;
{gl.__..._ ﬁ>m c@g
= -

Aok

Guest branched

permethylated CD Pseudo rotaxane Fixed [2]rotaxane Insulated molecular wire

Fig. 6.3 Synthetic route to permethylated cyclodextrin-based insulated molecular wire
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Cul, TMEDA
CH30H:H;0 = 1:1

Fig. 6.5 Selective synthesis of insulated and uninsulated molecular wires

To decrease the number of reaction steps and increase coverage, a simple method-
ology for the synthesis of regioregular insulated molecular wires by polymerization
of pseudo-linked [3]rotaxane monomer 2 by sequential intramolecular self-inclusion
of a phenylene ethynylene oligomer with two permethylated cyclodextrins was
developed (Fig. 6.5) [27, 28]. In order to examine the covering effect of perme-
thylated cyclodextrin, an uncovered polymer 3 was also synthesized as a reference
by the polymerization of 1 in a lipophilic solution (CH,Cl,) instead of a hydrophilic
solution (1:1 CH30OH:H,0) [29]. The absolute quantum yields of 3 and 4 were
determined using a calibrated integrating sphere system. The fluorescence quantum
yields of 4 revealed that its fluorescence efficiency was better than that of 3,
particularly in the solid state.



6 Synthesis and Physical Properties of Three-Dimensionally Insulated. . . 147

100 150 200 (nm)

Fig. 6.6 (a) Polarized optical micrographs of 4 in CHCIl3 solution, (b) tapping-mode AFM
topographic image of 4 on a mica substrate [29]

Figure 6.6a shows polarized optical micrographs of 4 in concentrated CHCl;
solutions. It should be noted that 4 forms a cholesteric phase, as confirmed from
its indisputably clear fingerprint texture, while 3 forms only an isotropic liquid
even at high concentrations. The observed cholesteric phase can be attributed to
the presence of permethylated cyclodextrin in 4 since a nematic LC phase should
be observed if a polymer chain threads through achiral macrocycles. This is the
first report of the formation of a cholesteric LC phase whose chirality originates
from the inclusion of a polymer main chain into the permethylated cyclodextrin
cavity. The morphology of 4 was investigated by performing AFM experiments
using cleaved mica substrates (Fig. 6.6b). Highly dilute solutions of high-molecular-
weight 4 that was separated by GPC (gel permeation chromatography) were used to
avoid the aggregation of individual assemblies. From the AFM image and a section
analysis, the expected average contour length and height of the polymer chains were
determined to be ~200 nm and ~1.5 nm, which is equal to the outer diameter of the
free permethylated cyclodextrin calculated using the CPK model.

6.2.3 Synthesis of Insulated Molecular Wires with High
Charge Mobility

To increase the effective conjugation length in the core molecules, polyrotaxane 5,
with only a poly(phenylene ethynylene) (PPE) backbone, was synthesized by the
Sonogashira copolymerization of 2 with 1,4-diiodobenzene (Fig. 6.7).

The kinetic traces of the transient conductivity and optical absorption of 5
upon irradiation by UV light (355 nm) were examined. For the quantitative
analysis of photogenerated charge -carriers, N,N-bis(2,5-di-tert-butylphenyl)-
3,4,9,10-pery-lenedicarboximide (PDCI) was used as an electron acceptor
because of its high extinction coefficient in the radical anion form (e-
PDCI'™ =7.4x 10* cm™!-mol~!-dm?). The excellent correlation between the
two transients clearly suggests that the positive charge on the -conjugated core
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Fig. 6.8 Structures of linear and twisted insulated molecular wires bearing PPE backbone unit

of the molecules in 5 contributed to the high conductivity of this compound over
the entire time range. It is noteworthy that the minimum value of anisotropic hole
mobility (uT) in the core estimated from the maximum value of the quantum
yield of charge carriers (¢) (3.4 x 107%) was 0.5 cm? V~'es™!. This is the first
report of the formation of an almost perfectly insulated organic semiconductor wire
in which the hole mobility along the -conjugated polymer chain is extremely
high and is comparable to that of amorphous silicon [30, 31]. To achieve much
higher charge mobilities in the polymer chain, a new strategy to achieve efficient
charge hopping has been developed by regularly localizing polymer molecular
orbitals to achieve an ideal orbital alignment and, at the same time, by equalizing
energy strength and making use of thermal energy. To test this theory, defect-free
insulated molecular wires with meta-junctioned poly(phenylene ethynylene) as the
backbone units were synthesized to equalize the distance and molecular orbital
levels between the hopping sites. Rewardingly, the twisted insulated molecular wire
exhibited a higher intramolecular charge mobility (2.1 cm? V~!s ~! is the first
time that intramolecular charge mobility above 1 cm? V~'s ~! has been achieved
as charge carrier hopping processes in -conjugated polymers) along the designed

-conjugated polymer chain compared with that of the corresponding linear wire
(Fig. 6.8). This was probably because uncontrolled structural deformations owing
to rotation and fluctuation in linear -conjugated polymers will result in widely
distributed orbital levels, which should be disadvantageous for charge mobility
via hopping processes. On the other hand, meta-junction units regularly break the
orbital delocalization resulting in a narrow distribution of the orbital levels, which
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should be suitable for efficient charge hopping processes, like in the crystal structure
of pentacene (Fig. 6.9). Interestingly, when the length of the insulated para-segments
in the twisted insulated molecular wire was increased to ten phenylene ethynylene
units, an intramolecular charge mobility of 8.5 cm? V~'s™! was obtained [32]. It
was determined that an increase in the planarity of the meta-junctioned systems
with an increase in the number of phenylene ethynylene units plays an important
role in the enhancement of the charge mobility, and the longer para-segments also
enhance the charge mobility via a coherent charge transport process. It is important
to note that the value of 8.5 cm?> V™'s™! for intramolecular charge mobility in
the cross-boundary range of hopping and band transport is comparable to the
highest value in amorphous silicon (1-10 cm? V~!s™!). The application of this
technology to -conjugated polymer backbones will lead to the possible creation
of -conjugated polymers with higher charge exchange. Insulated -conjugated
polymers are expected to be used as organic semiconductor materials and wires in
molecular devices.

6.2.4 Synthesis of Functionalized Insulated Molecular Wires

For use as wiring materials, molecular wires must satisfy two requirements: (I)
compatible processability resulting from high solubility and defined molecular
structure and (II) appropriate material properties such as high linearity, rigidity,
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and, in particular, high conductivity. As described above, the synthesis of insulated
molecular wires which adequately satisfied properties (I) and (II) was developed;
in these wires, the conjugated moieties were isolated through insulation using CD
derivatives [33, 34]. However, it is not necessary for molecular wiring materials to
strictly mimic their conventional inorganic counterparts. In other words, molecular
wires that contain stimuli-responsive units in their polymer chains are expected to
perform as higher-order nanodevices owing to their functionalities; i.e., electrodes
connected to functionalized molecular wires could exhibit not only conductivity but
also physical property change by external stimuli. In order to synthesize function-
alized insulated molecular wires by copolymerization of insulated monomer with
various functionalized monomers, the insulated OPE 6 as a monomer having a fixed
[3]rotaxane structure in the organic solvents was employed. The synthesis of defect-
free insulated poly(phenylene ethynylene) (PPE) was executed via Sonogashira
copolymerization of 6 with 1,4-diiodobenzene in the presence of a catalytic amount
of Pd,(dba); and PPh; in the organic medium (THF/Et;N = 2/1). This method was
subsequently applied to the synthesis of functionalized insulated molecular wires
7a—e by Sonogashira copolymerization of 6 with functionalized dihalides having
a tetrathiafulvalene (TTF) unit as a redox group, a porphyrin unit as a metal ion-
sensing group, and an azobenzene or diarylethene unit as a photoswitching group
(Fig. 6.10) [35].

TBS—=—_ )

Pd(OAC), TXPTS

Cul, Cs,CO;3 TBAF
2

H,O/MeOH = 1/2 THF, rt.

Et,N, 50 °C
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(Functional unit)
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Fig. 6.10 Chemical structures of functionalized insulated molecular wires 7
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A significant fluorescence enhancement in response to oxidation was observed
for the insulated molecular 7b wire bearing tetrathiafulvalene units as compared
with the corresponding uninsulated molecular wire. The porphyrin insulated molec-
ular wire 7¢ switches conductivity in response to variation of the coordinated metal
ion and to the absence or presence of a metal ion. The insulated monomer unit
prevents the -stacking of the conjugated main chains, even in the solid phase,
leading to prolongation of the lifetime of the charged radicals on the conjugated
backbone through blockage of the charge recombination processes. Conformational
changes of the azobenzene insulated molecular wire 7d in response to sequential
irradiation with UV and visible light were clearly observed by AFM measurements
and are believed to result because encapsulation of the -conjugated polymer chains
precludes a high degree of aggregation through a decrease in the strong interactions
between the -conjugated chains.

6.2.5 Synthesis of Insulated Metallopolymers

Over the past few decades, many scientists have focused on the integrated prop-
erty of molecular wires and metal elements, and the synthesis and properties
of conjugated metallowires have gained considerable importance [36—40]. The
transition metal complexes are directly inserted into their conjugated main chains
producing interesting phosphorescent [41, 42], magnetic [43, 44], and redox
behaviors [45, 46] in addition to the reversibility derived from d-electrons or
coordination bonding [47]. In conjugated metallowires, transition metal complexes
strongly affect -conjugation because they are placed in between the conjugated
wire backbones [48]. Further, conjugated metallowires promise higher-order, unique
functionalized materials that have novel properties combined with those of the
conventional -conjugated materials. However, the unique electronic properties
of the metal complexes are known to decrease their solubility because of metal—
metal interactions and the polycation state. Typical metallowires have very low
solubility and can exist only as solids in their crystal packing state [39]. The
limitations of conjugated metallowires render their usage as practical functionalized
materials difficult. Overcoming these drawbacks can produce highly functionalized
materials with excellent physical properties and high processability, such as wet
processing. In recent decades, a number of insulated conjugated metallowires have
been successfully synthesized and interesting properties have been reported. In
addition to the conventional features derived from -conjugation and transition
metals, their insulated structures can compensate for solubility, a disadvantage in
conventional metallowires, and enhance their stability and functionalities, such as
sensing and luminescence.

Schanze et al. demonstrated the effect of insulation on the phosphorescent behav-
ior of platinum acetylide wires 8 because of its bulky side chains [49] (Fig. 6.11).
Launay et al. reported an insulation behavior of metallowire 9a bearing coordination
bonds, wherein bulky Ru(Il) porphyrins on the outer edges, closely connected by
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Fig. 6.11 Chemical structures of insulated metallowires wires with bulky side chains

short bridging ligands, exhibited an insulation effect, as the interactions between
the oxidant and the polymer backbone consisting of metals and bridging ligands
were inhibited [50]. These results indicated the protective effects of other reagents
or interactions on the metallowires. A coordinative metallowire 9b composed of
Ag(I)-pyridyl bonds covered with dendrons, displaying depolymerization by the
cleavage of the coordination bonds, was reported, unusual to the nature of the
coordinative metallowire [51]. Lee et al. reported an insulated metallowire 9¢ with
Ag(I)-pyridyl bonds that showed interconversion between the gel and the nematic
phases, triggered by an external solvent system through weak interactions of the
exposed Ag(I) ions [52]. These wires were significantly affected by the external
environment, peculiar to the nature of coordination bonds.
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Fig. 6.12 Chemical structures of insulated metallowires with macrocycles

Liu et al. reported the first coordinative metallowire with conjugated chains
insulated by cyclic molecules (Fig. 6.12) [53]. The host—guest inclusion complex
between B-CD and 4,4'-bipyridine, based on hydrophilic-hydrophobic interactions
in water, was then subjected to coordination polymerization with one equivalent of
NiCl,-6H,0 to form an insulated metallowire 10a with pyridyl-metal coordination
bonds. The effect of the various types of cyclodextrins, metals, and counter-
anions on the insulated metallowires was reported [54]. They demonstrated that
the counter-anion sensing for chloride by the metallowires 10b was attributed to the
limited space between the CDs that disturbed the coordination between the Co(II)
ions and water [55]. Li and coworkers reported another functionalized material using
Liu’s strategy [56]. The color of the solution of the modified Ag nanoparticles with
the inclusion complex in water was selectively changed to a metallowire 10c by
Yb(III) among seven other lanthanide ions owing to its small ionic radius. Shinkai
et al. reported a Tb(IIl)-based insulated metallowire 11 with carboxylate—metal
coordination bonds, as a chiral sensing material, estimated to stem from the steric
repulsion of p/p -tartaric acids around Tb(III) ions induced by the chiral a-CDs [57].

6.2.5.1 Synthesis of Solid-State Phosphorescence Insulated
Metallopolymers

Transition metal complexes have gained importance as components for light-
emitting diodes (LEDs) [41, 58, 59] and in optical sensing [60, 61] and bio-imaging
[62] devices because of their highly effective and long-wavelength phosphorescence
at room temperature. In the solid state, they are expected to produce higher-density
phosphorescent materials, which will display brighter emissions per unit volume
than their dilute counterparts [63]. However, their desirable phosphorescence in the
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solid state decreases or changes drastically [64, 65] as a result of their indiscriminate
molecular interactions with adjacent molecules [66]. Therefore, they exhibit high
performance only under highly dilute conditions (such as in a matrix with a very low
doping concentration). Several examples of exceptional solid-state phosphorescence
have been achieved through the adequate control of molecular arrangements or
the inhibition of undesirable molecular interactions in crystalline systems [67—
69]. However, the simple concentration of diluted phosphorescent materials cannot
increase their emission densities, but rather can lead to unpredictable changes in
emission behavior [70-73]. As practical device materials, polymers are of interest
owing to their high processability and thermodynamic stability as compared with
low-molecular-weight materials. However, their intrinsic disorder in the solid state,
which is due to their high degrees of freedom, makes it difficult to organize
a well-ordered structure, such as in the crystalline solid state. For this reason,
applications of phosphorescent polymer materials have been limited to highly
diluted systems, which are usually formed by doping a polymer matrix or through
copolymerization with a low mixing ratio [74]. Thus, to achieve high-density
phosphorescence in polymer solid materials, two contradictory requirements must
be simultaneously satisfied: (i) a higher concentration for brighter emission and
(ii) a lower concentration to inhibit molecular interactions. Nevertheless, because
of their potential application in solid-state phosphorescent polymer devices, the
development of such materials has been eagerly pursued; the insights obtained
would contribute to progress in the field of device science. By using macrocycles
for higher-order inhibition, only the desired area of a polymer chain can be cov-
ered, without any interstitial space, to achieve higher-density phosphorescence. In
2014, poly(phenylene ethynylene) (PPE), covered with permethylated cyclodextrin,
omnidirectionally insulated metallopolymers composed of platinum acetylide, and
oligoPE as the polymer backbone was synthesized (Fig. 6.13) [75, 76]. Two
unprecedented cyclic insulation effects on the phosphorescence behavior of the
metallopolymers are described: (i) the cyclic insulation enhances phosphorescence
and (ii) identical phosphorescence behaviors are observed in the high-density solid
state as well as in dilute solution. The uninsulated platinum acetylide polymer 12
was synthesized by copper-catalyzed transmetalation of 1 with trans-PtCl,(PEt3),
in a hydrophobic solvent (piperidine). The corresponding insulated polymer 13 was
obtained from the same monomers in the hydrophilic solvent, MeOH/H,0 (2:1),
from insulated complex 2. To examine the effects of the cyclic insulation area
and PE units, insulated polymer 14 was also synthesized from 6 bearing different
oligoPE units. As expected, 13 displays a strong orange emission. In contrast,
uninsulated polymer 12, which exhibited phosphorescence in dilute solution, shows
very weak phosphorescence in the solid state, despite its bulky permethylated
cyclodextrin side chains which cover the polymer backbone (Fig. 6.13). These
results indicate that the insulation in polymer 13 prevents interactions with adjacent
molecules, even in the solid state, achieving high-density phosphorescence. Because
13 also tolerated oxygen, as described above, it even exhibits phosphorescence
in the solid state under an air atmosphere. In contrast, despite its insulation, 14
does not show any phosphorescence in the solid state, but only fluorescence. The
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Fig. 6.13 Emission spectra of polymer solids of 12 (red), 13 (blue), and 14 (green) under degassed
conditions (excitation: 405 nm) [76]

triplet-state quenching observed in the polymer 14 solid should be caused by
intermolecular interactions, similar to the case of 12, because 14 also displayed
phosphorescence in dilute solution. Higher-order inclusion effects were observed
on the phosphorescence behavior of platinum acetylide polymers fully covered
with permethylated cyclodextrins. To our knowledge, this is an unprecedented
example which integrates the features of phosphorescence and rotaxane structure.
Complete three-dimensional insulation generated almost identical phosphorescence
emission behaviors in solid systems as in dilute solutions because of protection
from all interactions. Moreover, such insulation also led to oxygen tolerance:
phosphorescence was observed under an air atmosphere in the solid state. This is
the first example of the unimolecular phosphorescence of a polymer material in the
high-density solid state.

6.2.5.2 Synthesis of One-Dimensional Insulated Coordination Polymers
One-dimensional coordination polymers containing transition metals, which com-

bine the advantages of organic insulated molecular wires mentioned above, with
those of transition metal complexes have recently received much attention [77].
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They are expected to form wiring materials with novel properties including (1)
various characteristics derived from the transition metal complexes such as redox
behavior and triplet-state properties and (2) enhanced processability such as recy-
clability and self-healing through reversible monomer—polymer interconversion
brought on by the reversible nature of the non-covalent bonds as opposed to
covalently bonded molecular wires. Insulated molecular wire 17 displayed novel
processability as a result of its non-covalent bonding motif that was synthesized
through the coordination polymerization of Ru(II) porphyrin complex 16 with insu-
lated bridging ligand 15 having well-defined structures [78]. A remarkable property
of coordination polymer 17 is its interconversion between monomer and polymer
states under certain conditions due to the reversibility of its coordinate bonds
(Fig. 6.14). Carbon monoxide (CO) underwent ligand exchange with the pyridyl
groups on Ru(Il) porphyrin complexes of 17, because of its stronger coordination
ability, thereby yielding monomers 15 and 16. The resulting monomeric porphyrin
complex was expected to subsequently release CO upon UV irradiation to reform
17. Although 17 was stable in toluene/EtOH even at 55 °C, decomplexation into
monomers 15 and 16 occurred with 1 atm of CO, as confirmed by size-exclusion
chromatography. Recomplexation of the air-stable monomers could subsequently be
induced by UV irradiation of the resulting solution. The degree of polymerization
after recomplexation was perfectly consistent with that before decomplexation.
Thus, in spite of the stability of 17 and its monomeric components under normal
conditions, monomer-to-polymer interconversion could be induced under specific
conditions, i.e., either 1 atm of CO or UV irradiation. This property is unique to
metal-containing molecular wires bearing coordinate bonds and may be applied in
molecular wiring applications such as recycling and self-healing of wiring materials,
in addition to as sensory materials for CO.
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Fig. 6.14 Schematic and SEC monitoring of polymer—-monomer interconversion (eluent: THF)
(78]
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6.3 The Establishment of Wiring Methods Utilizing Organic
Reactions Between Nanosized Gaps

The fabrication of molecular devices that use organic molecules, such as -
conjugate polymers and DNA, and carbon compounds, such as carbon nanotubes,
as wiring materials is currently being widely studied [79, 80]. Three types of single
molecular junction methods have been reported thus far: the break junction method,
which is the connection of conjugated molecules via sulfur in the nanogap formed
by bending a thin line made of gold; the electrostatic orientation method, which
establishes a connection between DNA-coated nanoelectrodes using an electric
field; and the junction method, which involves the vacuum deposition of carbon
nanotubes over nanoelectrodes (though the probability of achieving a junction is
low with this method). Many problems exist with such physical wiring methods
including the low obtained current values, extremely low reproducibility, and
small number of molecular line connection. A method for connecting conjugated
molecules using a thiol group on both ends of the nanoelectrodes, by forming gold
and sulfur bonds, with chemisorption of thiol groups on gold has been used for this
purpose. However, there are issues, such as low probability and reproducibility of
line connections because of (i) poor bonded sections reacting on the same electrodes
(because the directionality and linearity of the conjugated chains are low), (ii)
aggregation of conjugated chains due to — interactions, and (iii) occupation
of chemisorption sites by heteroatomic species before a bridge can be formed;
low transfer efficiency due to electron hopping between conjugated chains; and
difficulty in fabricating nanoelectrodes with identical gaps (because conjugated
chains corresponding to the electrode distance must be synthesized) [81, 82]. This
research will make molecular junctions that do not rely on the distance between
electrodes possible, by performing synthesis reactions in the nanospace between
them. This buildup method involves the assembly of conjugated molecular units
that are shielded from the electrode surfaces. In other words, there will be no
need to fabricate or synthesize nanoelectrodes and wiring molecules of the same
lengths. It will become possible to perform wiring simultaneously and with greater
numbers of conjugated molecules than conventional methods because molecular
junctions will be formed by chemical reactions. High conductivity is expected
because charge transfers should only occur within conjugated chains, because the
chains are shielded and no aggregations should develop between them. Furthermore,
applications for practical electrically conductive luminescent materials are expected,
because the conductivity and fluorescence quantum yield will increase because
of the independent nature of the conjugated polymer chains. The application of
spin coating or inkjet methods, which are cheap manufacturing processes, will be
possible because the materials are soluble in most organic solvents.

In 2006, Taniguchi et al. developed a new wiring method for fabricating
nanosized photoswitching devices (Fig. 6.15) [83]. In this process, electrodes with
nanosized gaps were sequentially dipped into a solution of benzenethiol possessing
a reactive site, immersed into a solution of wiring molecules, and finally exposed
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Fig. 6.15 Schematic images of the molecular wiring between nanogaps via sequential Suzuki
coupling reaction

to a solution of functional molecules; the three molecules were then connected
via a transition metal-catalyzed cross-coupling reaction. The key to the success of
this method lies in the use of CD-based -conjugated polyrotaxane as the wiring
molecule to maintain structural linearity and isolate the -conjugated polymer
chain.

However, this “buildup” method was limited because the synthesis of molec-
ular wires with defined lengths and the fabrication of nanosized electrodes of
appropriate lengths were elaborate processes. Therefore, it would be ideal to
develop a new wiring method that would be independent of the lengths of the
molecular wires and the gaps [84]. To overcome these issues, attempts were
made to wire between the nanogaps by polymerizing the insulated monomer
6, which was characterized by excellent organic solubility and a high coverage
ratio and linearity (Fig. 6.16) [85]. Nanosized electrodes with a 20 nm gap were
fabricated via electron beam lithography and a lift-off process, using a silicon
dioxide layer and gold/titanium electrodes. The fabricated electrode was then
dipped into 4 mM 1,2-bis(4-ethynylphenyl)diselenide 18 in dichloromethane to
form a Au-Se bond by chemical adsorption, which could serve as a reaction
site. After washing with dichloromethane, the surface-modified nanosized electrode
was placed in a dichloromethane solution of 3 and stirred for 2 days under Hay
coupling conditions to elongate the -conjugated chain from the surface of the
nanosized electrodes, followed by washing. GPC analysis of the solution after
the wiring reaction showed that 3 disappeared completely and confirmed that the
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Fig. 6.16 Schematic images of the molecular wiring between nanogaps via polymerization of 6

insulated molecular wires 7 had formed. The electric current was 8 pA for 1 V.
These results clearly demonstrated that molecular wiring was achieved using this
polymerization method. To evaluate the covering effect of the insulated conjugated
monomer, the same wiring method was performed using the uninsulated monomer
and five nanosized electrodes. Although GPC analysis of the solution after the
wiring reaction confirmed that the uninsulated polymer had formed, none of the
electrodes exhibited current values over the measurement limit.

This result indicated that the molecular wiring efficiency using the uninsulated
monomer was much less efficient than that with the insulated monomer, which
maintains structural linearity and isolation of the -conjugated moiety. This dif-
ference was probably due to the high degree of — interactions or flexibility
of the former, leading to low-molecular wiring efficiency by aggregation and
bending. As shown in Fig. 6.17, a newly developed wiring technique between
the nanogaps to fabricate a nano-optical switching device has been developed
by copolymerizing the insulated monomer with the photochromic molecule. The
resultant electrode was dipped into a solution of 18 to fabricate the modified
nanosized electrode with surface polymerization sites. After washing, the electrode
was placed in a solution of 6 and diiododiarylethene, which was stirred for 2 days
under Sonogashira copolymerization conditions, to form connections between the
electrodes and, under ultraviolet irradiation, to drive the photochromic diarylethene
segments into the ring-closing state. GPC analysis of the solution after the wiring
reaction confirmed that 11 had formed. To confirm the connection of each molecule
by this copolymerization wiring method, electric conduction between the electrodes
was measured. The initial electric current was 80 nA for 1 V (ON state). Irradiation
of the molecules with visible light required to drive the photochromic diarylethene
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Fig. 6.17 Schematic images of the molecular wiring between nanogaps via copolymerization

residues into the ring-opening state (OFF state), and then UV radiation required to
switch them into the ring-closing state (ON state). The electric current in molecular
wire 11 C nanogap decreased to 45 nA for 1 V under visible light, but increased to
70 nA for 1 V under ultraviolet radiation, indicating a reversible switching property
with light. The observed switching behavior strongly supported the assertion of
binding of the molecules between the nanosized electrodes, affording molecular
wiring by our newly developed technique to fabricate photoswitching nanodevices.

6.4 Summary and Conclusions

This chapter highlights a new method for synthesizing insulated molecular wires
through the polymerization of structurally defined permethylated cyclodextrin-
based rotaxane monomers. The insulated molecular wires thus formed have a high
coverage ratio, rigidity, and PL efficiency and showed high charge mobility in the
solid state; further, they are readily soluble in a variety of organic solvents. There
was significant fluorescence and phosphorescence enhancement in the insulated
molecular wires, especially in the solid state, which suggests that encapsulation
of the -conjugated polymer chains by permethylated cyclodextrin is essential to
attain efficient fluorescence properties. A cholesteric LC phase was observed for
polyrotaxanes because of the polymer’s high rigidity and structure featuring a -
conjugated polymer chain threaded through chiral macrocycles. A highly insulated
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organic semiconductor wire in the solid state was demonstrated with hole mobility
along the -conjugated polymer chain achieving close to that of amorphous silicon.
The thus-formed polyrotaxane structure prevents -stacking of the conjugated
main chains even in the solid phase, leading to prolongation of the lifetime of
charged radicals on the conjugated backbone by blocking the charge recombination
processes.

This chapter also highlights a new type of molecular wiring method based on
the polymerization or copolymerization of an insulated -conjugated monomer
between nanosized electrodes. Measuring the conductivity of -conjugated poly-
mers has thus far been either impossible or difficult, because of hopping conduction
between neighboring conjugated chains. Taking conductivity measurements of
singly conjugated chains will be possible, because using our wiring method will
produce -conjugated chains that are independent of their environment. This is
expected to clarify the electrical conduction mechanisms of -conjugated polymers,
which has been considered difficult until now. The proposed research is a unique
concept of the applicant, and as such, no studies that are similar to this are being
conducted elsewhere.

This research is expected to drastically reduce manufacturing costs. It is also
expected to be environmentally friendly and to make a contribution to green
innovation because petroleum products are used instead of rare elements, such as
Ge or Ir, which are currently used for highly integrated devices. To successfully
make molecular electronics, it is important to gain access to synthesize single -
conjugated polymers with metal terminals and understand the behavior of their
electrons.

Once the our fabrication method of molecular electronics are established,
quantities of single molecule devices can be fabricated in a solution process at lower
cost and with higher reproducibility than the conventional physical methods, which
involve top-down fine processing technology and require expensive equipment.
This technology for innovative nanosized molecular electronics is expected to
overcome “Moore’s law” and dramatically change industry and society. Currently
large amounts of energy are required to prepare integrated circuits by photon
and electron beam lithography in clean rooms. The proposed method would offer
immense energy-saving effects by preparing molecular electronics in comparatively
inexpensive chemical reactors. This method would be advantageous for mass
production, because molecular devices, prepared by the assembly of molecular
elements, could be prepared in the order of moles.
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Chapter 7
Orbital Rule for Electron Transport
of Molecular Junctions

Tomofumi Tada

Abstract Constructive and destructive interference are typical features of electron
transport in molecular junctions, which appear as parabolic curves and sharp dips
of transmission functions, respectively. To understand the quantum interference
properties in molecular junctions, the Green’s function method with tight-binding
models was adopted, and the quantum interference was analyzed in terms of
orbitals, which leads to an efficient orbital rule for qualitative predictions of electron
transport in molecular junctions. A minimum model, a two-site tight-binding model,
was used to explain the orbital rule for electron transport without ambiguity. The
orbital bases in tight-binding models are typically atomic orbitals, and thus the
tight-binding model can be easily extended to larger molecules by simply adding
atomic sites. As the next example, a three-site triangular tight-binding model was
introduced. The quantum interference that appears in the three-site model can
be easily understood using the orbital rule. With regard to the orbital bases as
molecular orbitals, the triangular tight-binding model could efficiently explain the
destructive interference recently observed in a large molecular unit. In the final part,
we also examine the applicability of the orbital rule for molecular spin systems
including spin-flip processes.

Keywords Electron transport * Green’s function * Tight-binding model ¢ Orbital
rule

7.1 Introduction

Quantum interference that appears as the result of superposition between possible
electronic propagations is a typical phenomenon in quantum mechanics. The
simplest picture of quantum interference can be explained with the concept of path-
interference. Let us assume that only the left- and right-pathways are allowed for
conduction electrons in the ring system shown in Fig.7.1. When the difference
of the transport distance between the two pathways is an integral multiple of the
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Fig. 7.1 Schematic of two

different electron pathways in

a ring-shaped apparatus. We Left—way
can easily expect that no

interactions occur between

the two propagating states at

dotted mid-points in a large

ring, but such interaction will

appear in molecular-sized

rings

Right-way

wavelength of conduction electrons, the two propagation states are superposed in a
constructive manner, whereas when half of the wavelength remains in the distance
difference, the two propagation states are superposed in a destructive manner. It
is well known that quantum interference is a key in the quantum physics of the
Aharonov-Bohm (AB) effect [1, 2], and the AB-ring is a very efficient apparatus
for quantum physics. This explanation assumes that the two electron pathways
are absolutely distinct; therefore, the size of the ring must be sufficiently large to
avoid unexpected interactions' between the two propagations at mid-points (e.g.,
dotted points in Fig.7.1). However, what happens when the macroscopic size of
the ring is decreased to a molecular size? In molecular rings, the assumption
(i.e., no interactions between the two propagations at mid-points) will be broken.
Thereby, the emergence of quantum interference in molecular rings as a result of
path interference may become ambiguous.

Theoretical investigations on the quantum interference effect in molecular junc-
tions began from 1988 to the early 2000s [3—6], mainly with the use of ring-shaped
molecules. The first report on the quantum interference effect in molecular junctions
by Sautet and Joachim was based on the benzene molecule [3], and the constructive
or destructive interference in electron transport via the benzene ring was obtained

IThe so-called measurement problem in quantum mechanics is still not resolved; therefore, we
cannot deny the presence of any suspicious interactions between two propagating states that
are separated by large distances. The term interaction used in this chapter denotes an apparent
interaction that is explicitly represented in Hamiltonian.
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N,
E (eV)

Fig. 7.2 Carbon molecular junctions theoretically investigated and the calculated transmission
functions by Baer and Neuhauser (Reprinted with permission from Ref.[6]. Copyright 2002
American Chemical Society)

using scattering state theory. In addition, the model junctions introduced by Baer and
Neuhauser [6] were probably designed for investigation of the quantum interference
effect in molecular junctions along the concept of path-interference. Figure 7.2
shows their molecular junctions and calculated transmission functions in which
parabolic curves and abrupt drops of transmission functions appear depending of
the junction structures and energy of the transmitted electrons. However, quantum
interference was also confirmed in larger complicated molecules where the electron
pathways cannot be identified. To understand the quantum interference in molecular
junctions, the concept of interorbital interference rather than path-interference was
proposed based on the Green’s function approach [7]. According to interorbital
interference, the key quantity of the quantum interference in molecular junctions
is not the distance differences but the orbital-phase differences between connection
points.

7.2 Tight-Binding Model for Molecular Junctions

In this section, the Green’s function method based on a single-orbital per single-site
model, the simplest tight-binding (TB) model, is introduced, and an orbital-phase
rule to achieve a qualitative understanding of electron transport in single molecular
junctions is explained. The model corresponds to the Hiickel approximation when a
single orbital is regarded as a 7 atomic orbital (AO) in a planar molecule composed
of carbon atoms. The simplest TB model can also be useful for more general systems
by considering that the base of the single orbital is given in the molecular orbital
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(MO) space or in the AO-and-spin direct product space, as shown in the latter part of
this section. Here, a qualitative relationship between orbitals and quantum transport
is explained as a result of constructive or destructive interference, regardless of the
base type for the orbitals.

Quantum interference is typically understood in terms of phase-related matters,
and thus the interference effect may not be expected to appear in a phase-broken
process (i.e., incoherent transport). However, a similar quantum interference effect
can appear even for spin-dependent transport including spin-flip processes (i.e.,
incoherent transport). The key factor that leads to the quantum interference effects
in many different cases is the similarity of the matrix form used to represent the
junctions.

For electrodes, a one-dimensional (1D) metallic chain is adopted for simplicity.
The base adopted for the orbitals of 1D electrodes does not have any limitations,
that is, AO, MO, spin-spin direct product, etc. are acceptable, depending on the
orbital base of the system sandwiched between the electrodes. It is also assumed
that the interaction between the sandwiched system and the left/right 1D electrode is
represented by a single hopping parameter (Fig. 7.3). Although these conditions are
extensively simplified compared with the realistic conditions for nanojunctions, they
are rather efficient for the derivation of a qualitative relationship between orbitals
and conductance.

(a) L-junction
-t -t -t -t -t -t

----- 000 QO 000

-t

(b) T-junction
S A t -t

-tc -
Q00 B, 000
ogd

Fig. 7.3 1D tight-binding molecular junctions for the two-site model. The sandwiched diatomic
molecule is composed of atoms 1 and 2. We adopted the nearest-neighbor hopping; —t in the
electrode, —t. for electrode-molecule hopping, and —t,, for intramolecular hopping parameters.
Atoms 1 and 2 are respectively connected to the left- and right-electrodes in (a) a L-junction (Line-
contact), and atom 1 is only connected to both electrodes in (b) a T-junction (T-shaped contact)
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Let us start from the matrix representation of the 1D tight-binding model. The
Hamiltonian of the system can be represented as

Hy t |0
H=| t, Hy t; |. (7.1)
0 tg Hg

where Hy represents the Hamiltonian of a sandwiched molecule and the Hamilto-
nian matrices Hy, and Hy for the electrodes are shown as

m—4 m—-3 m—2 m—1

m—4 1 . £0 —t 0 0
Ho=p 3]l — & = 0 ’ (7.2)
m—2 0 —t &0 —t
m—1 0 0 —t &0
n+l1 n+2 n+3 nt+4d
n+1 €0 —t 0 0
n—+2 —t &0 —t 0
He=, 3 o - & — =~ | (7.3)
n+4 0 0 —t €0
m—3 m—2 m—1
m 0 0 —t
m+1 0 0
t, = , (7.4)

m—+2 0
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and

n—2 n—-1 n

n+l /--- 0 0 —t
n+2 0 0

"= i3 o | 7.5)

where the base index of Hyy is running from m to n (i.e., the matrix size of Hg is
n—m + 1). For the coupling matrices, t;, and tg in Eqs. 7.4 and 7.5, it was assumed
that the atoms connecting with the left and right electrodes are different, and the
matrix indices for the two atoms are defined as m and n in Hy;. When the atoms
connecting with the left and right electrodes are identical (i.e., the index is m in
Hy), the coupling matrix tg is changed as

m m+l1 n

n+1 /—t 0 0

n+2 | 0 0 0
0 , (7.6)

tR= 431 0

Note that the matrix forms of Hy are dependent on the sandwiched molecule.
Examples for the matrices are given in the following sections.

7.2.1 Two-Site Model

A two-site TB model (i.e., diatomic molecule) connected to 1D electrodes is
introduced first. Figure 7.3 shows two typical contact structures (i.e., L- and T-
junctions) in the two-site TB model. The matrix elements for the two contact models
are given as

1 2
&0 —t
—t & —1.
1 —t. € —t
L_ C o m
H = A, .oan
—1. £o —t
-t &
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and
1 2
£o —t
—t & —1.
T 1 —lc Eq —tm I
H =, | : (7.8)
—t. 0 g —t
—t &

where the base indices of H are 1 and 2, and ¢y and ¢, are the on-site energies of
atoms in the electrodes and in the molecule, respectively. The hopping parameters,
—t,, and —1., correspond to those for the sandwiched molecule itself and molecule-
electrode coupling, respectively.

In the non-equilibrium Green’s function method for electron transport [8], the
transmission probability 7, which is related to conductance as G = 2¢*/h in
Landauer’s formula [9], is expressed with the advanced/retarded Green’s functions,
G*/R of the molecule and the local density of states p of the apex atom in each
electrode, as follows [10]:

Ts(E) = (ZN—tf)z

GA(E)GE(E)p(E)p(E). (7.9)
The orbital index r/s corresponds to the AO connected to the left-/right-electrode.
G*/R(E) is the advanced/retarded Green’s function GA/R(E), which is represented
as GAR(E) = [E1 — Hpo — 22‘/ k_ 22/ R]_l, where Hy,, is the 2 x 2 Hamiltonian
matrix in the basis of AOs in the two-site models, and X /g is the 2 x 2 self-
energy matrix of the left-/right-electrode. The interaction between the sandwiched
molecule and each electrode is represented with a single hopping parameter ¢, so
that only a single element takes a non-zero value in the 2 x 2 self-energy matrix
(e.g., (Bp)ij = ggelecgijgil and (Zg);; = tfgelec&j&z for the Line-contact, where
Zelec 18 the Green’s function for the electrodes). The transmission probability in
the matrix-based Green’s function for electron transport is generally represented
as T(E) = Tr[i{ZR(E) — THE)}GRE)I{ZR(E) — Z4(E)}G*(E)] [8]. Using the
matrix elements for the two-site TB model, the expression of 7'(E) shown in Eq. 7.9
is easily obtained.

Figure 7.4 shows the calculated transmission probabilities for L- and T-junctions.
In both cases, the transmission probabilities have sharp peaks at energies of —0.5¢
and 0.5z, which are the orbital levels of the highest occupied MO (HOMO) —0.5¢,
and lowest unoccupied MO (LUMO) 0.5¢, of the diatomic molecule. However,
at the mid-gap between the HOMO and LUMO, the two contacts show a clear
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1 £ 1 1 T T 1

—— L-junction
01F 3
----- T-junction

o

o

-
T

Transmission

20 -15 -10 -05 0 05 1.0 1.5 20

E - Ef (/t)

Fig. 7.4 Calculated transmission probabilities for the two contact cases, L- and T-junctions. The
tight-binding parameters used in these calculations are t, = 0.1¢, t,, = 0.5¢, and ¢, = &9 = 0

difference in the transmission probabilities; the transmission of the T-junction drops
sharply to zero (i.e., anti-resonance), whereas that for the L-junction has a parabolic
shape without anti-resonance. Analysis of Green’s function G,(E) is quite useful to
elucidate the clear difference in the transmission curves at the mid-gap. According
to the pioneering study for electron tunneling by Caroli and co-workers [10], the
Green’s function G(E) is given in terms of the unperturbed Green’s function
(0)
Gy (E), as

Gy
G, = D’ (710)
where
D= (1 - tzGig)gelec)(l - tzGig)gelec) - I?Gﬁg) Ggg)gelecgelec- (71 1)

Here the notation for retarded/advanced and the energy E is left off for simplicity.
To derive a qualitative relationship between the orbitals and conductance, a weak
coupling condition between the electrodes and sandwiched molecule is convenient;
therefore, a weak coupling case was adopted in this section (i.e., the hopping
parameter 7. between electrodes and a molecule is small with respect to f, and
1). According to Eq.7.11, the renormalization term D in the weak coupling case
can be clearly approximated as 1. The calculated renormalization term D for the
T-junction is shown in Fig.7.5. In weak coupling cases (i.e., smaller 7. than f), the
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Fig. 7.5 Calculated real (Re) and imaginary (Im) parts of the renormalization term D for the T-
junction. Electrode-molecule coupling 7. of 0.1, 0.3, and 0.5¢ are adopted as weak coupling cases,
and 7. of 1.0 and 1.5¢ are adopted as strong coupling cases. Other TB parameters are the same as
those used in the transmission calculation for the T-junction

real part of the renormalization term D (Re[D]) is almost equal to 1 at any energy;
although some peaks and dips are confirmed at around eigenlevels (—0.5¢ and 0.5¢),
Re[D] at the mid-gap is apparently close to 1. In addition, the deviation of Re[D]
from 1 at the mid-gap is not so large, even for strong coupling cases (i.e., larger ¢,
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than ), and the imaginary part of D is perfectly zero at the mid-gap, regardless of
the strength of the electrode-molecule coupling .. We therefore unambiguously use
the unperturbed Green’s function G*) instead of the perturbed Green’s function G to
figure out the relationship between the Green’s function and transmission function.

We are interested in the electronic states of molecules in terms of eigenlevels
(e.g., molecular orbitals of molecules); therefore, the following unperturbed Green’s
function expanded in terms of molecular orbitals is quite efficient:

Crkcsk
GO(E) = , (7.12)
J(E) ; o

where the k-th eigenvalue of the isolated molecule is &, and its eigenvector (i.e.,
orbital coefficient) on the site r is C,. Here the orbital representation of Eq. 7.12 is
valid because the coefficients C's of the molecule are real numbers. At the mid-gap
between the HOMO and LUMO of the molecule, the contributions from the HOMO
and LUMO in the summation of Eq.7.12 are clearly significant. In the present two-
site model, this situation is exactly true because we have only the two MOs, HOMO,
and LUMO, and we have confirmed that the assumption also works quite well for
multi-orbital systems, even with degenerate orbitals [11].

Let us consider the relationship between the MOs and Green’s function. The
energy differences E — ¢; appear in the denominator and the orbital coefficients in
the numerator in G; therefore, we can readily derive the following orbital relation
for electron transport [7]: (i) large orbital coefficients at the contact sites, C, and Cy
for k = HOMO or LUMO, lead to a large transmission probability, and (ii) opposite
signs between the two terms, C,iomoCsnomo and C,umoCsLumo, are required for
constructive interference from the HOMO and LUMO in the transmission function
at the mid-gap due to the sign difference in the denominator E — &; in G for the
HOMO and LUMO. Using the mathematical notation Sgn(a), which returns the sign
of the quantity a, the second condition is written as

Constructive(HOMO : LUMO) : Sgn(C,HOMo CsuomoCrLumo C‘vLUMO) = -,
(7.13)

On the other hand, when the two terms, C,5omoCsuomo and C,1.ymoCsLumo, have
the same sign, the contributions from the HOMO and LUMO are canceled out at the
mid-gap. In the notation using “Sgn”, the relation is

Destructive(HOMO : LUMO) : Sgn(C,zomo CsomoCrLumoCsLumo) = +.
(7.14)

Although we have focused on the HOMO and LUMO in Egs.7.13 and 7.14 as a
frontier orbital rule for electron transport, the interference relationship between two
neighboring energetically non-degenerate orbitals &; and &; can be represented as
Constructive(k : k + 1) : Sgn(CxCsk Cri+1Csi+1) = —, (7.15)
Destructive(k : k + 1) : Sgn(Ci Csy Cri+1Cisx+1) = +. (7.16)
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According to the orbital rule, the clear difference of the transmission functions at
the mid-gap in L- and T-junctions can be readily understood. The orbital phases
(i.e., the sign of MOs) of the HOMO and LUMO of the two-site molecule are
shown in Fig.7.6. In this model, the amplitude of the orbital coefficients is 1/./2
for both sites. Thus, the orbital rule to consider is rule (ii). In the L-junction,
the sites connected to the electrodes are sites 1 and 2. The numerator in G for
HOMO, CinomoCan0Mo0, 1S @ positive number, but for the LUMO, CipumoCaorumo
is a negative number. This is the case for constructive interference of the electron
transmission at the Fermi level, which leads to the parabolic transmission at the
Fermi level without anti-resonance, as shown in Fig. 7.4. However, in the T-junction,
the only site connected to the electrodes is site 1, and the terms CigomoCinomo and
CiLumoCiLumo have the same sign (i.e., positive) and the same value. Therefore, the
unperturbed Green’s function G at the Fermi level for the T-junction is exactly
zero, which results in the sharp drop of the transmission function at the Fermi
level, as shown in Fig.7.4. This is the molecular orbital rule available for the
understanding of electron transport. Application of the orbital rules for electron
transport in more complicated molecules can be found elsewhere [7, 12-26].

7.2.2 Three-Site (Triangular) Model

Figure 7.7 shows A- and V-junctions adopted as typical three-site TB junctions,
in which only a single site is connected with the left/right electrode. Figure 7.8
shows the calculated transmission functions for the A- and V-junctions. There are
two peaks of transmission in both junctions that correspond to the eigenlevels of
the triangular molecule shown in Fig. 7.9 (i.e., —1.0¢ and 0.5¢). When the triangular
system is regarded as a planar w-molecule, the molecule has three 7 -electrons, and
the HOMO is the degenerate ¢, or £3. In that sense, the mid-gap position must be
recognized at the degenerate orbital level (0.5¢), but no pronounced feature appears
at this position, just a single transmission peak. On the other hand, transmission
functions between —1.0¢ and 0.5¢ show a clear difference between the A- and V-
junctions; the A-junction shows a parabolic transmission, whereas the V-junction
shows a sharp drop (i.e., anti-resonance) of transmission at —0.5¢. The V-junction
has only one site for coupling with the electrodes (i.e., site 3); therefore, the same
explanation for the sharp drop in the T-junction also holds for the V-junction. On
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Fig. 7.7 1D tight-binding molecular junctions for the three-site triangular model. The sand-
wiched triangular molecule is composed of atoms 1, 2, and 3. —¢ in the electrode, —7. for
electrode-molecule hopping, and —f, and —#, for intramolecular hopping were adopted as the
nearest-neighbor hopping parameters. Atoms 1 and 2 are respectively connected to the left- and
right-electrodes in (a) the A-junction, and only atom 3 is connected to both electrodes in (b) the
V-junction

the other hand, the orbital pairs of focus in the A- junction are (g1, &;) and (g1, €3).
Considering the orbital phases of €, €;, and €3, the pair of (1, &;) is a constructive
type of interference, whereas the pair of (¢, £3) represents destructive interference.
However, according to the additive property in the Green’s function of Eq.7.12,
a parabolic transmission from the constructive interference remains. In this sense,
observation of the sharp drop of transmission (anti-resonance) is more difficult than
that of the parabolic type of transmission.

Using the three-site triangular system, let us consider an orbital engineering
for electron transport. Figure 7.10a shows the triangular system with three-fold
rotational symmetry identical to the sandwiched molecule in Figs. 7.7, 7.8, and 7.9;
the system is renamed as A;. When the on-site parameters are changed depending
on the atoms (e.g., the on-site parameters of atoms 1 and 2 are changed to negative
and that of atom 3 to positive), the three-fold rotational symmetry is easily broken,
and thus, the orbital degeneracy for &, and &3 is also broken, which leads to
three different energy levels, the A,-junction in Fig.7.10b. In the A-junction (i.e.,
the connecting atoms are 1 and 2), the orbital relationship between ¢; and &,
corresponds to the constructive case, and that between ¢, and €3 is also constructive.
Thus, the calculated transmission function shows parabolic transmission in both the
(e1:€2) and (e;:€3) regions, as shown in Fig. 7.11. When the base of the Hamiltonian
matrix of the triangular system is 7-AO, the system corresponds exactly to a
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Fig. 7.8 Calculated transmission probabilities for the three-site models, A- and V-junctions. The
tight-binding parameters used in the calculations are . = 0.1t, 1, = t, = 0.5¢t,and g, = gy = 0

Fig. 7.9 Orbital phases of ¢, &;, and 3 for the three-site triangular molecule. The black and white
symbols represent positive and negative coefficients, respectively. The dotted circle indicates the

zero orbital amplitude
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Fig. 7.10 Orbital schematics for orbital engineering in the triangular system. (a) A junction: TB
parameters maintain the threefold rotational symmetry, and this junction is identical to the original
triangular junction in Fig.7.9. (b) A, junction: the threefold rotational symmetry is broken by
changing the on-site parameters. (¢) Ay junction: the sign of the hopping parameter in A, junction
is changed from negative to positive (red). The dotted circles represent the zero orbital amplitudes

planar triangular molecule, and thus the intramolecular hopping parameter (i.e., —t,
and —1,) is a negative value because of the w — 7 orbital interactions. Thus, the
resultant transmission functions in the triangular molecular system have basically
the same features as the transmission functions of the A- and A,-junctions shown
in Fig.7.11.

However, when the Hamiltonian matrix is given as an MO base, the hopping
parameters between the neighboring sites (MOs) can be both positive and negative,
whereby an intrinsically different transmission appears, compared with those of the
As- and A ,-junctions. When the hopping parameter between sites 1 and 2 is changed
to a positive number, the orbital order for | and ¢, in the A- and A,-junctions can
be exchanged, as shown in Fig.7.10c, Ax-junction. As a result of the orbital order
exchange in the Ag-junction, the orbital relationship between ¢, and &3 becomes
destructive, and a clear drop of transmission appears in between the orbital ¢, and
ez (i.e., —0.58¢ and 1.2¢), as shown in Fig.7.11. In this way, orbital engineering
based on the orbital rule for electron transport is useful to predict the qualitative
properties of transport.
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Fig. 7.11 Calculated transmission probabilities for the A, A,, and A junctions. The tight-
binding parameters used in the calculations are given in Fig. 7.10

7.2.3 Orbital Rule from Experimental Observations

Now that the relationship between orbitals and transmission functions from a
theoretical perspective is explained, the next concern is the experimental validation
of the orbital rule. In the experimental observation of electron transport in molecular
junctions, sulfur atoms are typically introduced as an alligator clip with gold
electrodes because Au-S bonding is sufficiently strong (strong coupling) to trap a
single molecule between electrodes; dithiolate molecules are frequently adopted
to make single molecular junctions. Therefore, whether the orbital rule using the
simplest TB model can be applicable to such realistic Au-dithiole-Au junctions
must be discussed first. As for this point, basic analysis and more sophisticated
calculations based on density functional theory (DFT) for electron transport have
been successful for validation of the orbital rules [25]. In addition, analysis of the
renormalization term D in a strong coupling case, as shown in Fig. 7.5, supports the
applicability of the orbital rule derived in a weak coupling case.

Let’s move on to the experimental observations related to the orbital rule. The
direct observation of the transmission function requires a more careful handling
of junctions than in current measurements; therefore, the electrical current would
be an easier quantity available for such validation. In fact, validation of the orbital
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rule was performed based on the observed current first, and validation using the
observed transmission (i.e., derivative conductance) was then accomplished. The
first experimental validation was conducted by Taniguchi and co-workers [27],
in which naphthalenedithiole (ND) molecules were adopted in current measure-
ments. In the experimental work, four ND molecules, shown in Fig.7.12a, were
synthesized, and the tunneling current of the junctions using gold electrodes was
calculated and measured. According to the orbital phases of the ND molecules
(Fig. 7.12a), four molecules appear to have the constructive pattern of MOs at first
inspection; however, 2,7-ND is the exception because only 2,7-ND has two singly-
occupied MOs (SOMOs), i.e., a case of degenerate frontier MOs. The two SOMO
can be transformed into another two pairs of MOs by unitary transformation, and
the resultant MOs can be perfectly localized frontier MOs, left-edge localized MO
and right-edge localized MO. Orbital rule I for electron transport tells us that non-
zero orbital amplitudes at the connecting atoms are required in frontier orbitals.
Therefore, the zero amplitudes at the connecting atoms cannot be used for transport,
and 2,7-ND is an undesirable molecule in terms of the orbital amplitudes, which
results in extremely low transmission (Fig. 7.12b). The details of the orbital rule for
the degenerate case, which is not addressed in the chapter, has been described in a
recent work using a benzene molecular junction [11]. Figure 7.12¢ shows the clear
correspondence with the theoretical predictions based on the orbital rule.

After the experiment using ND molecules, Guédon and co-workers accomplished
more direct observations of constructive/destructive interference [28] using the
anthraquinone molecular unit shown in Fig. 7.13. According to their explanation,
the anthraquinone molecular unit can be regarded as a three-site model, in which the
interorbital interactions correspond to the A triangular system shown in Fig. 7.10c.?
Therefore, destructive interference is expected to appear in the molecular junction,
and a sharp drop of the transmission function at the Fermi level was actually
observed. In this way, the validity of the orbital rule was successfully confirmed
from indirect/direct measurements of the transmission probabilities in molecular
junctions.

7.2.4 Spin-Dependent Transport in Molecular Spin Junctions

In this section, we discuss the applicability of the orbital rule for spin-dependent
transport. When a sandwiched molecule has a localized spin and the molecular-
spin junction shows a spin-dependent transport without spin-flip processes, the
orbital rule introduced in the previous part is straightforwardly applicable for the

2 According to their three-site model, the hopping parameters between sites 1 and 3 (2 and 3)
are also positive, whereas Ay-junction is negative for these. However, it was confirmed that the
intrinsic property (anti-resonance) in the Ay-junction was not sensitive to the sign of the 1-3 and
2-3 hopping parameters. The key parameter for the anti-resonance is the sign for hopping between
sites 1 and 2 because the key factor is the orbital exchange between ¢ and &, from A, to Ay
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Fig. 7.12 (a) Naphthalene dithiolate (ND) molecules, (b) calculated transmission functions of the
ND molecules, and (c¢) measured current reported by Taniguchi and co-workers (Reprinted with
permission from Ref. [27]. Copyright 2011 American Chemical Society)
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Fig. 7.13 Anthraquinone molecular unit showing an anti-resonance transmission of the Fermi
level, and the measured transmission function (i.e., derivative conductance) by Guédon and co-
workers (Reprinted with permission from Ref. [28]. Copyright 2012 Nature Publishing Group)
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Fig. 7.14 Tight-binding 1D model including a localized electron spin. The gray atom (or

molecule) indexed with s is coupled to electrodes and to a localized spin (red) through the spin-spin
exchange coupling, J. The nearest-neighbor hopping integrals are represented by ¢ and ¢,

spin-dependent transport because the matrix elements for each spin can be written
independently. Thus, we can discuss the transmission properties in both spin cases
(e.g., up- or down-spin) separately. However, when spin-flip processes are allowed
by the spin exchange coupling between a conduction electron and localized spin,
the matrix elements are not divided into submatrices in terms of up- or down-spin.
For example, the 1D system shown in Fig. 7.14 corresponds to such a spin system,
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and the Hamiltonian matrix is written as

s—=2, s—1p s=1y spy syq s+H1p s+l s+24

s—2y £0 0 —t
s—Iy | 0 & 0 -z
s—1y | == 0 & 0 —
Hypin = 510 - 0 F 5 :
i -t 1 Z 0 -
s+14 —t. 0 £0 0 —t
s+1y —1, 0 &0 0
s+24 —t 0 £0

(7.17)

where 1 and | are the spin directions of conduction electrons and f} and |} are
the spin directions of the localized spin (red arrow in Fig. 7.14). The spin exchange
coupling J, between the conduction and localized electron spins, was taken into
account through the s-d tight-binding Hamiltonian in Eq.7.17. In this sense, the
spin-junction is a mimic of an aromatic molecule including a d-metal center, such
as the metal-phthalocyanine molecular junction with gold chains fabricated by
Nazin and co-workers (see Fig.7.15) [29]. The presence of the spin-spin coupling
term J/2 with the matrix elements (s4y> syq4) and (syq, s¢4y) of Hgpin means
that the incoming up-spin electron can be transmitted/reflected as up- or down-
spin; the same situation is also observed for the incoming down-spin. Thus, the
Hamiltonian Hgy, cannot be divided into spin-dependent Hamiltonians. In this case,
a straightforward method for the transport calculation is a wave-packet propagation;
the simulation is useful to calculate the transport processes including spin-flip, and
multiple spin-flip processes can also occur at the spin site s, which corresponds to
incoherent transport. Although the wave-packet propagation method is a very useful
method, the calculation for the transmission curves from wave-packet dynamics
requires numerical propagations of the wave-packet for each energy level, and thus
it could be time consuming, depending on the system size and the required energy
width and resolution. Therefore, if the Green’s function method is also applicable
for the present spin-flip case, then it would be better to use it.

7.2.4.1 Coherent Approach for the Spin-Flip Process
For the Green’s function approach, the first step is a division of the entire process

into coherent and incoherent processes because the transport process including spin-
flip is a mixture of coherent and incoherent processes. Let us consider a simple
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Fig. 7.15 Scanning tunneling microscopy (STM) image of a gold-Cu phthalocyanine-gold junc-
tion on a NiAl substrate taken by Nazin, Qiu, and Ho (Reprinted with permission from Ref. [29].
Copyright 2003 AAAS)

case, in which the incoming electron is initially spin polarized as up-spin. Under
this condition, there are two coherent processes:

[Spin-Flip case:] --- o= Tm1=> s> s> dst1—=>dst2 o
[No Flip case:] -+ tso—=tsm1 = 15— Tst1=> T2 oo
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The corresponding submatrices for the spin-flip (SF) and no-flip (NF) processes
are respectively given as

s=24  s=14 spy o sy sHLy s+2y

S_ZT .. &0 —t
s—14 —t ) —t.
HSP — Sty —Ic =1 % 0
st—=4 SLf % _TJ —t. ’
S+1¢ 0 —I 0] —t
S+2¢ —t &0
(7.18)
and
S—ZT S—IT SpL Sy ‘H—IT ‘H—ZT
S—ZT . &0 —t
S—lT —t &0 —1,
gt Sty —le _?J %J —le
ST_T S¢Tr 2 = 0
S+1T —I 0 &0 —t
S+2T —t €0
(7.19)

These matrices clearly have the same matrix form already introduced in the two-
site TB model, L-, and T-junctions. Replacement of the tight-binding parameters &,
in Eqs.7.7 and 7.8 with —J/4 and —1,, in Eqgs.7.7 and 7.8 with J/2 leads to the
matrices HiSF_) and HiNE)T being easily determined as exactly equal to Hy, and Hr,
respectively. Therefore, the coherent spin-flip process corresponds to constructive
transport, and the coherent no-flip process corresponds to destructive transport. We
can understand the validity of the consideration in another point of view as follows.
As for the coherent no-flip process, the Hamiltonian matrix can be expressed in
a spin-dependent form because spin-exchange does not occur, and the junction
structure in Fig.7.14 is the same as that of the T-junction where a single atom is
connected to both electrodes. Therefore, destructive transport must appear in the
no-flip transport of the junction in Fig. 7.14.

Figure 7.16 shows the calculated transmission probabilities for the 1-to-1 and
1-to-] processes using the matrices of Eqgs.7.18 and 7.19. The eigenlevels of the
spin junction system are —0.15¢ singlet state, and 0.05¢ triplet state (0.2¢ of J
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Fig. 7.16 Calculated transmission probabilities for the 1-to-1 and 1-to-J processes with the
coherent two-probes Green’s function and incoherent four-probes Green’s function approaches.
The tight-binding parameters adopted in the calculations are 0.1¢ of 7. and 0.2¢ of J

was used in Fig.7.16); therefore, two transmission peaks appear at the positions
in both processes. As expected in the matrix forms, the spin-flip process shows
a parabolic transmission between the two peaks, and the no-flip process shows a
clear drop at the mid-gap of the two eigenlevels. This confirms that the process-
dependent matrix division is a useful way to understand the intrinsic transport
properties (i.e., constructive or destructive). The next point to be considered
is the influence of the incoherent processes that are neglected in the previous
framework. In order to discuss this point, the differences between the results from
the Green’s function based only on coherent processes and wave-packet propagation
have to be recognized, and the relationship between the results from the wave-
packet method and Green’s function including incoherent processes has to be
discussed. These comparisons were made in the previous study [24], and excellent
correspondence between the Green’s function with incoherent processes and the
wave-packet method was confirmed. Therefore, in the next section, the Green’s
function including incoherent processes is introduced. The simulations for charge
transport using wave-packet dynamics can be found in applications for organic
molecular systems [30-33].
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7.2.4.2 Incoherent Approach for the Spin-Flip Process

The coherent approximation made in the previous part includes a clear shortcoming
in that the division of the entire process into 1-to-| and 1-to-1 processes eliminates
the interference between the two processes. Thus, the missing processes in the
coherent 1-to-| are i) the escape (transmission) of an electron with up-spin at site
s to the right-electrode s + 1 with the same spin, and ii) the reflection back effect
of this process into the 1-to-1 process. This is related to the hopping integrals —.
at (sqy, s+1y) and (s+14, s4y) of Hgpin, which are neglected in HiSTF_)i. To take
the missing effects into account in the Green’s function approach, an excess probe
can be introduced using an appropriate self-energy [8]. The incoherent effect to be
included is the interaction —#. between site s and the right electrode site s+1 with
the same spin; therefore, the 2 x 2 self-energy matrix can be written as

(Epy)ij = 2 ge1ec8iibin. (7.20)

Similarly, the missing processes in the coherent 1-to-7 are iii) the escape (transmis-
sion) of an electron with down-spin at site s to the right-electrode s + 1 with the
same down-spin, and iv) the reflection back effect of this process into the 1-to-|
process. This is related to the hopping integrals —z. at (s 4, s+1;) and (s+1, sy 4)

of Hgyi,, which are neglected in ng. The related 2 x 2 self-energy matrix is3:

(T, 0)is = 12 8etecBibin. (7.21)

Therefore, the Green’s function including the incoherent processes (i.e., the four-
probe Green’s function) can be written as

A/R A/R A/R s.A/R s.A/Ry—
Gy (E) = [E1 - HY — x/F — wp/f — witif sty (7.22)
where H®D is the 2x2 matrix at site s (s4y and sy 4) in Eqs.7.18 and 7.19.

The solid blue and red lines in Fig. 7.16 are the calculated transmission functions
using the four-probe Green’s function, which show almost perfect correspondence
with the results obtained with the WP dynamics (not shown). The peak height at the
resonance position (i.e., eigenlevels) is slightly decreased as a result of the additional
escape processes (incoherent processes). In addition, the anti-resonance observed in
the coherent no-flip process is slightly weakened, although it is still recognizable.
Thus, the coherent approximation is confirmed as reasonable to capture the transport
properties qualitatively, and a quantitative description for the incoherent processes
is possible using the Green’s function including additional appropriate self-energies.

3The explanations for the neglected incoherent processes given in this part are originally from Ref.
[24]. However, there is a typographical error in Eq. (21) of Ref. [24]; the equations shown here in
this section are correct.
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7.3 Summary

In this chapter, the orbital rule (or HOMO-LUMO rule) to achieve a qualitative
understanding of electron transport in molecular junctions was introduced on the
basis of the Green’s function method. There is no limitation in the orbital basis used
for the orbital rule; AOs, MOs, and spin-spin direct product bases are available
for an understanding of the constructive and destructive interference effects in
electron transport. In the AO picture, the two-site tight-binding model was adopted
to determine the key factor in constructive and destructive interference. This model
is a minimum model because only the HOMO and LUMO appear as the orbital
levels of the two-site model. Many examples of the orbital rule applied to other
large molecules (i.e., multi-orbital systems) can be found in the literature; for
example, nanographite with armchair and zigzag edges [7, 12, 14], DNA molecules
[13], aromatic dithiolate molecules [16], metal-phthalocyanine molecules [17],
photochromic molecules [18], and m-stacked molecules [11, 34-37]. In a recent
work, a concept for a conductance decay-free junction was derived from the orbital
rule. In the molecular orbital picture, the triangular three-site model was used to
explain the observed destructive interference of an anthraquinone molecular unit in
a recent experiment. The key is the orbital-phase exchange that originates from the
sign-change of the hopping parameters between neighboring sites.

In the final part of this chapter, the spin-flip transport in a simple 1D tight-
binding chain including a localized spin was discussed using the Green’s function
with and without incoherent spin-flip processes on the basis of the spin-spin direct
product base. The spin exchange coupling J, between the conduction and localized
electron spins, was taken into account through the s-d tight-binding Hamiltonian.
In this sense, the spin-junction is a mimic of an aromatic molecule that includes a
d-metal center. The transmission probabilities that depend on the spin directions at
the drain electrode were analyzed; the 1-to-1 process for the incoming up-spin is
transmitted as the outgoing up-spin, and the 4-to-| process for the incoming up-
spin is transmitted as the outgoing down-spin. The Green’s function calculations
show that the transmission probabilities for both processes have large peaks at
the eigenlevels of the spin singlet (—3J/4) and triplet (J/4) states and that the
transmission probabilities exhibit different properties, depending on the spin-flip
processes at the mid-gap (anti-resonance level) of the two eigenlevels; the 1-to-
1 process shows an abrupt drop, whereas the 1-to-| process shows a parabolic
transmission. The similarity of the matrix forms for 1-to-] transport and a two-
site constructive junction (i.e., L-junction) was easily confirmed with reference to
the orbital rule for coherent electron transport in a molecular junction; the similarity
between 1-to-1 transport and a two-site destructive junction (i.e., T-junction) was
also recognized.

It should be emphasized that the orbital rule is a qualitative rule for the
understanding of transport properties; however, the concepts derived from the rule
will lead to a wide range of applications for molecular- and nanojunctions.
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Chapter 8

Theoretical Aspects of Quantum Transport
and Computational Modeling of Molecular
Electronic Device

Hisao Nakamura

Abstract Recent techniques to create regulated nano-contact and precise measure-
ment of transport properties such as current-voltage (IV) characteristics provide
new insight of charge transfer and transport in a sub-10 nm-scale device. In this
chapter, several theoretical concepts to bridge charge transfer (chemistry) and
charge transport (physics) theories are described. “Old and new” problems of
molecular electronics such as length and temperature dependence of conductance,
unimolecular rectifier, etc. are revisited via a modern theoretical approach.

Keywords Quantum transport ¢ Electron-phonon interactions * Molecular rectifi-
cation ¢ First-principles calculation * Nonequilibrium Green’s function ¢ Marcus
theory

8.1 Introduction

Research of a molecular-scale device has been improved considerably by recent
techniques to create regulated nano-contact [1-3] and precise measurement of
transport properties such as current-voltage (IV) characteristics [4-9]. The pio-
neering work of molecular electronics is the proposal of a molecular rectifier by
Aviram and Ratner (AR) [10]. Their idea was based on the analogue of a solid pn
junction [11] to electron transfer between donor and acceptor molecules. However,
several historical concepts of molecular electronics have been renewed [12-15],
and, furthermore, potential advantages of molecular junctions have been discussed
in broader research areas such as photovoltaic conversion [ 16—19], thermoelectricity
[20-26], biosensor [27-29], memory [30-35], and so on. Hereafter, the terminology
“molecular junction” represents a system consisting of a single molecule, molecular
wire, or molecular film connected to metal electrodes. The varieties of functions
relating to transport phenomena are mainly caused by a quantum confinement
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effect to electrons passing through molecules [36-39]. A quantum confinement
effect often gives a characteristic transport behavior by discrete resonant states, an
interference effect, and so on. It depends on competition of the intrinsic molecular
property (i.e., molecular orbitals: MO) and the contact effect of the molecular
conductor and metal electrodes. In this sense, understanding quantum transport
mechanism required fusion of the MO theory and Green’s function theory or the
scattering theory.

Green’s function framework is very convenient to perform theoretical analysis
for molecular junctions since correction terms, e.g., field effect, electron-electron
interactions, and electron-phonon interactions, can be introduced systematically
by self-energy terms. Nonequilibrium Green’s function (NEGF) theory is often
adopted for modeling transport processes under finite bias voltage [40—43]. In the
past decade, the atomistic computational modeling of molecular junctions has been
rapidly developed by combination of NEGF and first-principles mean-field theory,
in particular density functional theory (DFT) [44-54]. The NEGF-DFT approach
becomes now a standard tool since DFT has better computational scalability to
the system size than other electronic structure theories. However, there are some
limitations in first-principles approach yet. For an example, behavior of conductance
and transport mechanism depend on length scale of molecular wire or thickness
of the film. It is difficult to analyze these universal behaviors by only first-
principles calculations due to huge computational demands. Therefore, theoretical
modeling and computational study based on first-principles calculations should be
adopted complementarily to understand fundamental mechanisms and design a new
functional device.

In this chapter, the aim is to sketch theoretical aspects to understand the quantum
transport process in molecular junctions based on concerto of theoretical and com-
putational models with reference to recent experimental studies. Throughout this
chapter, the atomic unit (e = # = 1) is adopted to present theoretical formulations
as far as there is no declining.

8.2 Theory of Electric Transport in Molecular Junctions

In order to realize a functional molecular device, the first step is to understand
charge migration mechanism and control it. Theoretically, two opposite mechanisms
are usually considered. One is coherent transport, which consists of a tunneling
(band-like) transport, and the other is hopping mechanism as decoherence limit of
charge migration [55, 56]. The former mechanism is dominant when length scale
of the conductor is shorter than the mean free path length of the charge carrier
(electron/hole). On the contrary, the latter mechanism assumes that the carrier loses
its coherence by electron-phonon interaction, i.e., quantum nature of a carrier is lost
in the hopping mechanism. In practical molecular junctions, the two mechanisms
coexist. Coherence can survive locally over several molecular units though the
charge migration is sequential hopping between each moiety of unit groups. Hence,
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the suitable definition of “hopping site” depends on intrinsic electric structures of
molecular units when one applies hopping model to a practical system. However,
the two mechanisms show distinct universal length [57-60] and temperature [61,
62] dependence of electric conductance. Crossover of the universal behavior of
conductance is expected as its dependence on the molecular wire length (L) and
temperature (7)) when the conductance measurement is examined by varying L and
T in a wide range.

It is well known that the conductance decreases exponentially as a function of
L, 0 = opexp(—pBL) [55, 63], for conjugated organic molecular wires when L is
sufficiently short. The constant o is determined by the structure of the contact. The
exponential behavior was measured for many conjugated molecular wires, and the
B value is 107" ~ 10° A~! for most conjugated molecules [64—67]. Observation
of “length dependence crossover” has been also reported by several groups, and the
crossover is usually explained by change of the coherent to hopping mechanism [57,
64, 68—70]. Choi and coworkers made oligophenyleneimine (OPI) wires bounded to

Au substrates [64]. They found length dependence crossover at L ~ 4.0A. The fitted

Bis0.30 A~"in short L, while itis 0.09 AforL > 4.0 A. Length dependence was
measured systematically for similar oligomers, i.e., oligophenylenetriazole (OPT)
[57] and oligonaphthalenefluoreneimine (ONI) [68] wires by Frisbie’s group. In
all cases, clear crossover is presented at the length of four or five molecular units,
and they claim that the plot behaves as linear function of L, i.e., “transition” of the
mechanism from tunneling to hopping.

As shown later, exponential behavior of conductance o is the typical feature
of the off-resonant tunneling system, where the energy gap of the Fermi level
(EF) and conduction band of the molecular conductor is sufficiently large. On
the contrary, § can be considerably small and o becomes nearly constant as a
function of L when tunneling is resonant, e.g., nanowire of metallic atoms. Instead
of length dependence crossover, another characteristic behavior of ¢ is observed for
monoatomic metal wires such as Au, Pt, and Ir atoms [71, 72]. Smit et al. observed
an oscillatory evaluation of o depending on the number of atoms in the chain being
even/odd parity [71]. They concluded that the parity oscillation was universal for
metal monoatomic chain and thus length dependence of ¢ is not always linear or
exponential. These experimental findings suggest difficulty to identify the dominant
transport mechanism only by analyzing 8 obtained by a limited number of wire
length samples, and simultaneous consideration of L and T dependence is necessary.
Below, the general theory and qualitative analysis of the universal behaviors are
presented by using Green’s function framework. An inelastic transport process by
electron-vibron interaction is also treated as the extension of the same Green’s
function approach.
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8.2.1 Length Dependence of Conductance and Charge
Migration Mechanisms

In order to describe an analytical theory, the single-level tight-binding model is
very useful. Here, the theoretical model and analysis by Asai and Fukuyama [73]
is introduced, which consists of a uniform chain and cubic lattice electrodes. The
schematic figure and symbols of tight-binding parameters are given in Fig. 8.1. The
resulting model Hamiltonian is written as follows [73]:

H:HL+HR+HWire+HT

Hpr = Z Z <5L/R — 2t1LW/R (cos kyargr + cos kyaL/R)) Cltx,ky,izckx,ky,iz

0<iy kyky
L/R i
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Hwire = ZSC;Q—IZ Z C;C/‘
i=1 i j=itl
He——1 (o o) ¥ ¥ 31
r=—t\c e+ cpep g | cp CN + CyCiy 8.1)
electrode electrode
o o o o
conductor e ¢ o ©
e & 0 o
® tM. L
' <]
tL t t ti
O OO ssee
f e N o o @ o
e o ¢ o
l In oo o o
y e o o o
é_, qar
z e o o o

Fig. 8.1 A schematic view of the tight-binding model for the nano-contact composed of a
monoatomic wire and electrodes [73]



8 Theoretical Aspects of Quantum Transport and Computational Modeling. . . 195

The annihilation operator, ciy,y,j;, relates to an electronic state of the electrode
labeled by two-dimensional band « point (k,, k,) and real-space z (layer i;). The
operators c¢;, ¢y, and cj, are defined by the site in the chain and the left/right
contact sites I}/Iy, respectively. For simplicity, we take symmetric electrodes, i.e.,
the parameters are set as t,LV] = tfl = ty, 1y = tg = t., &1 = ¢eg. The cubic lattice
constant is taken as a; = ag = a. We set the metallic site energy of electrodes
to zero. Hence, Ef is also zero when the metal is half-filling. Spin dependence of
Hamiltonian is omitted in the present model.

Assuming that left and right electrodes are in thermal equilibrium, i.e., electrons
are in Fermi distribution f, the electric current is expressed by NEGF formalism as
follows [40, 43]:

1(V) = gof dETr [TL(E)G' (E)TR(E)G(E)] (fe (E. pr. T) — fr (E, jig. T)) (8.2)

where V is bias voltage and equal to the difference of chemical potential of left and
right electrodes and iy — . G is retarded/advanced Green’s function defined
in the focused device region, which is usually termed as scattering region. I"j/g is

defined as i (Ei R 2 /R), and X74 is the retarded/advanced self-energy term of

(semi-infinite) the left/right electrode. Trace part is transmission coefficient t(E),
and gy is conductance unit including spin factor. The conductance at zero bias and
temperature 7 is obtained by

o (T) = gof dE(E) (—S—JI;) (8.3)

When T is not sufficiently high, the derivative of the Fermi function in Eq. 8.3 is
close to the delta function. Thus, conductance relates to the transmission coefficient
at Ep.ie.,0(T) ~ 0 = go(Ep).

In the tight-binding model Hamiltonian, Eq. 8.1, Green’s function and self-
energy terms can be represented by an analytical form. The scattering region is
the chain and the self-energy terms are added to the left/right terminal atomic sites
of the chain. The resulting conductance o is [73]

A1 — As)?
(/11 N i)Zei(N—l)(%leﬂl(N—l) _ (Az + i)zei(N—l)Qzeﬂz(N—l) 2
(8.4)

2 4 ~2
o = 4m~got, p;

where A1/ = % + ,/ATZ — 12 and A is the energy gap Er — €. 81, and O, are

defined as ef12 = )Al/z/t‘ and ¢©12 = 112/t
/2

K respectively. The retarded self-
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energy of each electrode is

< dE’ Pe (E/) .~
3= Jl’li I:Pj 7E/ " Er + lpci| (85)

The term p. is the electron density of state (DOS) on the left (right) electrode
terminal site ; (Iy) at E = Ep; py, (=N)EF and p, are also calculated analytically.
Equation 8.4 is useful to figure out the relation between conductance and the site
energy level alignment, which is the most essential intrinsic parameter of molecular
junctions. The analytical expression of f is derived straightforwardly from Eq. 8.4,
and the parameter y = \%\ gives threshold of the tunneling regimes. When y

>1,012 ~ 0 and Bi» ~ In (HA/Zt‘ + /A4 — 1

), respectively. When the

tunneling is completely off-resonant, i.e., y >> 1, the values of B, are ¢! — ’A / t‘

and ¢#2 — 0. Hence, dy, the conductance in the off-resonant tunneling, is expressed
by the exponential function of L as

(8.6)

where the distance between neighboring sites (molecular units) is set to dy and B is

_2In(A/)

B n

8.7)

This analytical expression tells that there are distinct regimes of exponential and
non-exponential behavior specified by a threshold value, i.e., 8, = 2;‘;2.

On the contrary, y <1, and the transport is resonant tunneling or band-like
transport. One can find clear conductance oscillation as a function of L (or number
of sites in the chain) by plotting Eq. 8.6 when the parameter is set to y < 1. When
x =~ 0, the oscillation of o is even/odd parity for the number of the sites in the
wire. Furthermore, theoretical calculation predicts the change of parity (even/odd or
odd/even) is reversible by change of y. With increasing y to 1, the periodicity of
oscillation becomes large and infinite at y — 1. Hence, validity of B estimated by
a limited number of data by experiments or first-principles calculations has to be
examined carefully when a system is more complex molecular wire (e.g., multilevel
sites) and likely quasi-resonant tunneling, y ~ 1. Adding to length dependence,
it is worthwhile to note the amplitude of conductance oscillation. The amplitude
is governed by a ratio of transfer integrals, 2/tyy and t. There is a threshold value,

tg/#‘, which gives perfect transmission, and the amplitude becomes large when
deviation from the threshold increases.

Formulation of hopping mechanism is derived by the NEGF framework when
the decoherence term such as electron-vibron interaction and electron-electron

interaction is large. Here, the decoherence term is the coupling term of electron and
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inter-/intramolecular vibration (vibron) in the present case though other terms (e.g.,
impurity scattering, electron-electron scattering) are also possible. It is sufficient
to focus on only charge migration between the nearest neighboring sites of the
wire. Following the argument by Yeganeh and coworkers [74], the simplified model
Hamiltonian is adopted, where only the site “0” couples strongly with vibron (i.e.,
source of decoherence) of the wire:

Hyire = scoco + Z sc i — IZ Z cci+M (b + bT) coco + QobTb (8.8)
i j=itl

where M is electron-vibron coupling strength and b7(b) is the creation (annihilation)
operator of vibron, whose frequency is €2g. In the strong coupling limit, applying
canonical transformation (Lang-Firsov transformation) [75, 76] is convenient:

Here = exXp (_CO (bwL b)) Hwire exp (—ﬁcgc (bwL — b))

(8——) c—tZ( cl+cc)+82c c,+t2 Z (c cj+cc,)

i#0 i j=itl
= Hpop + & Z ci ¢+ Z‘Z Z (C}Lcj + C;Ci)
i#£0,41 i j=itl
(8.9)

The site “0” is the source of decoherence. The new operators, ¢ and 7, are defined
as ¢, exp( (b' - b)) and texp( (b"— b)), respectively. Focusing on the
Hamiltonian of hopping site Hj,p, charge migration rate is derived by using Eq. 8.2
where the left and right electrodes are replaced to the sites of i # 0 in Eq. 8.9. Then
one gets the hopping conductance as 0 = —anoizlmG’ (e). Green’s function is
now defined by Hj,,. Since Hj,, consists of the vibron term, we consider finite
temperature Green’s function, i.e.,

2
G (e) = ZBXP§ ( ) (2Nge + 1) ( (go) v Npe (Npe + 1))

Q M> -
X exp (st;) (5 - (80 - Q_o) —nQ + i5) (8.10)

where [, is the Bessel function. Introducing an asymptotic form of the Bessel
function and after several algebras [74], the conductance is expressed as a high-
temperature limit

~ ~\ 2
o~ 2mgor” ex (A _ A) (8.11)
¥ ikt Y 42ksT '
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where A relates redox potential of the two sites and Ais equal to Agiz Equation 8.11
is formally similar with the electron transfer rate expression by the Marcus theory
[55, 77]. The analogue of Marcus’s electron transfer rate theory and charge
migration by hopping mechanism (polaron) has been often adopted for analysis of
organic semiconductor and polymer [78]. For many conjugated molecular wires,
one hopping site can consist of two or more molecules and hopping is multi-step.
Conductance is independent or linear to L when transport is dominated by hopping
mechanism (decoherence limit). Equation 8.11 predicts Arrhenius-type thermal
activation for hopping mechanism.

8.2.2 Universal Temperature Dependence Crossover
and Inelastic Scattering Effect by Electron-Vibron
Interaction

In Sect. 8.2.1, universal “length dependence crossover” and the two different charge
migration mechanisms were described. Observation of sufficiently large thermal
activation energy is considered to be a direct evidence of hopping mechanism.
Equation 8.11 was proved by NEGF framework with strong coupling limit of
electron-vibron interactions. However, it is not clear whether temperature depen-
dence and relating thermal activation energy is decided uniquely or not by given L.
As a theoretical view, a relating question arises: Is strong electron-vibron coupling
a necessary condition to realize the Arrhenius-type behavior? The questions have
been opened by Selzer et al. [61]. They used a sufficiently short molecule to avoid
strong decoherence caused by large L: thus, transport is expected to be almost
coherent. They observed temperature dependence crossover in the same I-nitro-
2,5-di(phenylethynyl-4-mercapto)benzene molecule. A similar crossover has been
reported for biomolecular junctions, e.g., DNA molecule by Yoo et al. [79] and dry
bacteriorhodopsin by Sepunaru et al. [80]. Recently, Lee et al. measured temperature
dependence of a single oligothiophene molecular wire, where each measured wire
contains 5 (5T), 14 (14T), and 17 (17T), respectively [81], as shown in Fig. 8.2.
Temperature dependence crossover is not found in the short (5T) and long (17T)
wires, and each conductance plot can be explained by coherence and hopping
mechanisms as usual. However, in the middle length (14T), the conductance is
almost unchanged (a ~1.8x107° Go) up to 350 K, and then it increases with
increasing temperature (cr ~ 1.8 x 10_5G0) at T=450 K. Since the length is
fixed, strength of electron-vibron coupling should be the same. Hence, temperature
dependence of decoherence term is responsible rather than dependence of coupling
strength.

The same model Hamiltonian of Eq. 8.1 was applied, while electron-vibron
interaction by the extended Su-Schrieffer-Heeger (SSH) model was added [81].
Contrary to the canonical transformation, the self-consistent Born approximation
(SCBA) was adopted to calculate Green’s function, i.e., strength of each coupling is
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Fig. 8.2 Plots of temperature dependence of conductance for 5T, 14T, and 17T molecular
junctions [81]

assumed to be sufficiently weak. In the SCBA, both nonequilibrium electron and
vibron Green’s functions (labeled as D) are determined simultaneously through
electron-vibron self-energy terms, Y i (electron) and [ [.vi» (vibron) [82]. Interest-
ingly, SCBA results in successes to reproduce a universal behavior of conductance
o in both low- and high-temperature regimes, i.e., nearly zero and large thermal
activation energies. The temperature dependence of the SCBA results was nicely
represented by the scaling function S (7T) = Aexp(—tanh(B/T)) + C, where the
form of the function is derived by the single-mode polaron model. The parameter
B represents the activation energy and corresponds to the lowest vibron energy.
C is constant to match the conductance at a low-temperature limit and A is the
adjust parameter. Scaling analysis by S(7) to the experimental conductance was also
applied and showed fairly well agreements with each other. Recall that the present
Arrhenius-type behavior is obtained by SCBA of weak electron-vibration coupling
approximation. Thus, Arrhenius-type o and large activation energy are not evidence
of the hopping mechanism of strong electron-vibron coupling. High temperature
enhances decoherence and provides the thermal activation energy though strength
of coupling is weak. In this sense, the concept of “hopping” mechanism should be
extended.

As stated above, the electron-vibron interaction affects o even when the inter-
action is weak. Only an inelastic process exchanges energy between electron and
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vibron, while both of elastic and inelastic scatterings change electric current by
resonance of electron and vibron. Rapid change of electric current is observed when
the applied bias matches to the energy €2, of vibrational mode «. Hence, the plot
of the second derivative of electric current by bias, %, provides a peak or dip
at V ~ Q, and is called inelastic electron tunneling spectroscopy (IETS) [83—
90]. IETS is a fingerprint of the bridge molecule and useful spectroscopic tool to
prescribe the bridge molecular species and adsorbed molecular conformation [91].
One of interest is that its shape (peak/dip) of IETS depends on a molecular wire [92].
The peak shape was usually observed in organic molecular junctions [87, 93-98],
and the early theory of IETS showed that energy exchange of inelastic processes
opens a new channel of tunneling electron, i.e., IETS gives a peak shape for positive
bias (and dip for negative bias). On the contrary, Agrait et al. measured IETS of
some metal atomic nanowires and found that the shape of IETS is dip at positive
bias V>0 [99, 100]. As shown below, peak/dip relates roughly to that tunneling is
off-resonant/resonant.

To analyze IETS, use of the normal mode coordinates is convenient to define
vibron Green’s function. Nonequilibrium effect and details of thermal dissipation
of excited vibron energy is often omitted in IETS analysis. Within the model of a
single site and single vibrational mode in the wire part like Eq. 8.8, the difference of
I with and without electron-vibron interaction, 81, is evaluated simply by using the
lowest-order Born expansion (LOE) [48, 101-103] with omitting the energy shift
by the interaction. The second derivative of §1 by bias is expressed as follows:

d? (81 A?— (T, +Tr)?*/4 &°F
% ~ goM>t (Ep) (Te + Ta)' /4 " (8.14)
{82+ (1 + /4
where the function F is only a function of V, T, and 2,:
F=(Q¢—=V)Npe (R =V, T) = (2 + V)Npe (2, + V., T), (8.15)

and Ngp(w, T) is the Bose-Einstein function. When I'; and I'g terms are almost
equal, Eq. 8.14 leads to a more simple form as follows:

d* (81 d*F
T gobPe (B (12 () o

v (8.16)

Equation 8.16 predicts clear peak/dip change at v (Er) = 0.5, i.e., the sign of
IETS depends on that tunneling is resonant (band-like) or off-resonant [104]. More
detailed analyses have been performed by SCBA with changing the parameter A
and #7 [105]. The resulting phase diagram gives the phase boundary of peak and
dip as well. The boundary and that calculated by the condition 7 (Er) = 0.5
agree qualitatively when the correction by real part of self-energies is considered.
However, the agreement of SCBA and LOE is not sufficient when the values of A
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and 1y, are small, which represents resonant tunneling at weak-link contact. In this
region, multiple scattering effects will become important for IETS analysis.

8.2.3 MO Engineering and Contact Chemistry via
First-Principles Calculations

Up to now, universal behavior of transport phenomenon of molecular junctions
is discussed, and the simple model Hamiltonian approach was very useful for
analysis. However, parameterization is very complicated for complex molecules
or nanostructured wires, where quantum interference [36, 37, 106—-108] due to
topology, multi-site effect at an anchoring point, and multilevel effects play essential
roles to device functions. Thanks to recent development of computational methods,
in particular combination of NEGF and DFT [44, 47-51, 54, 109-112], first-
principles transport calculation is possible. Once first-principles results are obtained,
we can estimate observables like IV characteristic and extract convenient quantities
to understand molecular-oriented device feature by using first-principles Green’s
functions, projected wave functions, and so on.

In the first-principles approach, the scattering region is defined as the region
consisting of the molecular part and a sufficiently large number of atomic layers of
left and right leads since the electronic structure of the contact (interface) region and
deep bulk electrodes must be treated on the equal footings. The self-energy terms
are added on the most outer region of the scattering region, i.e., deep bulk region.
In NEGF-DFT, Kohn-Sham Hamiltonian is used to define Green’s functions: thus,
self-energy of electron-electron interaction is incorporated as mean-field potential,
Hartree (V) and exchange-correlation (Vxc) terms. An external electric field due
to bias voltage is also inserted to the Hamiltonian, and perfect screening is assumed
in the electrodes. The mean-field approximation makes calculations easy since the
relating lesser self-energy term is zero [43, 113]. The most time-consuming step is
updating the density matrix and getting a converged result in self-consistent cycles
since the numerical integral of the lesser Green’s function by energy is necessary.
Many algorithms and numerical techniques have been proposed to get fast SCF
convergence and reduce computational cost [44, 48, 54, 114, 115]. There are
several drawbacks in the standard NEGF-DFT, e.g., underestimating the HOMO-
LUMO gap by omitting dynamical correlation, unknown V¢ function applicable to
nonequilibrium condition, and so on. Several theoretical efforts have been reported
such as an extension to time-dependent DFT framework [116-119], analysis of
derivative discontinuity of XC functional [120, 121], and correction by partial
GW approximation [122, 123]. In spite of these drawbacks, NEGF-DFT is still a
useful and practical tool to perform first-principles transport calculations. Here, we
introduce a few examples of the recent NEGF-DFT calculations to show the power
of the first-principles transport calculation.
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Fig. 8.3 Chemical structures
of diphenylene-ethynylene
with single (1Py) and
tripodal-leg (3Py) anchors
based on pyridine [124]

Designing robust anchoring is as important as synthesizing the conductor to avoid
breaks of contact by heating or concentrated electric field. Recently, use of tripodal-
leg anchor based on pyridine (3Py) was proposed as shown in Fig. 8.3, and better
robustness was confirmed by mechanical stability of the three contact points rather
than improvement of chemical bond strength [124]. Interestingly, the observed
electric conductance of diphenylacetylene anchored by 3Py is about 140 times larger
than that of a single pyridine (1Py) anchor unit, in which the tunneling channel
is m orbital of N atom. In order to understand the distinct nonadditive contact
effect of 1Py and 3Py, first-principles calculations are necessary. Two structures
of the surface electrodes, (111) and (001), were adopted as computational model
systems to perform NEGF-DFT. The resulting o of the former 3Py junction was
1.16x107°Gy, which is close to 1Py. On the contrary, o of 3Py (001) electrodes was
2.27 x 107*Gy. The molecular orbital relating to the tunneling is given in Fig. 8.4,
and the first-principles results predict formation of & contact at (001) electrode. In
other words, the high conductance of the 3Py anchor can be explained by formation
of m contact. The presented example shows importance of “contact chemistry” to
design the molecular device [125].

NEGEF-DFT is used to calculate not only coherent (ballistic) current but also
inelastic electric current by electron-vibron scatterings and is applied to assign
IETS [126—-134]; however, most of the calculations have been performed within the
perturbation theory or LOE theory and applied to assign IETS. The LOE has more
simplified expression than that of the rigorous lowest-order Born expansion [103] by



8 Theoretical Aspects of Quantum Transport and Computational Modeling. . . 203

Fig. 8.4 The plot of wave
function of conducting
molecular orbital of 3Py
junction for Au(111) (left
panel) and Au(001)
electrodes (right panel),
respectively [124]

introducing approximations like energy averaging [47] and/or WBL [101, 102] and
so on. In the standard LOE method implemented to the NEGF-DFT, vibron Green’s
function D is represented by normal mode coordinates, and the self-energy I1; + I}
is parameterized to damping constant 7,. This approximation still includes the
nonequilibrium term of vibron (vibron excitation) though it is not accurate enough
to estimate local heating. LOE is a practical approach to combine first-principles
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methods and applicable to simulate inelastic processes at low bias when the tunnel-
ing is off-resonant or resonance is not as narrow as the scale of €2,. Comparison
of the IETS signals by experiments and NEGF-DFT calculations has been studied
very actively. Typically, agreement of the shape and peak/dip positions is fairly well
for alkane-dithiol chain systems and metal atomic wires. Comparing with these
alkane chains, agreement is not sufficient quantitatively for aromatic molecular
junctions (e.g., benzene-dithiol), in particular for asymmetric low-frequency modes.
Since most of aromatic molecular backbones have high symmetry, IETS is very
sensitive to conformation of the molecule, electrodes, and adsorbed structure. Small
perturbation easily mixes different irreducible representation modes: thus, more
precise measurement and careful computational modeling will be necessary to get
quantitative agreement. However, for qualitative assignment of IETS signals and
active vibrational modes, NEGF-DFT and LOE provide useful insight.

In Fig. 8.5, (a) the first-principles IETS of benzene-dithiol and (b) four Au
atomic wires attached on the Au electrodes are presented. Temperature was fixed
with 5.0 K. For simplicity, only three longitudinal modes were included for the Au
wire, while all molecular internal modes were considered for the benzene-dithiol
junction. Difference of IETS shape (dip/peak) is clearly presented. In both cases,
some phonon damping parameters 7, were examined. Let us consider the two
limited cases. One is 1, — oo (damped limit), which represents that the excitation
energy is relaxed instantaneously to the electrodes and vibron is always in thermal
equilibrium. The other is , — 0 (undamped limit), where thermal dissipation is
assumed to be very slow. With decreasing n, (i.e., from damped limit to undamped),
offset grows in IETS signal. Observed offset is caused by bias dependence of the
distribution function of each vibron, which is deviation from Npg. Since the total
number of the internal modes of benzene-dithiol is 36, most of the normal modes
are IETS inactive. The symmetry rule and propensity of IETS have been discussed
for several groups [135-139], but they are not as simple as the rule of IR and
Raman spectroscopy [130, 140]: thus, first-principles calculation is highly desirable
to analyze experimental IETS signal.

Simulation of IETS is also a useful tool to identify the mechanism of current-
induced chemical reaction [141]. Very recently, Ohto et al. examined NEGF-DFT
to understand molecular switching mechanism of melamine on Cu electrode by
STM [142]. Using nudged elastic band method [143] and IETS calculation, they
found that the reaction coordinate of the conformation switch agrees with the highly
IETS active mode. By following calculations of current-induced adiabatic force and
electric field effect [144, 145], they concluded that switching is dominated by direct
vibrational heating of the promoting mode. Then the action spectra are calculated by
performing current-induced reaction dynamics using first-principles data. They also
found that the backward reaction is forbidden by less vibrational heating because of
nearly zero IETS intensity of the relating mode. This is consistent with experimental
observation [146].

In addition to NEGF-DFT calculations of observable properties like /V, extract-
ing some first-principles data and parameterizing model Hamiltonian will be very
useful to screening research of device material design and/or to attack challenging



8 Theoretical Aspects of Quantum Transport and Computational Modeling. . . 205

a
15
AG“
(AG* AU*,B3U")
Undamp
---- Damp
—~ 10
> (B1G*,AG) "
- 1 AG
o B2G
>
3 AG'
8 :
57 B2G ]
i "
]
. ll', :‘I i \
'I"I i \ i h :“ i)
Pt L A {
0 e S e R T T
0.0 0.05 0.1 0.15 0.2
V, (V)
b
0
-1
o2
2
g
-3
5
) The values of M (meV)
2 Ao —— Undamp
-=== Damp
5 —= 00
--—-- 0.05
........ 01
-6 T r T T T I 1 T |

Vs (mV)

Fig. 8.5 Calculated IETS of benzene-dithiol (a) and four Au atomic chains (b). Only three
longitudinal modes are included in the calculation of the Au chain. The label in the upper panel
represents irreducible representation of the group of the assigned vibrational modes. The adopted
damping factor of each plot is in the insets [48]
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transport problems beyond DFT without huge computational demands. In the
following, we describe a systematic theoretical method to extract characteristic
quantities bridging traditional MO theory and NEGF approach. In order to analyze
intrinsic molecular properties, MO theory is the most popular and powerful utility.
The design of functional molecules by tuning energy and phase of the frontier
MOs (highest occupied MO, HOMO, or lowest occupied MO, LUMO) by chemical
modification or chemical substitution is one of (atomistic) chemical engineering,
i.e., MO engineering [147]. MO engineering should be a key to create a desired
device. However, hybridization of MOs and continuum states of the electrodes
changes the electronic structure of “free” molecules and charge donation/back
donation through the contact shift energy alignment relative to Er. Furthermore,
electronic interaction between molecular and metal electronic states governs both
mechanical strength and conductance as illustrated in the tripodal anchoring system.
Hence fusion of MO engineering and contact chemistry is desired.

One of the straightforward approaches is calculating transmission eigenchannel
wave functions, and another is adopting an MO picture based on effective Hamilto-
nian formalism [148]. The former approach is given in Ref. [149]. The latter scheme
consists of (i) defining Hamiltonian projected onto the focused molecular region
(this projected Hamiltonian is often called molecular projected state Hamiltonian,
MPSH) [150] and then (ii) renormalizing the remaining part by projection operator
technique [13]. When the projection operators to focused molecular region, left
outer region, and right outer region are denoted as P, QL, and Qg, respectively,
the effective Hamiltonian on the P space is

H{L(E) = Hpp + Hpo, Goo(E)Hg,p + HoprGog(E)Hpg,  (8.20)

where Xyy represents YXY. The Hpp term is the MPSH. Q is equal to QL + Qg and
P + Q1 + Or = 1 as the operator. The eigenstates of MPSH define MO basis {¢,}
and this is termed as projected MO (PMO). In contrast to MOs of a free molecule,
the PMO has a complex energy term by the last two terms in Eq. 8.20:

Eo =< Qo |Hpp| 9u > + < @ |Re (Hpo, GooHo,p + HowrGooHroy) | 0o >
+i < @ |Im (Hpg, GooHo,P)| 9o > +i < @u |Im (Hpg,GooHo,r)| 9u >
= &4(E) — iyL(E) — iyr(E)
8.21)

where the real values ¢, and y/r represent the PMO energy and electronic coupling
strength with the left (right) electrode, respectively. The term &, consists of an
energy shift by orbital hybridization of PMO and wave functions of electrodes.
The complex orbital energy €, depends on energy E. Only when one focuses on
low bias voltage E may be fixed with Er. The first-order contribution of ¢, to the
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conductance is evaluated by the Breit-Wigner form as

4yLyr

_ , 8.22
(Er —ea)* + (yr + v8)° (8:22)

Ta

and one can identify the conducting MO by checking each 7,. Note that all
parameters can be calculated by NEGF-DFT directly and these parameters include
the orbital phase and contact effect implicitly, i.e., straightforward extension of MO
engineering unified with contact chemistry.

Using the effective Hamiltonian, site energy alignment for conduction is roughly
estimated. To obtain site energies, further division of the P space to three subspaces
and then diagonalization of each sub-block matrix of Hpp (not H;‘flf,) are performed.
The resulting eigenvector relates localized molecular orbitals (MOs) on each site.
Then (renormalized) site energy can be obtained as the matrix elements of H;ﬁ;(EF)
in the (new) localized MO basis on each group [13].

8.3 Rectification by a Single prn Molecule with Symmetric
Anchors and Electrodes: Aviram-Ratner
or Ellenbogen-Love Diode?

In the following sections, a unimolecular rectifier of a pn resembled diblock
molecule [151-156] is discussed. The diode molecule proposed by AR (AR diode
molecule) consists of m-Donor (wD) and m-Acceptor (rA) molecular groups
separated by a o spacer bond, and it has often been denoted as D-0-A [10]. The
A (D) part plays an analogous role as p-type (n-type) semiconductor of the bulk
pn junction, and the forward direction of the AR diode is same with that of bulk
pn diode. Based on AR’s idea, many D-0-A and several D--A structure molecules
have been synthesized, and asymmetric IV characteristics have been observed in
a high bias voltage regime (typically above 1.5 V) [157-160]. However, most of
the proposed D-0-A molecules consist of an asymmetric contact because D and
A groups are usually completely different molecules. Hence, it is not clear that
rectification is triggered by the intrinsic electronic structure of the separated D and
A or by the asymmetric structure of the contact.

In the AR model, the energy alignment of HOMO of 7D group and LUMO of
1A relative to Ef is focused and effects of nonequilibrium electronic response of
HOMO and/or LUMO to finite bias is omitted. On the contrary to AR, Ellenbogen
and Love (EL) focused on the change of energy gap between MOs localized on 7w D
and A by applied bias direction [12]. The forward direction in the EL. mechanism is
opposite to that of the pn because the positive bias voltage of mA — n D direction is
expected to lift up the HOMO level of D while it may diminish the LUMO energy
of mA. NEGF-DFT calculations have been examined to various D-o0-A rectification
molecules and the results supported EL mechanism [15, 161].
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On the side of IV measurement experiments, a key to make “molecular”
rectification mechanism clear is (i) arranging symmetric electrodes and anchors
in the junction and (ii) identifying forward direction with regulated orientation
in single-molecule level. Only very recently, the precise measurement of the
unimolecular rectifier satisfying (i) and (ii) is performed [154, 155]. Recently,
several experimental groups have observed clear rectification behavior in a series
of self-assembled monolayers (SAMs) made of pn resembled diblock molecules
instead of a D-0-A structure [151, 154-156]. The forward direction in these cases
agrees with that of pn junctions. The latest study includes single molecular diode
property found experimentally in a specific form of the diblock molecules, i.e.,
bipyrimidinyl-biphenyl molecule with the symmetric thiol anchors. IV character-
istics of the bipyrimidinyl-biphenyl asymmetric molecule were compared with
that of its symmetric counterpart, i.e., tetraphenyl molecule [155]. This leads to
an experimental finding that the rectification of the asymmetric molecule starts
from very low voltage. These experimental findings conflict with EL mechanism:
thus, the question is that if rectification is realized by classical AR or alternative
mechanism relating an intrinsic pn feature built in the diblock molecule.

The NEGF-DFT was applied to the asymmetric and symmetric molecules,
then, clear asymmetry was found in the IV curve of the single asymmetric. The
rectification ration, n(V) = Iorward/Ibackword, 18 1.34 and 1.58 for V=0.5 and
1.0 volt, respectively. In particular, the rectification ration of first-principles and
experimental results agrees well in the low-bias region V <0.5 volt. This result
shows that qualitative parameters such as n(V) by NEGF-DFT are sufficiently
reliable though NEGF-DFT by local density approximation (LDA) or generalized
gradient approximation (GGA) XC functions often overestimate the absolute value
of conductance and electric current. The agreement between the theoretical and the
experimental results in this region is excellent, while the difference grows rapidly
as we increase bias voltage above 0.6 V.

The forward direction of rectification obtained by the calculation agrees with
the experiments, i.e., it behaves in the same way as the standard pn junction. To
understand the mechanism of the pn forward direction, analysis of PMOs for electric
transport channels and their bias dependence are useful. According to Eq. 8.22,
both ¢, and the product of y,; and yq.g (or square root of y yg) are important
in characterizing “conducting” molecular orbitals. For example, let us consider an
extreme case where 1 <y, and yg = 0. The electric current through the molecule
is negligibly small in this limit even when &, ~ Ep (i.e., resonant tunneling) and
yL + yr is large. The parameters &, and the square root of the molecule-electrode
coupling product /YarVer Were used to identify conducting PMOs. E is set to zero
below.

In Table 8.1, values of (Sa, m) for HOMO-1, HOMO, and LUMO were
listed. Here, note that the terminologies of HOMO/LUMO for the PMOs are
defined by a relative energy level of ¢, to Er for each bias case as usual. They
were obtained from our first-principles analyses at V = +0.4 and V = %0.8 volt,
respectively. The target molecule projected out by the projection operator P then
is the dithiolated diblock molecule. In the case of the single symmetric molecular
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Table 8.1 PMO energies and the square root product of the molecule-electrode couplings for
tetraphenyl (symmetric molecular junction) and bipyrimidinyl-biphenyl (asymmetric molecular
junction). Results of HOMO-1, HOMO, and LUMO are listed where E is set to 0. The bold italic
parts indicate the dominant PMOs for tunneling. The units of bias and energy (coupling strength)
are volt and eV, respectively (Data taken from Ref. [13])

Tetraphenyl

Bias Ey—y VLVR Ey VLYR E; VLVR
—0.8 —1.90 0.433 —0.97 0.162 2.01 0.090
—0.4 —1.72 0.331 —1.05 0.142 2.01 0.062
0.4 —1.84 0.358 —1.02 0.143 2.08 0.071
0.8 —1.80 0.489 —0.99 0.166 1.95 0.113
Bipyrimidinyl-biphenyl

Bias Ey—y JVLVR Ey VLYR E; VLVR
—0.8 —1.41 0.285 —1.00 0.011 1.63 0.071
—0.4 —1.31 0.152 —1.21 0.044 1.60 0.042
0.4 —1.42 0.018 —1.18 0.106 1.44 0.038
0.8 —1.50 0.048 —1.09 0.144 1.35 0.065

junction system, the most dominant PMO for electric current is the HOMO, and
A/ YaLVar 18 Symmetric with respect to the sign change of bias voltage. On the
contrary, /VarYar Of the single asymmetric molecular junction system depends
much more on the voltage sign. At positive bias, drastic asymmetry of electronic
coupling strength to electrodes was obtained, i.e., \/VarVar << 1 for HOMO-1,
while it was observed at negative bias voltage for HOMO, i.e., the conducting MO
is switched from HOMO to HOMO-1. This switch is an intrinsic property as a
result of finite bias response of phase and amplitude of MOs, and the complex MO
energies should be derived by the effective Hamiltonian. The rectification is realized
by this switching because electric current through HOMO-1 should be smaller than
that through HOMO because of a larger gap between HOMO-1 and EFf.

Similar MPSH analysis has been successfully applied to several other molecular
diodes [15, 162]. For an example, Stadler et al. discussed a theoretical view of
unimolecular rectification by PMO energy curves of a function of bias voltage V,
where they determined PMO energies by the peak position of t(E) [14, 163]. The
spaghetti-like PMO energy curves are somewhat similar with Born-Oppenheimer
(BO) potential energy curves of a molecular system; however, the latter is defined
as a function of reaction coordinate. When one adopts a “diabatic” representation,
which can be defined as the states “enforcing smoothness of some physical property
or electronic structure” [164, 165], the diabatic MOs can be defined by enforcing
smoothness of the value of y,yr as a function of V. Clear rectification is then a result
of avoided crossing by diabatic coupling between conducting and non-conducting
diabatic MOs.

In order to get a more intuitive picture, the site energy alignment of the above
asymmetric molecule is illustrative. Argument of similarity and difference with AR
mechanism or EL mechanism is possible by site (complex) energy alignment as
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well. The diblock molecule is represented by four sites, i.e., two phenyl groups
and two pyrimidinyl groups for the asymmetric molecule and four phenyl groups
for the symmetric molecule, respectively. The most left and right sites include
anchor atoms. The site energy alignment of the single symmetric molecular junction
changes symmetrically by varying the polarity of V. The site energy of the right edge
phenyl group decreases by 2.01 eV when the V is increased from —0.8 to 0.8 V,
although the change of the site energy of the two middle groups is much smaller
(0.22 eV) than that of the edge groups. This behavior is consistent with the fact that
the phenyl molecule is electron accepting, i.e., it is n type (;A). It is also reasonable
because we expect that the molecule-electrode interaction effect is mostly limited to
the edge molecular groups. On the other hand, the change at the edge pyrimidinyl
site (0.63 eV) is much smaller than that of the edge phenyl site. The change of
site energy alignment induced by bias voltage is analogous to what is expected in
the reduction of built-in potential or smoothed slope of band bending by forward
bias in the bulk pn junction. The intended direction of charge migration is given
by nD (pyrimidinyl) — 7 A (phenyl) in the EL mechanism, while 7D wA favored
bias-induced change of electronic coupling strength of wA-LUMO which is much
smaller than 7A-HOMO (<1.0 %) in the present pn resembled molecule. Thus, the
EL mechanism is not likely [13].

After demonstrating the asymmetric /V characteristics in a low bias voltage
regime, the IETS was measured to explore effects of the diode property to inelastic
current and heating [155]. According to Eq. 8.16, enhanced asymmetry is expected
in the inelastic current of the diode molecule. In Fig. 8.6, the measured and
calculated IETS of the bipyrimidinyl-biphenyl is plotted. Note that both plots are

. . . . . 27 .
obtained by subtracting the derivative of elastic current, and —(% is plotted when
bias is negative. As same with IV characteristics, symmetric tetraphenyl was also

Fig. 8.6 Subtracted IETS in il
low-bias regime. The thick
green curve is for positive
bias and the thin gray curve is
the negative bias region
rotated 180°. The black and
red curves are the calculated
IETS in positive and negative
bias, respectively [155]
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examined for comparison. Although slight asymmetries in the peak intensity may
be due to either effect from the conformation of the junction or from asymmetry of
electron-vibron coupling, they do not show consistent asymmetric intensity across
the molecular junction. Asymmetry is much smaller than that expected by Eq. 8.14
and it is almost symmetric for the fingerprint modes. Theoretical results by NEGF-
DFT support nearly symmetric intensity. Recall that symmetric electronic coupling
strength (in this case, Y41 & Yqr) is assumed when Eq. 8.14 is derived. The bias-
dependent asymmetry of electronic coupling strength as well as the MO energy level
works to suppress asymmetry of IETS intensity in the present system.

8.4 Summary

In this chapter, modern views of molecular electric transport were presented based
on concerto of theoretical models and first-principles calculations. Some illustrative
examples of applications to electric and energy-harvesting devices were presented
to clarify our views. Actually, study of molecular electronics has a long history,
and there are many interesting experimental findings relating to functional devices;
however, there are several problems to creating a practical device and circuit, yet.
The theory of molecular junction is just a border of the transport theory in solid
or mesoscopic physics and electron transfer theory in chemistry. The unified views
are very useful to make a bridge of theoretical approaches in physics and chemistry
communities.

The basic theory of length and temperature dependence of molecular con-
ductance or electron transfer rate is sometimes considered to be a textbook
example; however, there are rooms to deepen the theory and to refine the model
in order to explain recent experimental findings such as even/odd oscillation of
conductance, crossover of length and temperature dependence, and so on. The
last problem relates to a fundamental but difficult issue: how to handle electron-
phonon or electron-vibron scatterings in a nano-contact. Effort of theoretical and
computational modeling and application to practical systems will give a new insight
to local heating and Joule heating in broader nanoelectronics.

A single molecular rectifier by adopting a pn diblock molecule rather than a
classical D-0-A structure was analyzed to identify really “intrinsic” rectification
of the molecule where symmetric anchors, controlled molecular orientation to the
electrodes, and clear identification of forward/backward bias polarity to the molec-
ular orientation are required. NEGF-DFT and effective MPSH analysis merged MO
and transport theories. A view of MO engineering and contact chemistry provides
modern classification of a molecular rectifier. This is one of the successful examples
to prove the usefulness and power of first-principles transport calculation. Of course,
the present status of first-principles transport calculation is not sufficient because of
lack of electron correlation. With developing computational algorithm of “beyond
NEGF-DFT,” theoretical development is required for nonequilibrium quantum
transport. A molecular rectifier is a good target to tackle this nonequilibrium
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electron correlation problem. Potentiality of molecular junctions and designing
suitable materials to high-efficiency energy-harvesting devices is more challenging.
Theoretical aspects shown in this article are applicable to more general devices like
metal oxide bulk heterojunctions, Si materials, and so on, where a sub-10 n scale is
now in the scope. It seems evident that understanding and controlling the quantum
nature of transport have large capability to tailor-made functional device.
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Chapter 9
Single-Molecule Sequencing

Masateru Taniguchi

Abstract In this chapter, the use of single-molecule conductance for DNA sequenc-
ing, a principle target of the $1,000 Genome Project, will be discussed. Since
starting the project, numerous universities and companies have attempted to develop
single-molecule sequencers but have not yet demonstrated a proof of concept. A
major challenge has been the fabrication of nanoelectrodes with a 1 nm gap, equal
to the diameter of single-stranded DNA molecules. The breakthrough discovery of
the use of tunneling currents was required to perform single-molecule electrical
sequencing. This discovery led to a proof of concept using a chemically modified
scanning tunneling microscope (STM) and mechanically controllable break junction
(MCBJ). These single-molecule measurement technologies are now being devel-
oped for application studies.

Keywords Single molecule ¢ Sequencing ¢ Tunneling currents « DNA ¢ RNA

9.1 Introduction

Many people believed that the end of the Human Genome Project in 2003 meant the
dawn of personalized medicine and therapeutics based on genomic information [1—
4]. However, the long time and exorbitant cost to read an entire human genome have
been a significant barrier to realizing personalized medicine [5—7]. To overcome this
barrier, the US National Institutes of Health (NIH) that led the Human Genome
Project has founded the $10,000 and $1,000 genome projects with the goal of
reading an entire human DNA sequence in 1 day for the cost of $10,000 and $1,000,
respectively [8—13]. The final target of the $1,000 genome project is to develop
single-molecule DNA sequencers that can identify the sequences of the four-base
molecules in DNA by measuring single-molecule conductance.

First- and second-generation DNA sequencers identify base molecules via light
emission by laser excitation of dye molecules that are chemically bonded to
base molecules [9-11]. They require polymerase chain reaction (PCR) to amplify
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sequencing templates so that sufficient material is available for generating detectable
signals. Furthermore, first- and second-generation DNA sequencing technologies
require fluorescent labels. In contrast, third- and fourth-generation DNA sequencing
technologies directly detect single-base molecules by changes in electric current
such that neither PCR amplification nor fluorescent probes are necessary [14—
17]. Comparing the throughputs and total cost to determine a complete human
genome shows that first-generation DNA sequencing technologies take 3 months
and cost approximately $10 million, second-generation technologies take 2 months
and cost approximately $0.1 million, and third- and fourth-generation technologies
will take 1 day and cost approximately $1,000 [9—11]. The use of nanopore devices
is expected to result in a technical leap in DNA sequencing technologies.
Nanopore-based sequencers can be classified into two categories based on
changes in ionic or tunneling currents (Fig. 9.1) [16, 18]. Ionic current-based
nanopores have been studied for over 30 years [16, 19]. When we observe cell
surfaces, we can see innumerable holes with diameters of several nanometers. These
holes, or nanopores, are what nanopore devices use to sequence DNA. They are
formed by channel proteins that allow the transport of specific substances such as
ions, small molecules, and DNA across the cell membrane; therefore, nanopores
have the ability of molecular recognition. For example, a nanopore may only
allow a DNA molecule to enter a cell when it identifies certain DNA sequences.
If this single-molecule recognition ability can work on a device chip, the device
would be able to identify single molecules with high precision. This idea motivated
the creation of bionanopore devices. Bionanopore devices identify base molecules
passing through a nanopore by detecting changes in the ionic current flowing
parallel to the nanopore when a voltage is applied across the membrane [16, 18, 19].
Negatively charged, single-stranded DNA molecules flow downward through the
nanopore due to electrophoresis. When no molecule passes through the nanopore, a
large ionic current is able to flow through it. When a molecule enters the nanopore,
the ionic current decreases as the molecular volume increases. Bionanopore devices

(a) E| (b)
Electrode

insulator_| | | | | [+ (I -

Molecule

Fig. 9.1 Schematic figures of (a) ionic current-based nanopore and (b) tunneling current-based
nanopores
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can read DNA sequences because the devices can identify small differences in the
molecular volume by observing the ionic current.

Nanopore-based sequencers that use tunneling currents are presented in Fig. 9.1b
[16, 18]. Nanopores of diameter less than 10 nm are formed on a Si substrate
covered with a thin SizNy film. Nanogap electrodes with spacing equal to a diameter
of approximately 2 nm are assembled in a SizN4 membrane. To reduce electrical
noise, these electrodes are covered with a thin SiO, film. This nanostructure detects
molecules passing through the nanopore using changes in the electric current
flowing between the nanogap electrodes, not by changes in the ionic current flowing
parallel to the nanopore. The current passing between the nanoelectrodes comes
from a tunneling current conducted via molecules passing through the membrane.
When a single DNA molecule passes through a nanopore, we can measure the
tunneling current, which is potentially different for each nucleotide.

9.2 DNA Structures

The entire human genome is composed of three billion base pairs in DNA. Genomic
information is obtained by sequencing DNA, where adenine always pairs with
thymine with two hydrogen bonds and guanine always pairs with cytosine through
three hydrogen bonds. The base molecules are chemically bonded to a sugar and
phosphate group. Double-stranded DNA molecules are formed between two single-
stranded DNA molecules via hydrogen bonds and can have multiple structures
(Fig. 9.2). The B-type DNA structure has ten base pairs in a pitch, compared with
the 11 base pairs in an A-type structure [20]. In the B-type DNA structure, the base
pair height is 0.34 nm, and the rotation angle is 36°, compared with 0.26 nm and

= | B i
: ' Phosphate U_J;=b

g bt 1 (]
Sugar N M) H/KJ

Adenine (A) Cytsoine (C)

NH; NH;

Guanine (G) Thymine(T)
Hydrogen bonds

Fig. 9.2 Schematic figures of double-stranded DNA, a monomer unit, and four-base molecules
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(a) (b) (c) (d)
2 @,
4
J ~ ‘
d 4
e :

Fig. 9.3 The highest occupied molecular orbitals of (a) adenine, (b) cytosine, (¢) guanine, (d)
thymine

33°, respectively, observed in the A-type structure. In addition, DNA molecules have
cations such as Na™ to balance the negatively charged phosphate group.

Due to the electrical properties of DNA molecules, only single-stranded DNA
can be used for single-molecule sequencing. The four-base molecules in DNA
are approximately 1 nm and contain -electron bonding systems. Their highest
occupied molecular orbitals (HOMOs) are distributed over the whole molecule,
whereas bonds in the sugar and phosphate groups are localized ¢ bonds (Fig. 9.3)
[15]. Intermolecular -orbital interactions between base molecules in DNA are
expected because base molecules are stacked in parallel. In fact, many researchers
expected that double-stranded DNA molecules could function as molecular wires
and have examined their electrical conductivity. Although DNA molecules can func-
tion as insulators, semiconductors, metals, and superconductors, the best electrical
description of DNA molecules is apparently that of a wide-gap semiconductor [21].
Single-molecule sequencing through conductance is difficult because of the strong
interactions between base pairs in double-stranded DNA; however, the -orbital
interactions between base molecules are expected to be weak in single-stranded
DNA molecules due to their more flexible molecular structures. As a result, single-
molecule conductance through base molecules in single-stranded DNA is expected
to originate from single-base molecules and can be potentially used for sequencing
[22].

9.3 The Principle of Single-Molecule Sequencing

There are two ways to identify single-base molecules using tunneling currents
(Fig. 9.4) [16, 18]. One is to identify single-base molecules using the tunneling
currents generated between the STM and metal substrate that has been modified with
recognition molecules. This technique, called recognition tunneling, recognizes
base molecules by their hydrogen bonds [23-25]. The second method uses tunneling
currents flowing between nanoelectrodes formed by the MCBJ [26-29].

The electric currents obtained using the two measurement methods come from
the electron transport mechanism via the HOMO in the coherent tunneling regime
where the single-molecule conductance of a base molecule can be expressed by
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Fig. 9.4 Schematic figures of (a) STM and (b) MCBJ configurations
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Fig. 9.5 Schematic diagram showing the molecular orbital levels, the Fermi level in the contacts,
and the electrode—molecule electronic coupling

Eq.9.1[15]:

_ 2¢? Ir.r,

—_— 9.1
i (Enomo — Er)’ e-b

The values Er, Eqomo, and 'y represent the Fermi energy of the electrodes, the
energy of the HOMO, and the left electrode—molecule electronic coupling strength,
respectively (Fig. 9.5). Calculations based on density functional theory indicate
that the HOMO energy order is guanine > adenine > cytosine > thymine > uracil
[27]. Assuming that the electrode—molecule electronic coupling strengths are almost
same for the four-base molecules, this order then corresponds to the order of single-
molecule electrical conductance.

In an actual measurement system, electrode-molecule electronic coupling
strengths strongly depend on the molecular conformation with respect to the
nanoelectrodes and their tip structures, resulting in different electrode—molecule
electronic coupling strengths for each base molecule. In particular, the coupling
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strengths are affected by interactions between the molecules and electrodes when
the molecules adsorb onto nanoelectrodes. In addition, molecular conformation is
expected to be stabilized in the strong electric field between nanoelectrodes due to
the dipole moments of the base molecules [22, 30-32]. Consequently, the single-
molecule conductance histogram is expected to show a broad distribution over
a single peak; therefore, it is difficult to expect an order in the single-molecule
conductance of the base pairs from a chemically modified STM tip, because
single-molecule conductance is strongly affected by the electronic structures and
conformation of recognition molecules.

In ideal nanopore devices, a single DNA molecule passes through a nanopore at
a constant velocity [17, 33]. Similarly, a single DNA molecule is expected to pass
through a nanoelectrode gap in one direction and ideally with a constant speed for
greater accuracy. Moreover, the throughput has to be higher when single-molecule
electrical sequencing technology is applied to a practical sequencer. In other words,
single DNA molecules have to enter a nanoelectrode gap at high frequencies.
Consequently, identifying single-base molecules and controlling the translocation
speed are key for the realization of higher accuracy and throughput. This chapter will
only focus on methods for identifying single-base molecules using single-molecule
conductance measurements [17, 33].

9.4 Measurement and Analysis Methods

The protocols to measure tunneling currents of single-base molecules and single
DNA molecules are almost the same for STM-based [23-25] and MCBJ-based [26—
29] methods. First, in the STM-based method, an STM tip and a metal substrate
are modified with recognition molecules. Second, the distance between the STM,
substrate, and spacing between nanoelectrodes are fixed by measuring tunneling
currents in solutions containing analytes. Then, the gap spacing is calculated on the
basis of tunneling currents. The gap spacing is kept constant via feedback control
using piezo devices. In actual experiments, measured electric currents result from
tunneling and ionic currents because the sample solutions contain ionic buffers. To
reduce ionic currents, an STM tip and nanoelectrodes formed by the MCBJ are
covered with insulating materials. After fixing the gap spacing, current—time profiles
are measured at a sampling rate of less than 250 KHz by applying a bias voltage of
0.1-0.7 V.

When current-time profiles of single-base and DNA molecules are measured,
spikelike signals characterized by the maximum current (/p) and duration (#4) are
observed (Fig. 9.6a) [23-29]. Single-molecule conductance histograms are formed
by several 100-1,000 points of I, data. Generally, single-molecule conductance
histograms of the four-base molecules show single peaks with broad distributions
[23-29]. Large overlaps of the peaks seem to prevent identifying single-base
molecules based on single-molecule conductance (Fig. 9.6b). Let us go back to the
method for sequencing DNA using optical measurements.
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Fig. 9.6 (a) Tunneling current—time profile characterized by the maximum current /, and duration
of the current #4 and (b) schematic figure of tunneling current histograms of four-base molecules

Optical DNA sequencers can identify four-base molecules using four types of
dye molecules whose absorption and fluorescent spectra overlap, similar to the
conductance histograms [34]. Thus, before processing the spectra, they comprise
the sum of the four spectra; however, after processing, all four-base molecules
can be identified. The individual spectrum of the four-base molecules corresponds
to the probability density function of wavelength fi(w). In the simplest case, the
spectrum intensity at wavelength w in the measured spectra can be expressed using
the probability density function of the four-base molecules:

cafa (@) + ccfe (@) + cofc () + crfr (w) , 9.2)

where Cx (X = A, C, G, and T) denotes the coefficient at w. For example, the
measured spectral intensity at a particular wavelength is obtained by the sum of
adenine (80 %), cytosine (10 %), guanine (8 %), and thymine (2 %). In this case, the
spectral intensity at this wavelength is assigned to adenine.

Similarly, the measured electric currents can be represented as the sum of electric
currents multiplied by probability density functions, corresponding to the single-
molecule conductance histograms of the four-base molecules: Gx(g) (X = A, C, G,
and T). Therefore, in the simplest model, the measured single-molecule conductance
can be expressed by Eq. 9.3:

axGa(g) + acGe(g) + acGg(g) + arGr(g), 9.3)

where ax denotes the coefficient at the measured single-molecule conductance g.
Consequently, small distributions of the probability density functions for single-
molecule conductance allow us to sequence DNA with high precision, similar to
an optical spectrum. However, peak wavelengths in the fluorescent spectrum are
fixed, whereas peak positions in single-molecule conductance histograms alter due
to changes in electrode—molecule electronic coupling strengths.

The current-time profiles measured for single-stranded DNA molecules are
analyzed using the following procedure [27]. Based on the Eq. 9.3, the measured
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conductance (G) is assumed to be formed from the sum of the single-molecule
conductance of base molecules comprising single-stranded DNA. The ratio of
the molecular conductance of each base molecule the overall measured G must
be determined to assign the measured G to single base. First, single-molecule
conductance histograms are constructed from all data points. In an effort to
obtain single-molecule conductance histograms of 4 base molecules, Gaussian
functions are fitted to conductance histograms. Second, the current—time profiles
are transformed into probability—time profiles. The probabilities of the four-base
molecules are calculated by inserting probability—time profiles into probability
functions of the four-base molecules. Third, the probabilities of individual-base
molecules between #y and #, are integrated using probability—time profiles. Finally,
the most likely base molecules are assigned on the basis of the highest integrated
probabilities.

However, a significant problem specific to single-molecule DNA analysis
remains. Existing DNA sequencers analyze data using machine learning, i.e., a
hidden Markov model [34] instead of a simple linear model. Both linear and hidden
Markov models assume that the measured values of single-base molecules are
independent events. In optical measurements, the observed spectra are independent
because the optical methods measure the fluorescence spectrum of dye molecules
connected to the terminus of DNA molecules, not the bases themselves. However,
in single-molecule identification via tunneling currents, the measured conductance
of single-base molecules is not independent because the conductance of single-base
molecules can be affected by neighboring base molecules through chemical bonds.
In an effort to overcome this issue, single-molecule science should be fused with
information technology.

9.5 Single-Molecule Identification of Base Molecules

Single-molecule identification of base molecules has been demonstrated using
STM and MCBJ methods. Lindsay et al. demonstrated single-molecule resolution
of single DNA bases via hydrogen-bond-mediated tunneling currents using a
nucleobase-functionalized Au STM probe and nucleoside-functionalized Au sub-
strate in organic solvents [23-25]. This quantum sequencing approach has shown
single-base resolution using tunneling currents generated between the Au STM
probe and the Au substrate functionalized with 4-mercaptobenzoic acid (Fig. 9.7).
This enabled the differentiation of single-molecule conductance in the order of
deoxyadenosine > deoxycytidine > deoxyguanosine > thymidine [25]. Furthermore,
this approach allowed identification of single-base molecules of DNA with a
conductance order of dCMP > dGMP ~ dmCMP > dAMP, although there were no
detectable signals for dT [23]. In addition, the order of peak conductance was d(C)s
> d(mC)s ~ d(A)s for oligomers. Probe drift prevented single-molecule electrical
sequencing of d(ACACA) and d(CmCCmCC) [23]; however, two conductance
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Fig. 9.7 (a) Schematic of recognition and base molecules, (b) current—time profile of dAMP, and
(c) current histogram of dAMP (Reprinted with permission from Macmillan Publishers Ltd: ref.
[23], copyright 2010)
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Fig. 9.8 Single-molecule conductance histograms of four-base molecules. Ref. [27]

plateaus corresponding to each of the two-base molecules were observed in current—
time profiles.

In the MCBJ method, when current—time profiles are measured in aqueous
solutions containing base molecules, spikelike signals are observed [26, 27, 29]. The
corresponding single-molecule conductance histograms of the four-base molecules
show single peaks (Fig. 9.8). The peak conductance order is guanine > adenine
> cytosine > thymine [27]. Note that this experimental order agrees with HOMO
energies obtained from quantum chemical calculations.

If the electron transport mechanism in single-base molecules is coherent tun-
neling, then methylated dCMP and 8-oxo-dGMP can be identified because their
HOMO energies differ from those of other base molecules. Methylated dCMP is the
most extensively studied epigenetic mark because of its direct relevance to human
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health and disease. 8-Oxo-dGMP is known as a biologically important marker for
assessing oxidative stress in humans, such as damage caused by smoking, relevant to
aging and diseases. However, existing DNA sequencers cannot identify chemically
modified base molecules without chemical modifications and pretreatments. Hence,
identifying two chemically modified base molecules is very important. Theoretical
calculations show that the HOMO energies of dCMP and methylated dCMP are
—6.1 and —6.0 eV, respectively, whereas those of dGMP and 8-oxo-dGMP are
—5.7 and —5.6 eV, respectively. Assuming that the electrode—molecule electronic
coupling strengths are the same in the original and chemically modified base
molecules, single-molecule conductance orders are expected to be methylated
dCMP > dCMP and 8-oxo-dGMP > dGMP, consistent with experimental results
[29].

9.6 DNA Sequencing

Although STM and MCBJ methods have attempted to sequence DNA, only the
MCBJ method has achieved DNA sequencing [27]. Here, the cases of TGT and
GTG are presented. Spikelike signals were obtained for DNA oligomers as well
as single-base molecules. High and low bands show single-molecule conductance
from guanine and thymine, respectively (Fig. 9.9). As clearly shown in the single-
molecule conductance histogram, three peaks corresponding to baseline, guanine,
and thymine are obtained from the current—time profiles of single-base molecules.
Next, using the above analysis method, current-time profiles are analyzed to
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Fig. 9.9 Relative single-molecule conductance—time profiles of GTG and TGT. Ref. [27]
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determine the sequences of the base molecules in DNA. In one case, two lower
plateaus of thymine were observed in the first and third positions, with guanine
forming the middle higher plateau. In the other case, guanine was observed to form
the first and third higher plateaus, with thymine in the lower center position. This
result demonstrates that the MCBJ method can achieve electrical sequencing of a
single DNA molecule. Under the present experimental conditions, not only GTG
and TGT but also G, T, TG, and GT can be identified due to the stochastic traps of
single DNA molecules.

In the present study, the movement of single DNA molecules is attributed to
Brownian motion. When a single TGT DNA sequence approaches the nanoelec-
trodes and returns, electric signals corresponding to a single thymine molecule are
obtained. When a single TGT DNA sequence passes through the nanoelectrodes,
electric signals corresponding to TGT are obtained. Similarly, electric signals
corresponding to a guanine molecule were obtained when a single TGT DNA
sequence approached the electrodes and returned.

9.7 RNA Sequencing

RNA is formed from adenine, cytosine, guanine, and uracil, which have two OH
groups in a sugar group [20]. Recent studies reveal that microRNA (miRNA) is
a small RNA molecule that has approximately 22 base molecules and regulates
gene expression at the translational level. MiRNA expression profiling of human
tumors has identified the signature associated with diagnosis, staging, progression,
prognosis, and response to treatment; however, existing DNA sequencers cannot
directly identify sequences of miRNA base molecules [35]. Determination of such
sequences is based on transcription of RNA to DNA, i.e., reverse transcription, and
transcription errors are expected to result in low accuracy. Instead, single-molecule
sequencing technologies can directly sequence RNA, eliminating transcription
errors and the need for pretreatments related to reverse transcription.

In addition to DNA, single-molecule conductance histograms of the four-base
molecules of RNA are determined using the MCBJ method. Experimental results
show that the conductance order for single-molecule RNA is guanine > adenine
> cytosine > uracil, corresponding to their HOMO energies. In addition, an RNA
molecule of UGAGGUA is sequenced using the MCBJ and analysis methods. Here,
three typical current—time profiles are shown (Fig. 9.10). Similar to the current—
time profiles of DNA, those of miRNA showed electric currents corresponding to
each base molecule. UGAGG is obtained from the upper current—time and U, G, A,
and AU in the middle current—time. A long fragmented sequence UGAGGUA was
obtained in the lowest profile. Here, 35 fragment sequences were used to assemble
the sequence contigs. Sequence contig 1 was assembled as UGA using 13 fragment
sequences. Similarly, contigs 2, 3, and 4 were assembled as GAGG, AGGUA, and
AGGU, respectively, using the 17-, 9-, and 13-base fragment sequences. The four
contigs were assembled as UGAGGUA.



228 M. Taniguchi

(@) UGAGGUA

o E G,
[0} Sequence
-% 2 i ﬂ‘ contig 1
]
n: ML lhmi
Data point Time
b r o
®ucacgua
| ¥
b G 4 o
EY TR [ --'—#«——J-Hﬁ - :
& u. . ﬁ'ﬂq "ﬂf TR
& et g ¥ i e ! Pt
Data point Time AUUGAG AU
Sequence
(©) UGAGGUAUA Soniig 3
o |
2 i
= | w | K | Sequence
«© [ T J'& 1 r cgnng -
Q \ | |
o T ..af} s
Data point Time AU AUAUGAGUU U UGAGGUA

Fig. 9.10 Relative single-molecule conductance—time profiles of (a) UGA, (b) UGAGG, (c)
UGAGGUA, and (d) the 35 fragmented sequences used for resequencing the microRNA of
UGAGGUA. Ref. [27]

Single-molecule conductance can be expressed in Eq. 9.1, where electrode—
molecule electronic coupling shows a single molecular conformation with respect
to nanoelectrodes and their tip structures. Comparing current—time measurements of
single-base molecules with single-base molecules in DNA, the degree of freedom in
the latter is lower due to restriction of chemical bonds. In fact, the full width at half
maximum of single-molecule conductance of single-base molecules for DNA and
RNA is lower because the smaller degree of freedom makes variation in electrode—
molecule interactions smaller [27].

9.8 Peptide Sequencing

Peptides are biomolecules formed by 20 types of amino acids and have many
biological functions [36—42]. For example, a peptide formed by 29 amino acids
exhibits a hormone action to raise blood sugar levels, whereas another peptide
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formed by seven amino acids performs antibacterial action. Based on knowledge
of different peptide functions, natural peptides can act as biomarkers of physical
conditions and diseases, whereas artificial peptides can be drug discovery targets
[37,38, 41, 43-45].

Sequences of amino acids are very significant to determine peptide functions,
although peptides do not perform these functions until one or more amino acids
are chemically modified. This chemical modification is called posttranslational
modification and enables proteins to exhibit biological functions [46-51]. The
phosphorylation of tyrosine is a well-known posttranslational modification that
is closely related to cancers and metabolic diseases [46, 51]. Since there are no
methods to amplify and directly sequence peptides, preparing peptide samples
is time-consuming and expensive. In these cases, single-molecule sequencing
technologies are expected to reduce time and cost because sample preparation is
not necessary.

As well as all four-base molecules and chemical modified base molecules of
DNA and RNA, amino acid molecules and chemical modified amino acid were
identified via tunneling currents using the STM tip modified with recognition
molecule[52] and MCBJ [28] (Fig. 9.11). In the STM measurements, amino acid
molecules are captured via hydrogen bonds formed between amino acids and
recognition molecules (Fig. 9.12) [52]. When recognition tunneling currents were
measured in buffer solutions of individual amino acid molecules, spikelike signals
were observed, similar to the DNA and RNA measurements discussed above.
However, recognition tunneling current histograms show exponential decay and
the overlaps of the wide range. This is why distinctions between different amino
acid molecules are difficult. A machine learning algorithm called support vector
machine (SVM) [53-58] was introduced in an effort to overcome this issue. SVM
was used to distinguish amino acid molecules into two classes by obtaining large
recognition tunneling current—time data of two amino acid molecules and learning
from these data parameters. Of course, using SVM to distinguish the signals strongly
depends on the signal features of the two chosen amino acid molecules. Two
specific signal features (top average amplitude of recognition tunneling currents and
Fourier component) of the tunneling current distributions were selected and were
able to distinguish glycine (Gly) and methylglycine (mGly) with a probability of
P =0.95. This is in stark contrast to the probability of P = 0.55 obtained using only
recognition tunneling currents [52]. This method was able to identify five amino
acids, one chemically modified amino acid, and one pair of enantiomers. In addition,
the single-molecule method shows the potential to determine the mix ratio of two
amino acid molecules in a solution formed by the two molecules. Because SVM
algorithms are binary classifiers in general, the representation of time series data
and what feature parameters to select are the key for realizing to identify all 20
amino acid molecules.

The conductance—time profiles of the 20 amino acids are measured using the
MCBIJ to obtain single-molecule conductivity [28]. Unlike the base molecules
of DNA and RNA, there are differences in the molecular size of amino acid
molecules. Therefore, single-molecule conductance measurements were performed
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Fig. 9.11 Amino acids identified via (a) recognition tunneling and (b) tunneling currents

using 0.7- and 0.5-nm-nanogap electrodes. Similar to the base molecules of DNA
and RNA, the histograms corresponding to different amino acids show single
easily distinguishable peaks. When the 0.7-nm-nanogap electrodes are used, nine
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Fig. 9.12 (a) Schematic of recognition and amino acid molecules, (b) current-time profile of N-
methylglycine, and (¢) two-dimensional plot of probability density as a function of the FFT feature
value and top average amplitude (Reprinted with permission from Macmillan Publishers Ltd: ref.
[52], copyright 2014)

amino acids can be identified. The nine conductance histograms obtained from
conductance—time measurements using the 0.5-nm-nanogap electrodes show single
peaks, similar to those observed when using the 0.7-nm-nanogap electrodes. As a
result, 12 amino acid molecules could be identified via tunneling currents using
the two different nanogap electrodes. Notably, tyrosine and phosphotyrosine could
be distinguished by tunneling currents. Estimating the single-molecule conductance
order of amino acid molecules using their HOMO energies is difficult because the
amino acid molecules are not -electron systems.

Next, using the 0.7-nm-nanogap electrodes, electrical measurements of the
original peptide and the phosphorylated peptide were performed [28]. Based on
the single-molecule conductance measurements of individual amino acids and the
above analysis method, the three measured peaks were assigned to tyrosine (Y),
phenylalanine (F), and phosphotyrosine (pY) (Fig. 9.13a). In this analysis, other
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chemical modified peptide. Ref. [28]

amino acids were assigned to a generic group X. The partial sequence of amino acids
that comprises the peptides can be read from their conductance—time profiles. The
intensities of the plotted data show the signal numbers as percentages of the total.
Based on their conductance intensities, the most likely amino acid sequence can
be determined. The left (Fig. 9.13b) and right (Fig. 9.13c) figures correspond to the
original peptide and phosphorylated peptide, respectively. These results demonstrate
that peptides can be partially sequenced and posttranslational modifications can be
detected by conductance profile analysis.

A current-time signal contains information of a fragmented sequence. The
original and chemically modified peptides have one tyrosine and phosphotyrosine,
respectively. Therefore, the number of electric signals of tyrosine and phospho-
tyrosine is expected to be the same as in the original and chemically modified
peptides in solution. This indicates the possibility of quantitative analysis where
sequences of amino acids in peptides and their proportion in a mixture can
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be simultaneously determined. When current—time profiles of a solution with a
ratio of the original/chemically modified peptide = 1/5 are measured, the ratio of
fragmented sequences containing the original and chemically modified peptides
is expected to be 1:5. Experimental results obtain a ratio of 1:4.3 [28]. The
experimental results confirm that the current—time profile analysis can be used to
effectively determine the ratio of original to chemical modified peptides.

9.9 Perspective

Tunneling currents can detect small differences in electronic structures of single
molecules. Single-molecule electrical sequencing using tunneling currents can
identify sequences of base molecules in DNA and RNA and sequences of amino
acids in peptides. In addition, unlike existing DNA sequencing techniques, single-
molecule sequencing methods can identify base and amino acid molecules, many
of which are very important disease markers. Single-molecule sequencing methods
may allow us to realize quantitative analysis where sequences of amino acids and
the proportion of peptides in a mixture can be determined. This single-molecule
quantitative analysis can be applied to DNA and RNA, particularly miRNA.

The development of methods for controlling the speed of single molecules is
key for obtaining high accuracy, high throughput, and the length of the sequences
that are read [17, 33]. An ideal method is to flow single DNA, RNA, and
peptide molecules in one direction at a constant speed. Many research groups are
currently working on developing single-molecule speed control technologies [17,
33]; however, technical leaps are required because the hydrodynamics of single
molecules in solutions cannot be explained by conventional hydrodynamics.

It is found that information science plays a significant role in distinguishing
base and amino acid molecules. Nanoscience and nanotechnology studies based on
physics and chemistry require an understanding of the origins of the measurement
data, and it is often difficult to completely understand and control the phenomena.
For example, large overlaps of distributions of single-molecule conductance appear
to be a big barrier for identifying single molecules. However, information science
allows us to stochastically identify phenomenon using large data. Hybridization
of nanotechnology and information science will lead to remarkable innovations in
single-molecule science and technologies.

Acknowledgment This work is supported by KAKENHI Grant No. 26220603 for financial
support.



234

M. Taniguchi

References

— OO0 XU A WN —

—_—

12.
13
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.

26.
27.

28.

29.

30.
31.
32.
33.
34.

35.
36.
37.
38.
39
40.
41.
42.
43.
44.
45.

. Levy S et al (2007) Plos Biol 5:2113
. Wheeler DA et al (2008) Nature 452:872
. Manolio TA, Brooks LD, Collins FS (2008) J Clin Invest 118:1590

Lander ES et al (2001) Nature 409:860

. Feng SH, Jacobsen SE, Reik W (2010) Science 330:622
. Xu X et al (2011) Nature 475:189

Chen JF et al (2013) Nat Commun 4:1595

. Schloss JA (2008) Nat Biotechnol 26:1113

. Mardis ER (2011) Nature 470:198

. Kircher M, Kelso J (2010) Bioessays 32:524

. Loman NJ, Constantinidou C, Chan JZM, Halachev M, Sergeant M, Penn CW, Robinson ER,

Pallen MJ (2012) Nat Rev Microbiol 10:599
Metzker ML (2010) Nat Rev Genet 11:31

. Holt RA, Jones SIM (2008) Genome Res 18:839

Rothberg JM et al (2011) Nature 475:348

Zwolak M, Di Ventra M (2008) Rev Mod Phys 80:141

Branton D et al (2008) Nat Biotechnol 26:1146

Venkatesan BM, Bashir R (2011) Nat Nanotechnol 6:615

Taniguchi M (2015) Anal Chem 87:188

Dekker C (2007) Nat Nanotechnol 2:209

Saenger W (1984) Principles of nucleic acid structure. Springer, New York

Taniguchi M, Kawai T (2006) Physica E 33:1

Zwolak M, Di Ventra M (2005) Nano Lett 5:421

Huang S et al (2010) Nat Nanotechnol 5:868

Chang S, He J, Kibel A, Lee M, Sankey O, Zhang P, Lindsay S (2009) Nat Nanotechnol 4:297
Chang SA, Huang S, He J, Liang F, Zhang PM, Li SQ, Chen X, Sankey O, Lindsay S (2010)
Nano Lett 10:1070

Tsutsui M, Taniguchi M, Yokota K, Kawai T (2010) Nat Nanotechnol 5:286

Ohshiro T, Matsubara K, Tsutsui M, Furuhashi M, Taniguchi M, Kawai T (2012) Sci Rep
2:501

Ohshiro T, Tsutsui M, Yokota K, Furuhashi M, Taniguchi M, Kawai T (2014) Nat Nanotechnol
9:835

Tsutsui M, Matsubara K, Ohshiro T, Furuhashi M, Taniguchi M, Kawai T (2011) J] Am Chem
Soc 133:9124

Krems M, Zwolak M, Pershin YV, Di Ventra M (2009) Biophys J 97:1990

Lagerqvist J, Zwolak M, Di Ventra M (2006) Nano Lett 6:779

Lagerqvist J, Zwolak M, Di Ventra M (2007) Biophys J 93:2384

Yokota K, Tsutsui M, Taniguchi M (2014) Rsc Adv 4:15886

Durbin R, Eddy S, Krogh A, Mitchison G (1998) Biological sequence analysis. Cambridge
University Press, Cambridge

Kim VN, Han J, Siomi MC (2009) Nat Rev Mol Cell Biol 10:126

Ganz T (2003) Nat Rev Immunol 3:710

Zasloff M (2002) Nature 415:389

Lewis RJ, Garcia ML (2003) Nat Rev Drug Discov 2:790

. Peschel A, Sahl HG (2006) Nat Rev Microbiol 4:529

Haass C, Selkoe DJ (2007) Nat Rev Mol Cell Biol 8:101

Hancock REW, Sahl HG (2006) Nat Biotechnol 24:1551

Brogden KA (2005) Nat Rev Microbiol 3:238

Hruby VJ (2002) Nat Rev Drug Discov 1:847

Purcell AW, McCluskey J, Rossjohn J (2007) Nat Rev Drug Discov 6:404

Fjell CD, Hiss JA, Hancock REW, Schneider G (2012) Nat Rev Drug Discov 11:37



46.

47
48

54.
55.
56.
57.
58.

Single-Molecule Sequencing 235

Mann M, Jensen ON (2003) Nat Biotechnol 21:255

. Bode AM, Dong ZG (2004) Nat Rev Cancer 4:793

. Westermann S, Weber K (2003) Nat Rev Mol Cell Biol 4:938
49.
50.
51.
52.
53.

Gallego M, Virshup DM (2007) Nat Rev Mol Cell Biol 8:139

Walsh G, Jefferis R (2006) Nat Biotechnol 24:1241

Witze ES, Old WM, Resing KA, Ahn NG (2007) Nat Methods 4:798

Zhao YA et al (2014) Nat Nanotechnol 9:466

Chang CC, Lin CJ (2011) LIBSVM: a library for support vector machines. Acm Trans Intell
Syst Technol 2:27

Burges CJC (1998) Data Min Knowl Discov 2:121

Hsu CW, Lin CJ (2002) IEEE Trans Neural Netw 13:415

Guyon I, Weston J, Barnhill S, Vapnik V (2002) Mach Learn 46:389

Suykens JAK, Vandewalle J (1999) Neural Process Lett 9:293

Brown MPS, Grundy WN, Lin D, Cristianini N, Sugnet CW, Furey TS, Ares M, Haussler D
(2000) Proc Natl Acad Sci U S A 97:262



	Preface
	Contents
	1 Molecular Electronics: A Brief Overview of the Status of the Field
	1.1 Definition of Molecular Electronics
	1.2 A Brief History
	1.2.1 Molecular Monolayers: Langmuir-Blodgett Technique
	1.2.2 Molecular Monolayers: Self-Assembly
	1.2.3 Single Molecules
	1.2.4 Present Status of the Field

	1.3 Will Self-Assembled Molecular Circuits Replace Silicon?
	1.4 Intrinsically Quantum
	1.5 Challenges for Applications
	1.6 Challenges for Fundamental Understanding
	1.7 Outlook and Conclusions
	References

	2 Methods to Determine Electrical Conductance of Single-Molecule Junctions
	2.1 Introduction
	2.2 Mechanical Break Junction Method
	2.2.1 Principle and Instruments for the Break Junction Method
	2.2.1.1 Scanning Tunneling Microscope-Break Junction (STM-BJ)
	2.2.1.2 Mechanically Controllable Break Junction

	2.2.2 Statistical Data Analysis
	2.2.2.1 Distance and Conductance: Two-Dimensional Histogram
	2.2.2.2 Cross Correlation and Conditional Histogram Analysis

	2.2.3 Related Techniques
	2.2.3.1 Distance Modulations
	2.2.3.2 Electromechanical Responses
	2.2.3.3 Electrical and Electrolyte Gating


	2.3 Other Experimental Methods to Prepare Single-Molecule Junctions
	2.3.1 Electromigration Technique
	2.3.2 Ultrahigh-Vacuum and Low-Temperature Scanning Tunneling Microscope

	2.4 Summary and Perspective
	References

	3 Characterization of the Single Molecular Junction
	3.1 Introduction
	3.1.1 Plateau Length Analysis
	3.1.2 Point-Contact Spectroscopy and Inelastic Electron Tunneling Spectroscopy
	3.1.3 Surface-Enhanced Raman Scattering
	3.1.4 Current–Voltage Characteristics
	3.1.5 Thermopower Measurement
	3.1.6 Shot-Noise Measurement
	3.1.7 Force Measurement

	3.2 Summary and Future Perspective
	References

	4 Molecular Wires: An Overview of the Building Blocks of Molecular Electronics
	4.1 Introduction
	4.2 Saturated Hydrocarbon Wires
	4.3 Oligo(enes) and Oligo(ynes)
	4.4 Oligo(arylenes)
	4.5 Oligo(phenylene ethynylenes) and Oligo(phenylene vinylenes)
	4.6 Summary and Outlook
	References

	5 Insulated Oligothiophenes
	5.1 Introduction
	5.2 Oligothiophenes with Bulky Silyl Substituents as Insulating Units
	5.3 Completely Insulated Oligothiophenes with Anchor Units
	5.4 Insulation-Tuned Oligothiophenes
	5.5 Insulated Oligothiophenes with Hopping Conduction
	5.6 Insulated Oligothiophenes with Electron-Affinity Characteristics
	5.7 Summary
	References

	6 Synthesis and Physical Properties of Three-Dimensionally Insulated Molecular Wires
	6.1 Introduction
	6.2 Synthesis of Three-Dimensionally Insulated Molecular Wires
	6.2.1 Synthesis of Cyclodextrin-Based Insulated Molecular Wires
	6.2.2 Synthesis of Permethylated Cyclodextrin-Based Insulated Molecular Wires
	6.2.3 Synthesis of Insulated Molecular Wires with High Charge Mobility
	6.2.4 Synthesis of Functionalized Insulated Molecular Wires
	6.2.5 Synthesis of Insulated Metallopolymers
	6.2.5.1 Synthesis of Solid-State Phosphorescence Insulated Metallopolymers
	6.2.5.2 Synthesis of One-Dimensional Insulated Coordination Polymers


	6.3 The Establishment of Wiring Methods Utilizing Organic Reactions Between Nanosized Gaps
	6.4 Summary and Conclusions
	References

	7 Orbital Rule for Electron Transport of Molecular Junctions
	7.1 Introduction
	7.2 Tight-Binding Model for Molecular Junctions
	7.2.1 Two-Site Model
	7.2.2 Three-Site (Triangular) Model
	7.2.3 Orbital Rule from Experimental Observations
	7.2.4 Spin-Dependent Transport in Molecular Spin Junctions
	7.2.4.1 Coherent Approach for the Spin-Flip Process
	7.2.4.2 Incoherent Approach for the Spin-Flip Process


	7.3 Summary
	References

	8 Theoretical Aspects of Quantum Transport and Computational Modeling of Molecular Electronic Device
	8.1 Introduction
	8.2 Theory of Electric Transport in Molecular Junctions
	8.2.1 Length Dependence of Conductance and Charge Migration Mechanisms
	8.2.2 Universal Temperature Dependence Crossover and Inelastic Scattering Effect by Electron-Vibron Interaction
	8.2.3 MO Engineering and Contact Chemistry via First-Principles Calculations

	8.3 Rectification by a Single pn Molecule with Symmetric Anchors and Electrodes: Aviram-Ratner or Ellenbogen-Love Diode?
	8.4 Summary
	References

	9 Single-Molecule Sequencing
	9.1 Introduction
	9.2 DNA Structures
	9.3 The Principle of Single-Molecule Sequencing
	9.4 Measurement and Analysis Methods
	9.5 Single-Molecule Identification of Base Molecules
	9.6 DNA Sequencing
	9.7 RNA Sequencing
	9.8 Peptide Sequencing
	9.9 Perspective
	References


