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Abstract

The field of molecular electronics ultimately aims to develop electronic devices
using single molecules as building blocks. To achieve this goal, a thorough
understanding of the structure-property relationships in molecular architectures
is crucial. The past few decades have seen an explosive number of studies in this
emerging field, establishing a solid foundation for electronic interactions at the
nanoscale. Despite this progress, the route to genuinely stable and reproducible
devices still faces many challenges. This work contributes to tackling some
of these challenges by studying the effects of manipulating components of a
nanoscale junction on its electronic transport properties. Scanning tunnelling
microscopy techniques are employed to fabricate junctions and measure the
current through them.
Firstly, the influence of junction design on electron transport is studied by
inserting platinum or ruthenium metal atoms in the molecular bridge. These
organometallic wires generally have a higher conductance than their organic
counterparts due to a smaller gap between highest occupied and lowest un-
occupied molecular orbitals. However, in the thioether induced midgap wires
studied here, only the ruthenium wires show an increased conductance. This
is a result of a stronger coupling between molecule and metal, and a better
distribution of orbitals along the entire junction, which is not the case for the
platinum wires.
In the second part, one of the two metal electrodes is replaced by transpar-
ent indium tin oxide for future optoelectronic studies and applications. New
anchoring groups for binding to this semiconductor electrode are designed and
show promising results, including one group that only binds to this indium
tin oxide electrode. Moderate rectification is also observed for these metal-
molecule-semiconductor junctions.
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ABSTRACT ii

In the third and last part, three junction designs for studying complex effects
in molecular structures are discussed. The first is a three-dimensional metal
complex, designed to study supramolecular lateral effects, where the metal
does not seem to participate in the transport pathway. The second contains
a metallic anchoring group, which does not seem to be suitable for forming
junctions using the dynamic scanning tunnelling microscopy break-junction
technique. Finally, a molecular wire that is designed for optical switching
shows a curious inverse correlation of conductance with applied bias voltage.
The results presented here confirm yet again that there is a complex interplay
between several key parameters, which together dictate the electrical behaviour
of nanoscale junctions.
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SAM Self-assembled monolayer
SEC Spectroelectrochemistry
SMe Methyl thioether
STM Scanning tunnelling microscope/microscopy
STMBJ STM break-junction
STM-I(s) STM current-distance spectroscopy
STM-I(t) STM current-time spectroscopy
T Temperature
UV-VIS Ultraviolet–visible
V Voltage
XPS X-ray photoelectron spectroscopy



Chapter 1

Introduction

“I learned very early the difference between knowing the name

of something and knowing something.”

— Richard P. Feynman
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Silicon is the major component in almost all commercial electronic devices [1].

However, chip fabrication using silicon has now reached its fundamental limit

in scaling down transistors, as predicted by Moore in the sixties [2]. Therefore,

high demand for alternative designs is now driving the use of novel materials

and architectures, in both research laboratories and industry alike. A promising

approach is the use of single molecules as active components, because of their

reduced size, structural diversity obtained through flexible chemical design, and

vast availability using facile bulk synthesis [3]. Creating these molecule-based

nanoelectronic devices requires a fundamental understanding of conductance

mechanisms across metal-molecule-metal junctions. The properties of molecules

have been studied intensively for about a century. A few early visionary ideas

slowly conceived possible ways to combine the two broad research areas of

molecular sciences and electronics. But it was not until the development of

some key techniques like the scanning tunnelling microscope (STM) [4] and

the atomic force microscope (AFM) [5], that experimental verification of these

ideas became possible. Following these breakthroughs in nanoscale science, the

field of molecular electronics started to take shape. It has grown rapidly since

then and has allowed for synergistic discoveries in both electronic engineering

and the structure-property relationships of molecules. Specifically, molecules

have been studied as individual units or small assemblies of units, allowing

for conditions that are far from thermodynamic equilibrium. Over the years,

molecular electronics has evolved and matured significantly and now involves

many branches of science to make a highly interdisciplinary field. Nevertheless,

molecular electronics would not be anywhere without the pioneering develop-

ment of the transistor by Shockley and colleagues.

1.1 History of molecular electronics

The history of commercial electronic chips can be pointed to the invention of

the transistor. It was conceived independently by Lilienfield in 1926, Heil in
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Figure 1.1 Schematic illustration of the first transistor (left), and the metal oxide
semiconductor transistor that allowed for easy mass production and miniaturisation
(right). Adapted from reference [6] and US patent No. 3,102,230 [7].

1930, and Shockley in 1935, before being realised in 1947 in the laboratories

of Bell Labs [6], see left panel of Figure 1.1. This work was awarded the

1956 Nobel Prize in Physics. However, this device was neither optimised for

mass production nor easy to reduce in physical size. Both of these problems

were overcome by Atalla and Kahng in 1961, who developed the metal oxide

semiconductor field-effect transistor (MOSFET). Approximately 70 years later,

we currently know what a ground-breaking discovery this was for making pos-

sible the technologies of today. Soon after the first few electronic MOSFET

chips were developed, Moore recognised a halving trend, which he predicted to

continue for about a decade [2]. In short, the number of resistors per unit area

would double approximately every two years. Therefore, computing power (and

speed) would also double every two years. This became known as Moore’s law

and ended up holding true until the 21st century. Von Hippel was the first to

propose thinking of atoms and molecules as small building blocks to make larger

structures, rather than ever decreasing the size of existing architectures [8]. This

is the revolutionary bottom-up approach, which has several advantages over

the traditional top-down designs. In 1959 Richard Feynman gave a fascinating

speech, that is now famous, on why it was important to pursue the world of

the small [9]. He invited the scientific community to start exploring the new
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and exciting field of nanotechnology. Progress was not very fast in the years

that followed, mainly because of experimental limitations to explore and test

ideas based on these concepts. Mann et al. were the first to study molecular

assemblies in 1971, which were sandwiched between two metal electrodes [10].

Here, they showed a clear dependence of conductance on molecular length,

which will be discussed in detail below. Around the same time, Aviram and

Ratner published the idea of a molecular diode based on a single molecule that

contained both an electron donor and an electron acceptor moiety, separated

by a saturated (insulating) carbon chain [11]. This work was paramount to the

development of the field of molecular electronics because it was the first case in

which a single molecule was the main component of an electrical circuit.

1.2 The metal-molecule-metal junction

The setup described by Aviram and Ratner represents a circuit at the nanoscale

level, where the molecule is a resistor. A schematic of such a simple circuit

is shown in the top panel of Figure 1.2. Connected to a power supply are,

from the edges to the centre, first the reservoirs for supplying electrons (the

source) and carrying them away (the drain). Changing the polarity of the

power supply switches the source and drain around. Moving further inwards,

the bulk reservoirs become continuously smaller and lead into electrodes of

nanoscale size. Next, the terminal ends of a single molecule are bound to

both electrodes, thereby forming the nanoscale junction. The centre of the

molecule, also called the bridge or backbone, can be modified depending on

the goal for the system in question. Finally, the environment around the

junction also plays an important role when designing systems that are either

for fundamental exploration of properties or for electronic circuits based on

molecular assemblies. Here, the term ‘junction’ refers to the extended metal-

molecule-metal configuration, whereas the molecule by itself is referred to as the

‘molecular wire’. Each part of a junction as described above has been studied
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Figure 1.2 Schematic illustration of a molecular junction (top), and model of energy
levels (bottom). Adapted from reference [12].

extensively by numerous groups since the first diode that was proposed by

Aviram and Ratner. The bottom panel of Figure 1.2 shows the energy levels of

the electrodes at zero bias, i.e. no voltage is applied across the junction. When

a bias voltage is applied, the positive electrode moves down in energy, and the

negative electrode moves up. Then, the change in electrochemical potential

between the two electrodes results in a current flow. The Lorentzian Breit-

Wigner curves in between the electrodes represent the molecular orbital levels,

and are derivative Fermi functions (see chapter 2 for details). These curves are

transmission probabilities of electron transport through the molecule. When

the HOMO is closer to the electrode Fermi levels, it dominates transport, and

the magnitude of the transmission (and thus conductance) corresponds to the

area under the curve. This area lies symmetrically around the Fermi energy

level, and its width is determined experimentally by the applied bias voltage. It
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is also called the bias window and runs from negative 0.5∗V to positive 0.5∗V.

For example, if the bias voltage is 300 mV the bias window runs from -150 eV

to +150 eV, see section 4.4 for more details.

Often used in the literature, the following variables describe each part of the

junction: Φ for the Fermi levels of the electrodes, Γ for the coupling strength

between molecular terminals and electrodes, and∆E for positions of the frontier

molecular orbitals with respect to the Fermi level. A convenient model for

transport theory is the single-level model, in which ∆E is generally replaced

by ε. Here the complex collection of molecular orbitals and electrode den-

sity of states is simplified by assuming a single energy level that dominates

transport. In addition to these important intrinsic junction parameters, other

factors that influence the junction performance, conductance, and stability,

are external factors (or environmental effects), such as temperature, solvent

properties (including pH), light, mechanical effects like stress, strain, and force,

electric field strength and polarity, magnetic effects (spintronics). Some of these

are useful to map out mechanisms, such as dependence of junction conductance

on temperature. Or the effect of the length of a junction, which is a combination

of the intrinsic length of the molecule, and the external factor of the separation

between the electrodes, or whether the molecule is extended in the junction

or not. Other variables are more prominent for studying active components

for molecular electronics, for example using light to switch a junction between

relative states of high and low conductance.

The conductance values of such junctions are a direct result of the electron

transmission probability across the junction [13]. The position of the highest

unoccupied molecular orbital (HOMO) and lowest unoccupied molecular orbital

(LUMO) of the molecule are important here. This is because the transmission

strongly depends on how well the resulting frontier molecular orbitals (FMOs)

align with the (metal) electrode Fermi levels [14]. Another important parameter

that influences the transmission is the electronic coupling strength between the

metal electrodes and the molecule, i.e. the contacts [15]. The anchoring group
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of the molecule that binds to the metal electrode plays a key part in this process

[16]. Anchoring groups for gold electrodes have been studied widely and include

thiols [17], amines [18], methyl sulfides [19], pyridines [20], and covalent carbon

[21].

1.3 Electrode formation

Various experimental methods exist for creating nanoscale electrodes, which

can be categorised according to the number of molecules that are measured

simultaneously. Investigating the properties of individual molecules has the

advantage of retaining critical information because averaging over vast numbers

is not necessary. Measuring ensembles of molecules, on the other hand, is

essential for establishing how properties of individual molecules scale up when

gathered in large arrays. The majority of experiments to date have focused on

electrodes made out of metal. However, nonmetal materials have also shown

promising results to form electrode-molecule junctions. A tremendous milestone

for the field was the development of scanning probe microscopy (SPM) as

it opened up numerous possibilities for measuring both single molecules and

ensembles. SPM techniques are discussed in detail in subsection 1.3.1 below

because they are the main focus of this thesis.

The first study with a single-molecule resolution was published in 1997 by Reed

et al. [22] They measured the conductance of a benzene dithiol molecule using a

technique called the mechanically controlled break-junction technique (MCBJ)

[23]. The working principle of the MCBJ is relatively straightforward in which

a thin metal wire is fabricated on top of a flexible substrate. A push rod then

moves this substrate up and down, thereby stretching and compressing the

metal wire. When stretched just the right amount, it breaks apart to form a

nanogap that can be bridged by molecules in solution to form a junction.

In 1999 two additional techniques were developed for measuring individual

molecules, one using electrochemical deposition and the other based on elec-
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tromigration. The deposition technique relies on lithography to first create

two metal electrodes with a separation of roughly 50-400 nm [24]. The exact

distance is not critical because additional metal is electrodeposited in the second

step. Monitoring the decreasing resistance between the growing electrodes then

provides an exact ditance of atomic resolution. The electromigration technique,

on the other hand, forms two nanoscale electrodes by using an electrochemi-

cal current to break apart the metallic wire[25]. In a follow-up study, the

same group measured the nanomechanical properties of a buckminsterfullerene

molecule trapped between gold electrodes [26]. Unfortunately, a significant

downside of this technique is that the junction geometry is hard to control.

Carbon is the most promising nonmetal material for creating single-molecule

electronic junctions. It is atomically rigid, unlike metal atoms, which are very

mobile. This property makes carbon more robust, more reproducible, and

easier to scale up. It is also cheap, abundant, and naturally compatible for

integration with organic and biological materials. An example architecture for

its use as electrodes is the carbon nanotube (CNT) [27]. These structures are

produced using an electric arc, laser ablation, or chemical vapour deposition

[28]. After immobilisation on a substrate surface, a nanogap is formed either

by electrical breakdown using a high-density current [29] or a combination

of ion-beam etching and oxidative cutting [30]. More advanced architectures

can be achieved using straightforward solution-based chemical methods [31].

Graphene is a two-dimensional atomic sheet of carbon, which is also showing

promise as electrode material for molecular-scale electronics [32]. Nanogaps in

the direction of the graphene plane can be created using electroburning [33], or

dash-line lithography [34]. Single-molecule STM junctions with a perpendicular

orientation on graphene were recently studied by Tao et al. [35]. Other

nonmetal materials besides carbon include semiconductors like silicon [36–38],

indium tin oxide [39], and gallium arsenide [40], but also conducting polymers

[41].

Since this work focuses on single-molecule techniques and specifically the STM,
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elaborate details of ensemble junctions can be found in the comprehensive

review of Xiang et al. [3]. However, a brief overview of the existing techniques

is given below. The majority of electrode fabrication methods for measuring

molecular assemblies use liquid metals, evaporation, or some form of lithogra-

phy. It can be somewhat confusing at first to get familiar with each ensemble

technique. The reason for this comes from the different names, which can refer

to the material used (liquid metals), the process (lithography), or even refer to

the resulting architecture (crossbar). On top of this, many critical studies have

combined several of the methods in various clever ways.

The first liquid metal experiments were done using two mercury drop electrodes,

contacting a monolayer of alkane dithiol molecules [42]. Chiechi et al. developed

eutectic gallium-indium (EGaIn) as a different type of liquid electrode [43]. A

different approach relies on the so-called lift-off and float-on technique, which

softly applies the top electrode onto the molecular layer by using a solvent bath

[44]. Loo et al. developed another popular technique in 2003, involving nan-

otransfer printing [45]. Kushmerick et al. developed a crosswire architecture,

where the top contact can be established gently using a controllable magnetic

force [46]. The first reported crossbar structure was created using a combination

of a polymer-assisted lift-off and nanotransfer printing [47]. In 2007 Tang

et al. developed a technique based on self-aligned lithography [48]. Earlier

methods already used lithography to create nanopore [49], planar nanowell

[50], or on-wire [51] architectures. Akkerman et al. developed the buffer-

interlayer technique in 2006 to reduce the number of defect junctions from the

penetration of metal through the molecular layer [52]. On-edge architectures

first create the complete electrode architecture [53]. The advantage here is

that the molecular layer is the last step, which is less invasive and allows for

redesigning the junction architecture by changing the molecular layers.

Combinations of techniques include Nijhuis et al. who combined the liquid

EGaIn electrode with optical lithography and transfer printing methods to

create a crossbar architecture [54]. On-wire lithography has been combined
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with gold nanorods [55] and carbon nanotubes [56]. Yu et al. used self-

aligned lithography to create nanogap arrays for measuring electrical properties

of DNA-linked gold nanoparticles [57]. Another fascinating study used trans-

parent graphene oxide electrodes to sandwich a molecular layer [58].

Recently a new technique developed by Dubois et al. even offers the flexibility

of measuring single molecules as well as molecular ensembles [59]. This fully

scalable crack-defined break junction (CDBJ) relies on a brittle material present

underneath the electrode material. Under the right conditions, reproducible

cracks in this brittle material are capable of producing large arrays of junctions.

Another method that shows promise to have similar flexibility in scaling is

surface-diffusion-mediated deposition (SDMD) as developed by Bonifas et al.

[60, 61]. It offers a solution to the problem of metal deposition damaging the

molecular layer. The deposition of metal atoms happens remotely rather than

directly on top of the monolayer. The deposited atoms then diffuse laterally

towards the horizontally oriented monolayer to contact anywhere between one

and ten molecules in the layer. The number of contacted molecules can poten-

tially be scaled up several orders of magnitude.

1.3.1 Scanning probe microscopy

Two critical techniques that are now collectively referred to as surface probe

microscopy (SPM) were developed in the eighties. First, Binnig et al. de-

scribed a vacuum tunnelling experiment with mechanical stability in 1982 [62],

followed by the scanning tunnelling microscope (STM) in the same year [4].

The left panel in Figure 1.3 shows a schematic illustration of the STM. Here,

a conductive substrate is connected to an electrical circuit, which in turn is

connected to a piezo scanner. A conductive tip, usually a metal wire, is then

mounted into the piezo tube and is placed a few hundred micrometres from

the substrate surface. A potential is then applied between the tip and the

substrate, normally called Vbias. Next, a mechanical stepper motor is used to

approach the tip to the substrate until the system registers a tunnelling setpoint
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current, which is typically in the range of nA. From this point onwards, the

piezo feedback takes over from the mechanical motor for precise control over the

current value. Scanning the substrate surface is then achieved by maintaining

a constant current, which means that the separation between tip and substrate

varies, thereby mapping the height profile of the substrate.

Theoretical principles of the STM were published by Hamann et al. a few years

later [63]. This publication was followed up shortly after that by another surface

probe technique called atomic force microscopy (AFM) [5], see the middle panel

of Figure 1.3. This technique relies on a force between the sample and the

probe rather than an electrical tunnelling current. Now that several relatively

convenient methods for probing the properties of molecules on a surface were

available, many groups started measuring transport properties of molecular

assemblies, an example of which was first published by Aviram et al. [64].

Wold et al. later expanded the AFM technique to measure the electrical

properties of a self-assembled monolayer at the same time as measuring the

force. They achieved this combined conducting probe AFM setup (CPAFM)

by coating the AFM probe [65]. The schematic of their experiment is shown

in the right panel of Figure 1.3. Using a similar setup a year later, Cui et

al. developed the matrix isolation technique [66]. They first created a single-

molecule environment by inserting small quantities of dithiol molecules into an

existing layer of monothiols. They then added gold nanoparticles on top of

this monolayer to provide a robust contact to the conducting AFM probe for

measuring the electrical properties of the dithiol molecules.

Scanning tunnelling spectroscopy

The STM has become an extensive platform for the use of single-molecule

techniques. Especially since 2003, when several breakthrough methods were

developed in quick succession. For example, Xu et al. published the STM

break-junction method as presented in Figure 1.4, one of the most widely used
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Figure 1.3 Development of scanning probe microscopy (SPM) techniques. The scan-
ning tunnelling microscope (left), atomic force microscope (middle), and conducting
probe AFM (right). Adapted from references [4, 5, 65].

methods in molecular electronics today [67]. In this experiment, a gold tip is

driven a few angstroms into a gold substrate to form a metallic nanocontact.

Then the tip is withdrawn, until a short chain of gold atoms is left. During

this process, the number of parallel conductance channels decreases stepwise,

as indicated by the horizontal plateaus at integer multiples of the quantum of

conductance (G0 = 2e2h) [68]. The schematic illustration in panel A shows the

last remaining conductance channel. Upon further retraction, the gold contact

is broken, which results in a sharp conductance drop where quantum tunnelling

takes over (note the red box, which zooms in to a fraction of the conductance).

This tunnelling scenario is depicted in panel C, where molecules are present in

solution. These molecules can bridge the gap that is left between the two metal

electrodes, which results in characteristic steps in the traces (indicated by the

red arrows). When no molecules are present in solution (panel E), no steps are

present after breaking the gold contact. Each trace depicted here corresponds

to withdrawing the tip away from the surface once, but the approaching steps

that reform the gold contact are not shown. Thousands of these traces are then

compiled into histograms, where integer multiples of the conductance quantum

each show a peak (panel B). Thus, the horizontal plateaus in A make up the

vertical counts in B. Similarly, the molecular steps in panel C give rise to peaks

in the histogram presented in panel D, where the first peak corresponds to one

molecule, the second to two, and the third to three. No peaks are observed

below the conductance quantum when no molecules are present (panel F).
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Figure 1.4 Schematic illustration of the STM break-junction method. Adapted from
reference [67].

The units of conductance quantum have become the standard when presenting

break-junction data, as it provides clear and reproducible internal standard for

each experiment.

In the same year, Haiss et al. published both the current-distance method ,

generally referred to as I(s) (or fishing) [69], and current-time method called

I(t) or blinking [70], see Figure 1.5. Both of these STM techniques do not

form a metallic contact between the tip and the substrate. As a result, the

current range remains in the tunnelling region at all times and can thus be

plotted on a linear scale. In the I(s) method, conductance is measured as a

function of distance just like in the break-junction method described above. In

this case, though, the STM tip is placed at a fixed distance from the sample

by means of a current setpoint value (panel A on the left in Figure 1.5). The

tip is then pulled away from the surface, resulting in a typical exponential

conductance-distance trace indicated by the blue arrow. When molecules are

present on the surface, the tip can contact one and pull it up as the tip is

withdrawn. This scenario is shown in the cartoon, where the fully extended

molecular junction (panel D) gives the conductance value of the molecule. In
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Figure 1.5 Schematic illustration of non-contact STM techniques. The current-
distance (left), and current-time method (right). Adapted from references [70, 71].

the I(t) method, the STM tip is also placed at a fixed distance from the surface,

but here the tip is not pulled away from the surface. Instead, the current is

recorded continuously over time, while stochastic binding and breaking events

between the molecules and the tip occur (see schematic at the bottom right

of Figure 1.5). These binding events result in characteristic current jumps in

the current-time plots, as shown in the top right. The difference in current

can then be translated into the conductance of a single molecule. The I(t)

method is particularly useful for studying systems where tip-sample contact is

best avoided, such as semiconductor-molecule-metal junctions (and also metal-

protein-metal junctions). This will be discussed in detail in chapter 5. Until

today these current spectroscopy techniques and their variations are among the

most widely used for studying single-molecule conductance, and are a simple

yet effective starting point for studying many molecular systems.

1.4 Molecular anchoring groups

The anchoring groups of the molecule chemically connect to the two electrodes

to close the nano-electronic circuit. The nature of this interaction strongly

influences the electron transmission through the junction. This dependence is
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mainly determined by two factors. First, the densities of states at the relevant

energy levels of the electrodes and the molecular anchoring groups. And second,

the relative position for each of these energy levels, see Figure 1.2 on page

5. A stronger coupling, Γ, between the electrode orbitals and the frontier

molecular orbitals results in more hybridisation, and therefore increased trans-

mission probability. Likewise, the difference in energy, ∆E, between electrode

Fermi levels and frontier molecular orbitals shifts the probability curve of the

transmission and therefore changes the area and thus the magnitude of the

transmission. The effect of anchoring groups is one of the themes addressed in

chapter 5.

1.4.1 Types of anchors

Sulfur has become an important atom in anchoring groups due to numerous

studies on the gold-sulfur bond in multiple research fields. It is straightforward

to synthesise molecules that contain sulfur moieties, which contributed to its

popularity for molecular transport studies. However, multiple possibilities for

the binding geometry between gold and the thiol group, in particular, have

made it challenging to interpret transport data. This is because histograms

that are constructed from thousands of traces show a broad set of possible

conductance values, see below.

In addition to anchoring groups that contain a sulfur atom to bind to the

metal electrodes, other suitable atoms include nitrogen [72], phosphorus [73],

and carbon [74–76]. Numerous research groups have contributed to the rich

knowledge on contact chemistry in molecular electronics, where a selection of

key resuts is presented in Figure 1.6. The top panel shows a study by Chen et

al., who found that not only the single-molecule conductance values are affected

by the type of anchoring group, but also the decay length, β [16]. Moreover,

they found that the contact resistance also strongly depends on the type of

anchoring group, where the resistance trend is thiol < amine < carboxylic acid.

This result can be seen in the plot by extrapolating the lines to the points
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corresponding to N=0 methylene units.

The bottom left panel in Figure 1.6 shows how Park et al. studied how

anchoring groups affect the conductance histograms for molecular wires of the

same type [73]. They found that for all three anchoring groups that they

studied, the conductance histograms are relatively narrow, indicating that the

variation between junctions is relatively low. They also found that the contact

resistance is the lowest for molecules terminated by the phosphine group (blue

curve), followed by the methyl sulfides (red curve), and finally the amines. This

trend comes from a combination of bond-strength and orbital size.

In contrast, the conductance histograms for the thiol group are significantly

broader as shown in the bottom right panel of Figure 1.6. Here, Hong et al. used

conjugated molecular wires rather than alkanes, which leads to higher overall

conductance values, but similar trends in contact chemistry [77]. They indeed

found that the broad histogram for the thiol group stems from the multiple

binding configurations that are found upon fully stretching the metal-molecule-

metal junction. They also found a higher stability and junction formation

probability for pyridine and thiol when compared to the other two groups,

which they attributed to more possible geometries and a higher binding energy.

1.5 The molecular backbone

In this section, chemical modifications of the molecular backbone and how

they affect the junction properties are discussed. Here, the focus will be on

the intrinsic junction design, i.e. the direct wire-like connection between the

electrodes. External factors are then covered in the next section, where different

types are split into three distinct categories. The concept of molecular diodes

(rectification) can be considered as intrinsic junction design, but since it is

studied as a function of bias voltage, it will be part of the section on external

parameters below. Rectification is one of the themes addressed in chapter 5.
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Figure 1.6 Effect of anchoring group on molecular conductance. Top: comparison of
length-dependence for three series of alkane wires terminated with different anchoring
groups. Bottom: two separate studies on the effect of the type of anchoring group on
junction conductance values. Adapted from references [16, 73, 77].

1.5.1 Conjugation

Perhaps the simplest example of chemical functionality along the bridge is π-

conjugation. Here, the carbon chain that comprises the molecular backbone

has alternating single and double bonds. The double bonds have π-orbitals in

addition to σ-orbitals, whereas saturated molecules only have single bonds from

σ-orbitals. The carbon atoms of such molecular wires are essentially repeating

units, CH2 for saturated, and CH for conjugated wires. Each repeating unit

can be considered a single-level model that is wired in series. The π-orbitals

on the conjugated wires increase the electronic coupling, τ , between each level.

This broadens the transmission function, which increases its area under the

bias window and thus the current. If the bias voltage stays the same, the con-
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ductance also goes up [78]. An important result of this is that the relationship

between conductance and length changes as discussed below.

1.6 Beyond the junction

As highlighted in the Scanning tunnelling spectroscopy section on page 11,

the most basic experiments yield conductance information as a function of

either electrode separation or time. Let us now shift our attention beyond

the structure of a junction as depicted in Figure 1.2 on page 5. The environ-

ment around the junction represents a vast area of different concepts within

molecular electronics. It includes the effects that external factors can have

on the junction, such as solvents, temperature , pH, and more. In addition,

it covers active control over the junction properties, such as switching effects.

And in this discussion, although less common, it also includes tools to gauge

the properties of a molecular junction, such as inelastic electron tunnelling

spectroscopy (IETS), and how a thermal current can be measured as a function

of temperature difference between the two electrodes. The external factors or

environmental effects are divided into three distinct categories here. First, in

subsection 1.6.1, the conductance as a function of other quantities is discussed.

This allows for important relationships to be studied. For example, each

mechanism for electron transport has a distinct correlation between conduc-

tance and quantities like temperature, bias voltage, and molecular length. The

second category contains methods for gauging properties of the junction other

than conductance and is covered in subsection 1.6.2. This category includes

parameters that directly relate to the transmission probability, and thus the

conductance. For example, thermopower measurements reveal the molecular

orbital that dominates electron transport. But also studying barrier shape and

size falls into this category, as well as work function of the electrodes and energy

level positions of the molecules using ultraviolet photoelectron spectroscopy

(UPS) [79]. The third category is discussed in subsection 1.6.3 and focuses
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on active junctions and switching them between high and low conductance

states using different external stimuli. Studying mechanical effects in molecular

electronics is a bit tricky because it can belong to all three categories. As a

function of electrode separation (piezo modulation), to probe barrier shapes,

and also to switch between high and low states.

1.6.1 Dependence of conductance

In this section, the dependence of conductance on specific quantities is ad-

dressed. These studies give valuable insights into junction properties.

Length and Temperature

Although technically part of the bridge, the length of the molecule in a junction

is included in this section because it is most often studied as a function of con-

ductance. There are two aspects to the relationship between conductance and

length. First, the mechanism for electron tunnelling depends on the width of the

tunnelling barrier, and therefore on the length of the molecules. The second is

the tunnelling decay factor, β, which is also called the conductance attenuation

factor. For coherent tunnelling, this decay has an exponential dependence on

length, and it is a measure for the electronic coupling along the backbone of

the molecular wire. When the transport mechanism changes to hopping, the

dependence of conductance on length becomes much less. A pioneering study

by Seong et al. showed this transition in a series of oligophenyleneimine (OPI)

molecular wires of different lengths [80], see Figure 1.7.

1.6.2 Gauging properties beyond conductance

Measuring the electrical response of molecular junctions provides tremendous

information, which is required for their application in electronic devices. How-

ever, many other properties of these nanoscale systems are critical along the way

to realise this aim [81]. An excellent review on single-molecule properties besides
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Figure 1.7 Effect of molecular length on conductance. Adapted from reference [80].

conductance was published in 2013 by Aradhya et al. [82]. Specific topics

covered in this review include optical characterisation [83], mechanical effects

[84], thermoelectricity [85], and magnetism [86]. Among optical characterisation

tools, Raman spectroscopy is the most widely used technique at the nanoscale

level [87]. The reason for the limited use of other common optical methods is

because the optical resolution is roughly around the micrometre scale.

One technique that is suited particularly well for the molecular scale is inelastic

electron tunnelling spectroscopy (IETS) [88]. This is because it measures the

interaction between the transporting electrons and the vibrational modes of the

molecule. The results provide information on the types of molecular orbitals

and thus the nature of the interaction between the molecular anchoring group

and the electrode [89]. A study by Song et al. from 2009 showed how the IETS

signal could be enhanced by tuning the orbital alignment using a gate voltage

[90].

A different way to align the molecular orbitals, thereby tuning the charge

transport, is by using the mechanical modulation tools of the atomic force

microscope [91]. One of the first single-molecule electromechanical studies was

carried out by Xu et al. [92]. They found that the strength of the gold-

sulfur bond is comparable to the metallic gold-gold bond, which means that

the gold-alkanedithiol-gold junction breaks at either bond with roughly the
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same probability. They also measured alkanediamines in the same study, but

the gold-nitrogen bond is much weaker, indicating that the junction almost

always breaks at the gold-nitrogen bond.

Temperature measurements provide valuable information about the mecha-

nism of charge transport by verifying how the conductance depends on the

temperature (a case of category I as described in subsection 1.6.1 above).

However, temperature plays a key role in several other ways. For example, the

thermoelectricity is the current produced by a molecular junction in response

to a temperature gradient across the electrodes [85]. In other words, one of

the electrodes is hotter than the other. By plotting the magnitude of this

current as a function of the difference in temperature, the thermopower can be

extracted. This is valuable because the sign of the thermopower depends on the

molecular orbital that dominates electron transport [93]. This line of research

could see sensing applications in the nearer future [94]. Studying heat transport

more generally has recently received attention through atomic contacts [95] and

molecular junctions [96].

Another powerful electronic characterisation tool, which does not directly mea-

sure conductance, is transition voltage spectroscopy (TVS) [97]. This technique

quantifies the alignment between the molecular energy levels and the Fermi

level of the electrodes [98]. On a final note, tools to identify and manipulate

molecules at the single level include orbital imaging [99] and even catalysis of

chemical reactions [100, 101].

1.6.3 Molecular switches as active components

So far, only passive molecular wires and the effects that the resulting junctions

display have been discussed. For applications of architectures based on transis-

tors, the junction conductance needs to be switched between a high conductance

“ON” state, and a low conductance “OFF” state [102].
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Figure 1.8 Schematic illustration of a quantum switch using the electrochemical
control. Adapted from reference [103].

Gating

An attractive method for achieving such a transistor-type setup is by using

electrochemical control in the form of a third electrode near the junction, called

a gate electrode. It effectively controls the amount of current that flows through

the main path of the junction. This configuration is the working principle

of a commercial silicon transistor. A nanoscale example of this system is

the metallic switch presented by the Schimmel group, see Figure 1.8. They

used electrochemical control to form and break repeatedly a nanometallic silver

contact [103]. In this case, the “ON” state is the quantised conductance of the

silver metal chain, and the “OFF” state is the electrolyte-containing gap after

electrochemically breaking the metal chain. Although not a molecular switch,

it is a clever way to avoid the disadvantages of the electromigration technique.

1.7 Summary and outlook

Understanding tunnelling mechanisms is a key aim in molecular electronics

because it enables fine control over device fabrication and the resulting device

properties. Important tools for revealing these mechanisms involve studying
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the dependence of junction conductance on quantities like temperature and

voltage. The specific details of different mechanisms are discussed in chapter 2.

Other tools give valuable information about junction architectures too, such

as transition voltage spectroscopy (TVS) for estimating tunnelling barrier

heights, or thermopower for determining the molecular orbital that dominates

the transport pathway.

1.8 Thesis outline

This introduction chapter focused on the history and development of the field of

molecular electronics and discussed important contributions made by numerous

research groups. The rest of this thesis is structured according to Table 1.1. I

will first give a brief introduction to nanoelectronics theory in chapter 2. This

chapter will start by highlighting theoretical concepts of both tunnelling and

transport mechanisms, followed by the computational methods for calculating

transmission functions. I will then cover experimental details in chapter 3 by

listing the materials and sample preparation, followed by data collection and

analysis. This chapter will conclude by highlighting the individual contributions

of colleagues and collaborators involved with my thesis work.

As discussed in the previous sections, different parts of the metal-molecule-

metal junction contribute to the electrical transport through a junction. In

chapter 4, I will discuss the chemical manipulation of the molecular backbone

using metal atoms. After that, I will shift the focus from the bridge to the

electrode, and discuss indium tin oxide as electrode material in chapter 5.

The last results chapter is chapter 6 in which I will discuss the design of

three different types of molecular wires. The first is based on a nonlinear

metal cluster, the second involves efforts to form junctions using a new metallic

anchoring group, and the third is a wire that contains the optically switchable

dihydropyrene (DHP) moiety. Finally, conclusions are summarised in chapter 7.
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Table 1.1 Thesis outline by chapter.

Chapter Details Page

1 Introduction Literature review 1

2 Theoretical background Quantum tunnelling 25
Electron transport
Calculations

3 Materials and methods Sample preparation 35
Experimental setup
Data analysis
Contributions

4 Organometallic molecular wires Results 47

5 New anchoring groups for ITO Results 68

6 Complex architectures Results 83

7 Conclusions Summary and Outlook 91



Chapter 2

Theoretical background

“The task is... not so much to see what no one has yet seen; but

to think what nobody has yet thought, about that which everybody

sees.”

— Erwin Schrödinger

25
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2.1 Introduction

Theoretical concepts in the field of nano-electronics best start from a schematic

representation of a simple resistor, see Figure 2.1. Here, the black squares

represent a bulk metal as the electron reservoirs, which are connected to a power

supply, in theory providing infinite electrons. In a simple and macroscopic case,

the reservoirs and the channel have dimensions on the scale of millimetres and

are all the same material, e.g. copper. We then have a classical, Newtonian

bulk metal wire. The properties of such a wire are straightforward to describe

using Ohm’s law, which is given by

I =
V

R
, (2.1)

where I is the current, V is the voltage, and R the resistance. When we

move down in scale several orders of magnitude, we enter the dimensions of

mesoscopic physics, where many introductory descriptions for the electrical

properties start from the Drude formula, which describes the resistor (or con-

ductor) in terms of electron mobility. In this picture, the electrons are said

to flow due to the electric field. However, when moving to smaller scales, this

approach becomes less intuitive. Therefore, another way to look at a resistor

is using the concept of a ballistic device. In this case, the electrons flow from

one lead to the other without losing any momentum. It was first described by

Landauer, and can be written as

G = GB
λ

L+ λ
, (2.2)

where G is the conductance, GB is the ballistic conductance, λ is the mean free

path, and L is the length of the channel. Here, the bulk reservoirs can be viewed

as being connected to nano-scale electrodes when we move closer inwards to the

edge of the channel between the reservoirs. At these length scales, Equation 2.2

describes quantised conductance through our channel, which is now a small
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Figure 2.1 Schematic illustration of a resistor. Adapted from reference [104].

chain of metal atoms. When the last atoms in the chain break, we enter wave

probabilities of electrons tunnelling across the newly formed metal electrode

contacts, see discussion below. These electrodes can be obtained through several

experimental procedures, as described in chapter 1. Regardless of how the

contacts are formed, most commonly they are made of the same metal. This

is also convenient in the theoretical picture, since the density of states, and

therefore the Fermi energies, will be the same for both contacts. Breaking

down the numerous concepts that make up the field of molecular electronics,

and presenting them in a clear and chronological way, is a challenging task. This

is because quite a few different perspectives can be taken to explain phenomena

from the broader fields of chemistry, physics, and quantum mechanics. One

approach is to take scale as the main lead, and the discussion would move

from macroscopic bulk material properties down to the nano-scale dimensions.

There are important environmental effects to discuss as well, most notably bias

voltage, temperature, and distance between the electrodes. These factors play

a key part in the mechanism for conductance.

In the rest of this chapter, I will start by presenting the concept of quantum

tunnelling using Schrödinger equations, which can be applied to any metal-

insulator-metal junction. Next, I will discuss the scenario in which a molecule

enters the system to obtain a metal-molecule-metal junction and how it relates

to the transmission probability of electron flow. Several mechanisms for electron
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transport are highlighted here as well. Finally, I will give a basic introduction

to modelling systems using density functional theory.∗

2.2 Quantum tunnelling

Quantum tunnelling happens when the metallic nano-contacts in our ballistic

resistor break and leave a small gap to form a metal-insulator-metal junction.

The conductance drops below the conductance quantum, and we enter the

realm of wave probabilities. This depends on the distance between the elec-

trodes, see below. The width of the insulator (or the gap) increases and is

proportional to the barrier width of a potential barrier. When the barrier width

becomes sufficiently large, coherent tunnelling is no longer possible, and other

mechanisms take over. Likewise, when the bias voltage becomes very large,

other mechanisms also start dominating. On the other hand, when the applied

bias is small, the rectangular shape of the potential barrier from the previous

section is a decent approximation. However, as the bias voltage increases, the

tunnelling barrier takes a trapezoidal form. In addition, when a molecule is

in the junction, the electronic structure of the molecule complicates matters

more. The Simmons model is a good approximation when describing simple

systems. In this case, the length L in our schematic picture represents the

distance between two metallic contacts. In classical mechanics, the electron is

∗ In the fields of molecular— and nanoelectronics, the terms ‘theory’, ‘calculations’, and
‘computations’ are often used interchangeably. However, there is an important distinction
between ‘theory’ and the other two. Theory is generally based on mathematical frameworks to
describe certain phenomena, usually capable of predicting the outcome of a specific physical
system. On the other hand, calculations (or computations) are computer algorithms that
use specific theoretical models to simulate experiments and obtain predictions for how a
system behaves. Therefore, calculations are usually preceded by the theory, which provides the
equations needed in the calculations. However, experiments can and often do happen before
the theory and thus, the calculations. Regardless of whichever comes first, when in agreement,
the three branches of science complement and strengthen each other. The difference between
‘calculations’ and ‘computations’ is that the noun ‘calculations’ is more common, and the
adjective ‘computational’. This is also how I will use these terms throughout this work.
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treated as a particle and can be described by

E =
p2

2m
+ U(x). (2.3)

The potential barrier U has a width of x, E is the energy of the electron, p is its

momentum, and m is its mass. This equation does not have any solutions for

E < U(x) and thus, the electron cannot penetrate the barrier. In the quantum

mechanical case, electrons are treated as waves, and the wave function is given

by the time-independent Schrödinger equation

Eψ(x) = − ~2

2m

d2

dx2
ψ(x) + U(x)ψ(x). (2.4)

The potential barrier U still has a width of x, and the wave-function ψ is a

function of x. This equation does have a solution for when E < U and is given

by

ψ(x) = ψ(0)e−κx, (2.5)

with

κ =

√
2m(U − E)

~
. (2.6)

The solution for the case of E > U is given by

ψ(x) = ψ(0)eikx, (2.7)

with

k =

√
2m(−U + E)

~
. (2.8)

When we zoom out and look at the total picture of the wave approaching

the potential barrier, tunnelling through, and emerging on the other side, the

schematic picture is given in Figure 2.2. Here we can identify the following

three important regions: I the incoming wave that approaches the potential

barrier, II the potential barrier of width x, and III the wave has passed through



CHAPTER 2. THEORETICAL BACKGROUND 30

Figure 2.2 Schematic representation of an electron tunnelling through a potential
barrier. Adapted from reference [105].

the potential barrier. The time-independent wave-function of the electron takes

the form

Eψ(x) =

(
− ~2

2m

∂d2

∂x2
+ V (r)

)
ψ(x), (2.9)

where the three parts can be described by

ψI = eikx +Ae−ikx, (2.10)

ψII = αeκx + βe−κx, (2.11)

and

ψIII = Beikx. (2.12)

The decay constant outside the barrier is given by

k =

√
2mE

~
, (2.13)

and inside the barrier it is

k =

√
2m(φ− E)

~
. (2.14)
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The probability that an electron tunnels from region I to region III is given by

T =
|B|2

|A|2
. (2.15)

The wave-functions have to match at the boundaries between the different

regions.

2.3 Molecular transport

It is now convenient to expand our schematic of a resistor by adding different

parts of the molecular junction. In this case, the tunnelling concept described

in the previous section is best treated as the electron transmission∗ probability

from a negative to a positive electrode. When looking at the schematic of a

junction, either metal-insulator-metal, where the insulator can be vacuum, air,

or a solvent, or metal-molecule-metal, the equation needs to be adapted to

take into account the possible directions of the electron flow. The Hamiltonian

operator can be used to describe this system as a combination of different parts

by

Ĥ = Hleft +Hright +Hcoupling +Hbackbone. (2.16)

The first thing we need is an estimate for the density of states, and the position

of the Fermi function. The source Fermi level is represented by µ1, the Fermi

level of the drain by µ2, and applied the bias voltage is qV . Within the picture

of elastic transport, where the electrons don’t lose energy, we obtain the current

expression

I =
1

q

+∞∫
−∞

G(E)
(
f1(E)− f2(E)

)
dE. (2.17)

∗ The terms ‘tunnelling’, ‘transmission’, and ‘transport’ are closely related and it can
be confusing to distinguish the difference between them. Tunnelling specifically refers to
the process of a particle wave (most commonly of an electron) moving through a classically
forbidden barrier. Transmission describes the probability of the electron actually doing so.
And transport is a more general term used to describe the mechanism of tunnelling and the
corresponding current magnitude of the junction.
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The energy G(E) is at a specific value that is represented by the difference

in Fermi levels of the contacts. This value is then averaged over multiple

energy levels because each channel is independent of the next one, i.e. they

are quantised. If we assume a small applied voltage, we obtain an expression

for the conductance, which is given by

I/V =

+∞∫
−∞

G(E)

(
−∂f0
∂E

)
dE. (2.18)

The partial derivative of the fermi function with respect to energy yields the

iconic Lorentz shape curve that represents the HOMO and LUMO in the

literature. This is an average of the conductance function G(E), which depends

on energy. At low temperatures, the derivative of the Fermi function is very

sharp, which means only the specific energy matters. At higher temperature

Equation 2.18 needs to be averaged over an energy window on the order of kBT .

For example, at ambient temperatures, this is approximately equal to 25 meV.

GB = q2
Dv̄

2L
(2.19)

Ballistic conductance is the Sharvin conductance, with a fundamental limit for

RB. The tunnelling current depends on the transmission and can be described

using Landauer by

I = T (E)ΓLΓR. (2.20)

G =
q2D

2t
(2.21)

G depends on density of states, which is given by

D(E) =
1

2π

Γ

(E − E0)2 + (Γ/2)2
. (2.22)
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The Landauer-Büttiker formula is given by

I(V ) =
2e

h

∞∫
−∞

T (E, V )[f(E − eV/2)− f(E + eV/2)] dE (2.23)

With the Breit-Wigner formula describing the transmission by

T (E, V ) =
4ΓLΓR

[E − E0(V )]2 + [ΓLΓR]2
. (2.24)

2.3.1 Mechanisms

Identifying mechanisms of electron transport in molecular junctions is an im-

portant goal as it allows for specific manipulation of new electronic functions.

The first case to discuss is coherent transport, which means that electrons flow

through the junction elastically. In other words, the phase of the wave-function

before and after tunnelling remains the same. The first two mechanisms that are

listed in Table 2.1 describe coherent transport, as their characteristic behaviour

is that they are not temperature-dependent. Frisbie’s group showed the transi-

tion between these two transport regimes experimentally using SAMs in metal-

molecule-metal junctions [97]. The remaining two mechanisms listed dependent

on temperature as they involve excitation and localisation, respectively.

2.4 Calculations

Density functional theory (DFT) is by far the most used technique for calcula-

tions in molecular electronics, which is based on Hamiltonian mechanics. These

operators describe the total kinetic and potential energy states of a system

using momentum vectors. A common approach is to first optimise (or relax)

the geometry of a particular system using software packages like Gaussian.

Next, transport properties are obtained by computing specific values of the

transmission function at discrete energy intervals using Gollum or Smeagol.

One significant limitation of DFT is that temperature is not included in the
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Table 2.1 Possible conduction mechanisms and their characteristics. J is the current
density, V is the bias voltage, d is the barrier width, Φ is the barrier height, T is
temperature, and kB is Boltzmann’s constant. Adapted from reference [3].

Conduction
mechanism

Typical behaviour Temper-
ature
dependence

Voltage
dependence

Direct
tunnelling

J ∼ V e

(
−
2d

~
√
2mΦ

)
none J ∼ V

Fowler-
Nordheim
tunnelling

J ∼ V 2e

−
4d

√
2mΦ3/2

3q~V


none ln

(
J

V 2

)
∼

1

V

Thermionic
emission

J ∼

T 2e

−
Φ− q

√
qV/4πεd

kBT


ln

(
J

T 2

)
∼

1

T

ln(J) ∼
√
V

Hopping
conduction

J ∼ V e

(
−

Φ

kBT

)
ln

(
J

V

)
∼ 1

T
J ∼ V

calculations, and thus the systems are treated as if at 0K. Another challenge is

determining the exact position of the Fermi energy levels for the electrodes in

question.

Simple and small molecules that are connected to common metal electrodes

such as gold, are relatively straightforward to model using this approach. How-

ever, more advanced and longer systems require electron-electron (Coulomb

blockade), and electron-phonon (inelastic transport) interactions to be taken

into account. In these cases, a combination of, e.g. Poisson & Schrödinger

equations need to be solved in a self-consistent manner.



Chapter 3

Materials and methods

“Is it not ironic that we are doing research towards better circuit

components using rubbish circuit components?”

— Inco J. Planje

35
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3.1 Introduction

The focus of this thesis is on experimental physical chemistry. Therefore,

both synthetic procedures and theoretical calculations are not highlighted

here.∗ This chapter starts by presenting the materials and chemicals that were

used for experiments, followed by the details of sample preparation. Next,

experimental methods and the acquisition of data are discussed, followed by

analysis procedures and the presentation of results. The final section of this

chapter contains a comprehensive overview of the contributions to this work

that were made by colleagues and collaborators.

3.2 Sample preparation

Solvents were purchased from commercial sources: dichloromethane (DCM),

hydrochloric acid, hydrogen peroxide, propylene carbonate (PC), sulfuric

acid, tetrahydrofuran (THF), toluene, and 1,3,5-trimethylbenzene (TMB).

The following compounds were also purchased from commercial sources: 44’-

bipyridine (BP), potassium carbonate, and tetrabutylammonium hexafluoride

(TBAF). All experiments and cleaning steps involving water were carried out

using Ultrapure Millipore water of 18.2 MΩ (Milli-Q, MilliporeSigma USA,

formerly Merck Millipore).

For in situ conductance measurements, molecular solutions of 1 mM were

prepared in TMB if the compounds were sufficiently soluble. Less soluble

compounds were dissolved in a mixture of TMB:THF, usually 4:1. Compounds

1Fe and 1Co in chapter 6 were insoluble in apolar solvents and therefore

measured in PC using an insulated tip (see below). Compounds 2Fe and 2Co

∗ All compounds presented in this work were synthesised by collaborators. Transport
calculations and some characterisation experiments were also carried out by collaborators.
Chapter 4 of reference [106] contains synthesis details for some of the compounds, whereas
others, as well as calculations, are included in manuscripts currently in preparation. Please
contact the author for relevant updates.
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were pre-adsorbed onto the substrates from 1 mM solutions in ethanol.

Liquid sample cells made out of polytetrafluoroethylene (Teflon) or poly-

chlorotrifluoroethylene (PCTFE) were used for all scanning tunnelling mi-

croscopy (STM) experiments. Prior to each experiment, the cells were

thoroughly cleaned by sonicating them in three steps, first immersed in piranha

solution, then in Milli-Q water, and finally in acetone, ∼15 minutes each.

Piranha solution was prepared by adding 30 w/w% hydrogen peroxide to

concentrated sulfuric acid in a 1:3 ratio. 4! Caution—Piranha solution is a

very strong oxidising agent and releases hazardous fumes. Never add hydrogen

peroxide to concentrated sulfuric acid, always the other way around! Explosion

risk when in contact with organic material!

All conductance experiments were carried out using STM gold tips, which were

cut with scissors from a 99.99% pure gold wire 0.25 mm in diameter, purchased

from Goodfellow Cambridge Ltd (England). For measurements carried out in

polar solvents like PC, the tips were etched electrochemically and subsequently

coated in Apiezon wax. The etching procedure is adapted from reference

[107] and involves suspending the gold wire into a 1:1 mixture of hydrochloric

acid:ethanol solution. A second gold wire is placed around the STM tip in a

ring, touching the surface of the solution to form a meniscus. Both wires are

connected to a power supply, where the STM tip acts as the anode and the

ring wire as the cathode. Upon applying a potential of ∼5 V, gold at the anode

dissolves into solution by reacting with chloride ions to form chloroaurate ions.

The reaction continues for a few minutes until the bottom of the wire breaks

off due to gravity and leaves behind a sharp, cone-shaped tip. The power

supply is switched off, and the tip is rinsed with Milli-Q water and then coated

with Apiezon wax. The wax is heated up on a fork-shaped soldering iron at

160°until it melts and the tip is pushed through the wax from the bottom with

the sharp end. The coated tip is then pulled away horizontally and allowed to

cool to room temperature before being mounted in the STM scanner.

For experiments involving gold-gold junctions, substrates purchased from
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Arrandee GmbH (Germany) were used. These have a 250 nm gold (Au)

layer on borosilicate glass with a 2.5 nm chromium adhesion layer in between.

Before each experiment, the substrates were rinsed with acetone and then

gently flame-annealed using a butane torch while placed on top of a silicon

wafer to avoid bending of the glass. The substrate was heated until it started

glowing bright orange, after which the flame is held for another ∼5 seconds

before removing it and allowing the substrate to cool for ∼1 minute. This

process is then repeated two more times, which yields large Au(111) terraces

that are atomically flat [108]. For experiments with indium tin oxide (ITO)

electrodes, glass substrates with a 40 nm layer of ITO were purchased from

Präzisions Glas & Optik GmbH (PGO, Germany), and from SPI Supplies

(USA) with a 700 nm layer of ITO. The PGO substrates were used as received,

for testing and establishing optimal conditions, for STMBJ experiments on

ITO, and for scratching a self-assembled monolayer of A1 on ITO using atomic

force microscopy (AFM). See Figure 3.1 for STM images of both gold and

ITO surfaces. The substrates from SPI Supplies were cut into squares of

roughly 12x12 mm with a diamond pen. They were then used for STM-I(t)

experiments, after cleaning them according to the procedures in reference

[109]. They were first sonicated in DCM for ∼20 minutes, then in methanol for

another ∼20 minutes, and finally in a 0.5 M solution of potassium carbonate in

a 3:1 mixture of methanol:Milli-Q water. The substrates were then immersed

for ∼48 hours in 1 mM solutions of target molecules in 1:1 DCM:ethanol for

STM-I(t)-i experiments (SAMs on ITO substrate), or mounted directly into

the STM liquid cell in the case of STM-I(t)-ii experiments (SAMs on Au tip,

see below). For the latter, molecules were adsorbed onto the gold STM tip

under the same conditions, but for ∼12 hours. All STM-I(t) experiments were

carried out in air, except for the measurement of wire A3, where TMB was

added after adsorbing the molecules onto ITO.

The molar absorption coefficients, ε (not to be confused with the energy offset ε,

which has the same symbol), were determined by recording absorption spectra
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Figure 3.1 STM images of Au surface (left) and ITO surface (right) at 50x50 nm.

of molecular solutions with a known concentration. The electrolyte solutions

for all electrochemical measurements were prepared by making up 0.1 M of

TBAF in DCM. Electrodes and cells for cyclic voltammetry (see below) were

cleaned by sonication in DCM. For spectroelectrochemical (SEC) experiments,

both solutions and OTTLE (optically transparent thin layer electrode) sample

cells were prepared in a glove-box under nitrogen atmosphere. The OTTLE cell

was rinsed several times with DCM before loading it into the glove box. Here, it

was filled with the target compound dissolved in the electrolyte solution, after

which it was taken out of the glove box and mounted into the spectrometer.

3.3 Experimental setup

Single-molecule conductance experiments were carried out using two separate

STM setups dubbed ‘Cerberus’ and ‘Leviathan’. Both operate a now discon-

tinued Keysight Technologies 5500 SPM (formerly Agilent Technologies and

originally developed by Molecular Imaging). ‘Cerberus’ was used for STM

break-junction (STMBJ) experiments involving gold-gold junctions, with the

exception of molecule 1Co in chapter 6. ‘Leviathan’ was used to measure

this molecule, for all STMBJ experiments on ITO substrates, and for all STM
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current-time (STM-I(t)) experiments. In all cases, substrates were mounted

into a liquid STM cell, and a few drops of 1 mM molecular solution was added

for STMBJ experiments, and the SAMs on ITO were measured in air or TMB

solvent for STM-I(t) measurements.

In STMBJ, the tip was repeatedly driven a few angstroms into the substrate

and subsequently withdrawn several nanometres, all at constant bias voltage,

retraction speed, and maintaining a fixed lateral position. The analogue current

was recorded continuously during approach and withdrawal and fed into a

current pre-amplifier, where the signal was converted into a digital voltage

signal. This voltage signal was saved as raw data along with other relevant

parameters, e.g. bias voltage and electrode separation. The voltage signal was

also converted into units of conductance during the experiment and plotted

into live histograms using a Python or LabVIEW interface (‘Cerberus’ and

‘Leviathan’, respectively). Data was saved as text files by controlling a toggle

within these interfaces.

In STM-I(t) measurements, the tip was positioned a few angstroms from the

substrate using a setpoint current of ∼5 nA. The feedback loop was then

switched off to allow for fluctuations and jumps in the current to be moni-

tored. Once the current was relatively stable, i.e. the baseline remains mostly

horizontal (see section 3.4 below), segments of 0.5 seconds were saved as raw

data regardless of whether any jumps were observed. Approximately 2000 of

these traces were recorded for each experiment.

For the scratching of a SAM on ITO, the substrate was mounted into the AFM

equipped with a silicon cantilever. The laser was aligned onto the centre of the

photodiode before approaching. Once in contact, a surface image was recorded

in contact mode using a force setpoint of 2 nN, followed by reducing the scan

area to record a second smaller image in the centre of the first. This second

image was recorded at a force of 10 nN, after which the first scan was repeated

at 2 nN.

The electrochemical cell used for cyclic voltammetry was fitted with a platinum
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disk (2.5 mm diameter) working electrode (WE), and a platinum wire (1.0 mm

diameter) counter electrode (CE). A second platinum wire (1.0 mm diameter)

was used as a pseudo-reference electrode (RE), together with internal reference

compound decamethylferrocene (Fc*). The cell was connected to an EmStat2

potentiostat to control the cell potential. The target molecule and internal

reference were added to the supporting electrolyte solution. After preparation

in the glove-box, the OTTLE cell was connected to an EmStat2 potentiostat

and mounted into the slit of a Cary 5000 spectrometer for ultra-violet visible

(UV-VIS) measurements, or into a Cary 660 FTIR for infrared (IR). In both

experiments, an open-circuit spectrum was first recorded when the potentiostat

was switched off. A cell potential of 0 V was then applied, followed by recording

a second spectrum. Next, the cell potential was increased by steps of 50 mV,

recording a spectrum after each step, until the spectrum did not show any

further changes. This process was then repeated in reverse order, i.e. decreases

the potential in steps of 50 mV and again recording a spectrum after each step.

All electrochemical data was saved as either ASCII or text files.

3.3.1 Troubleshooting

Undesirable experimental outcomes have two distinct origins. In the case of

results that do not meet expectations, it makes no sense to blame instrumental

failure. However, it does frequently happen that the system malfunctions, which

should be verified. For example, to make sure that the electrochemical setup

is working correctly, a sample of ferrocene can be measured. In the case of the

STM, useful testing compounds include BP and simple alkanedithiols. Despite

the STM working, challenges in taking measurements are still common. Some-

times it can take hours to stabilise the system, which is particularly relevant

for the I(t) technique. More generally, constant changes in the nanoscopic

environment invariably interfere with ongoing measurements. Therefore, data

collection will have to be interrupted frequently to allow for system restoration.

Tools to achieve this include moving the tip around the substrate, modulating
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the piezo signal, applying a short and high voltage pulse through the tip, and

changing the bias polarity. Including these steps using an automated procedure

might be of interest.

Especially problematic for the STM are different types of solvents and its

interactions with the sample molecules. Sometimes it is necessary to replace

(or clean) the substrate and the tip several times to obtain one full dataset.

Another more general solvent related challenge is the solubility of molecules in

available solvents. For example, volatile solvents are unavailable because they

can damage the instrument. It is also generally more straightforward to work

nonpolar solvents as otherwise, the tip needs to be insulated to prevent high

solvent currents. It is recommended to keep this compatibility in mind during

synthetic design.

3.4 Data analysis

Raw STMBJ data was converted into conductance-distance traces using either

a Python script (‘Cerberus’) or a LabVIEW routine (‘Leviathan’). Only

data corresponding to the withdrawal portion of the experiment was used for

analysis, and the approach data is discarded. Several thousand traces were

collected for each molecule and presented without selection in logarithmically

binned conductance histograms. The analysed results of a 44’-bipyridine

(BP) experiment are shown in Figure 3.2 as an example. Individual traces

are presented in panel A, where black traces correspond to traces without a

molecule, and grey traces are from Au-BP-Au junctions. In both cases, plateaus

are observed at integer values of the quantum of conductance (G0 = 2e2h) as

indicated by the red arrows [110, 111]. These steps correspond to atomic gold

contacts and are particularly clear in the second black trace. The units are

chosen to reflect these gold contacts as an internal reference to the break-

junction experiment, e.g. 0 log (G/G0) corresponds to 100 G/G0, which

means G = G0. Each integer step down on the axis then corresponds to a



CHAPTER 3. MATERIALS AND METHODS 43

Figure 3.2 STMBJ data of 44’-bipyridine (top). Single conductance-distance traces
(A) without molecules (black) and with molecules (grey), the inset shows the molecular
structure of BP. One-dimensional histograms of bare gold (B) and the molecule (C).
Two-dimensional histograms of bare gold (D) and the molecule (E). Gaussian fits to
the conductance (bottom left) and break-off data (bottom right) using molecular wire
2a from chapter 4 as an example.

conductance value that is an order of magnitude lower than G0, and the noise

floor of the measurements is observed at ∼ 10−5.5 (G/G0). After the gold

contact breaks, the conductance drops to the noise floor almost immediately

due to the snapback effect (see chapter 4). In short, this leaves a gap between

the electrodes, which is set by the analysis procedure as an electrode separation

of 0 nm. When molecules are present in solution, they can bridge this gap to

form a metal-molecule-metal junction, which results in a molecular plateau in

the conductance-distance trace as indicated by the blue arrows. This means

that BP has a conductance approximately 3 orders of magnitude below G0.

The one-dimensional (1D) histograms constructed from all traces are shown

in Figure 3.2B (solvent only) and C (BP), with insets showing the structures

of the solvent and the molecule. These histograms can be imagined as if the
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x-axis in A was collapsed onto the y-axis as a single line, where the new x-axis

corresponds to the total number of data points at any specific conductance

value. This results in a sharp peak at the gold-gold contact as indicated by

the red arrow in A that points to the right. In the case of molecules present

in solution, the traces that show molecular features (like the grey ones in A)

add up to show an additional peak in the 1D histogram, again indicated by a

blue arrow. Figure 3.2D (solvent only) and E (BP) show two-dimensional (2D)

histograms of the same data, which were obtained by storing both conductance

and distance data using a density matrix. The counts in panel B and C are

now represented by a z-scale as intensity. Average conductance values were

determined by fitting the histogram peaks with Gaussian curves, see Figure 3.2

bottom left. Break-off lengths were obtained by first drawing a box around

the molecular features in the two-dimensional histograms. Then the electrode

separation counts were fitted with Gaussian curves, see Figure 3.2 bottom

right.

Raw current-time traces from STM-I(t) measurements were loaded into a

Python script to normalise the current jumps. This was done by establishing

the baseline current, which usually corresponds to the setpoint value of the

experiment, see Figure 3.3. The steps shown here were repeated for all traces

with a reasonably flat baseline while discarding all traces that were too noisy.

Approximately 300 traces (out of ∼2000) were processed for analysis, one

example of which is shown in the right panel of Figure 3.3. Data points that

fall below the zero current baselines are omitted from graphs. These traces were

then compiled into histograms for determining the single-molecule conductance

values of ITO-molecule-Au junctions.

All STM and AFM images were analysed and presented using WSxM software

[112]. Spartan Wavefunction was used to draw 3D structures of the molecules,

and determine the molecular length of compounds in chapter 4 as measured by

the distance between sulfur atoms on either end.

Raw (spectro)electrochemical data was directly imported into Origin and
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Figure 3.3 Python routine for the analysis procedure of the STM-I(t) data. The
current-time trace is loaded (left), then the background is determined (middle), and
the resulting trace is saved (right).

presented without further analysis. Recorded oxidation potentials against Fc*

were changed to the Fc scale. Peak current values were determined by drawing

a baseline using LabVIEW programme eL-Chem Viewer [113]. For visual

clarity, only a selected number of SEC spectra were included in figures.

3.5 Contributions

All of the work presented in this thesis has been part of ongoing collaborations

of the molecular electronics research group at the University of Liverpool. In

particular, without the hard synthesis work of the Low group in Perth and

the Beeby group in Durham, no measurements could have been undertaken.

Table 3.1 lists all contributions made to this thesis. Some of them are only dis-

cussed as text in the relevant chapters, with figures included in the appendices,

and are therefore used as produced by the original authors.
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Table 3.1 Contributions to this thesis by colleagues and collaborators.

Name Location Experiments

chapter 4:
David C. Milan Liverpool STMBJ of 3a, 4a, 4b, 5a, and

5b
Sören Bock, Zakary Langtry,
Masnun Naher

Perth Synthesis of all compounds

Masnun Naher Perth Infrared spectroelectrochem-
istry & molar extinction
coefficients

Oday A. Al-Owaedi Lancaster
& Hilla

Calculations (see Figure 4.10)

Appendix only:
David C. Milan Madrid Thermopower of 2b, 3b, 4b,

and 6b

chapter 5:
Saman Naghibi Liverpool STM-I(t) of A1, A2, and A3
Ross Davidson (and stu-
dents)

Durham Synthesis of all compounds

Appendix only:
Santiago Martin Solans Zaragoza XPS, QCM, and CA of A1, A2,

and A3

chapter 6:
Ross Davidson (and stu-
dents)

Durham Synthesis of 1Fe, 1Co, 2Fe,
and 2Co

David C. Milan Liverpool STMBJ of 2Fe, and 2Co
Stephanie Beach Boston Synthesis of FePt
David Jago Perth Synthesis of DHP
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4.1 Introduction

Metal atoms offer an attractive and vast toolbox for the design of molecular

junctions [114]. In particular, transition metals are an interesting choice because

of their electron-rich d-orbitals. Molecular wires that incorporate these electron-

rich metal centres generally reduce the HOMO-LUMO gaps when compared to

their organic equivalents (either simply omitting the metal atom, or putting a

phenyl ring in its place).

In this chapter, I will discuss electrical and chemical properties of the molecular

wires presented in Figure 4.1. I will start with a qualitative discussion of

single-molecule conductance values, followed by a quantitative summary. I will

then discuss electrochemical— and spectroscopic properties of the ruthenium

wires. Next, I will discuss computational studies, thermoelectric properties,

and finally, present an analytical interpretation of the trends that we found.

This study is part of an ongoing collaboration between research groups in

Liverpool (England), Perth (Australia), Lancaster (England), Hilla (Iraq), and

Madrid (Spain). The full details of all individual contributions can be found in

chapter 3.

4.2 Single Molecule Conductance

As described in chapter 1, the conductance of a molecule can be determined

by trapping the molecule between two nano-sized metal electrodes using a

bias voltage difference between the two electrodes. The corresponding current

increase (when compared to tunnelling without molecules present) determines

the conductance of the molecule under study. We used the STMBJ method

to trap the molecules of interest and to build subsequent histograms from the

current-distance traces. See chapter 3 for a detailed explanation of the features

in the histograms, including data acquisition, and data treatment. Example

conductance-distance traces for the four organic wires are presented in Fig-

ure 4.2A along with their corresponding histograms (B-E). The plateau features
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Figure 4.1 Structures for the compounds studied in this chapter. The molecular
wires are categorised by their anchoring groups, with thioether-contacted wires a on
the left, and dimethylbenzothiophene-contacted wires b on the right.

that can be seen in the single traces around ∼10−3 are slanted. This is a result

of electronic interactions between the conjugated backbone of the molecules

and the metal electrodes as the junction is elongated. Directly following the

‘snap-back’ of the electrodes, the molecule bridges the resulting nano-gap with

a tilted angle. This is because the molecules are longer than the separation

between the electrodes. ‘Snap-back’ values for ambient STMBJ experiments
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Figure 4.2 Comparison of the four organic wires with example conductance-distance
traces shown in A. From left to right; the first trace corresponds to wire 2a, the second
trace corresponds to wire 2b, the third trace to 3a, and the last to 3b. In the same
order, one-dimensional histograms for each wire are shown in B-E along with molecular
structures, and two-dimensional histograms are shown in F-I.

range from ∼0.50 nm to to ∼0.65 nm using linear extrapolation [77] and push-

back calibration [115], respectively. This interaction between the molecule

and the electrodes then decreases when the separation between the electrodes

increases, resulting in a substantial drop in conductance, which is seen as a

slanted plateau. The conductance values for 2a and 2b are very close, which

can be seen clearly from Figure 4.2B and C. This is not surprising given that

the only difference is a slight variation in the geometry and binding of the sulfur

atoms of the anchoring groups. That said, the conductance value for compound

3a (Figure 4.2D) is surprisingly low when compared to the other three organic

wires (Figure 4.2B, C, and E). At first sight, this result is not obvious since

the difference in structure between 3a and 3b is not more prominent than the

difference between wires 2a and 2b. However, the two-dimensional histograms
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in Figure 4.2F-I provide more information about the junction evolution. For

example, the shape of the histogram for wire 3b stands out. It looks quite

different from the others in that the junction conductance value does not change

as much upon electrode separation. Only when the junction is approaching

a fully extended configuration does the conductance drop considerably. This

lower conductance value seems to compare better with the conductance value for

wire 3a. In other words, the one-dimensional conductance histogram for wire

3b seems to be misleading because it provides an average over the separation

range. Therefore, it may be better to compare the conductance values of fully

extended junctions, see the discussion on transmission calculations below.

In comparing the break-off values in the two-dimensional histograms, at first

sight, it looks like molecules 2 in Figure 4.2F and G are less extended in the

junction than molecules 3 (Figure 4.2H and I). That is, the molecule has a

higher tilt angle to the surface normal [116, 117]. However, tilt angles for all

molecules are in roughly the same range, see further below. These also compare

well with literature values for sulfur-gold bonds [118]. Another observation from

the two-dimensional plots is that the hit-rate for wires 3 seems to be higher

when compared to wires 2. This is indicated by the absence of direct tunnelling

traces, which is most clearly visible for wire 3b in Figure 4.2I. Longer molecules

tend to have a higher hit-rate in general, because they are easier to ‘pick up’

by the electrodes [119]. However, it is not clear why molecule 2b has a lower

hit-rate than 2a (comparing Figure 4.2G to Figure 4.2F).

The series of platinum wires (4 and 5) are presented in Figure 4.3, with exam-

ple conductance-distance traces in A, and their corresponding one-dimensional

histograms in B-E. The conductance values for three out of four platinum wires

are significantly lower than their organic counterparts in Figure 4.2, 5a being

the exception. Wire 4a is much less conductive when comparing it to organic

wire 3a, even though it is slightly shorter (see Table 4.1 below). Likewise, both

4b is slightly less conductive than 3b, but 5b is much less conductive. On the

other hand, wire 5a is slightly more conductive than its organic equivalent and
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Figure 4.3 Comparison of the four platinum wires with example conductance-distance
traces shown in A. From left to right; the first trace corresponds to wire 4a, the second
trace corresponds to wire 4b, the third trace to 5a, and the last to 5b. In the same
order, one-dimensional histograms for each wire are shown in B-E along with molecular
structures, and two-dimensional histograms are shown in F-I.

3a. These results are largely in contrast to recent studies of organometallic

wires containing platinum metal centres. It is unlikely that this is a result of

a weaker conjugation along the backbone of the molecules, as the platinum

generally mixes well with the π-orbitals of the acetylide ligands. The molecule-

electrode coupling also remains largely unchanged, as the anchoring groups are

the same for the molecules being compared. However, the type of molecular

orbitals dominating in the electron transport pathway might be altered by the

anchoring groups used here, see further below. The hit-rates of the platinum

wires are also generally lower than those of the organic wires, as can be seen

from an increased number of direct tunnelling traces in Figure 4.3F-I. It is

not completely understood why this is the case, but the steric hindrance of the

ligands around the metal centre might make it more difficult for the molecule to
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readily bridge the gap. The plateau features for the platinum wires seem to be

less slanted when compared to the two-dimensional histograms of the organic

wires. The reduced interaction between the electrodes and the backbones

of the platinum molecules makes sense due to the saturated nature of their

ancillary ligands. However, the conductance values are not straightforward to

interpret, especially for wire 5a. Subtle differences in electronic structure could

be responsible for these observations, but more studies are needed to confirm

this.

The two-dimensional histogram for molecule 4b in Figure 4.3G shows an addi-

tional, smaller peak. We attribute this to trace amounts of the acetylide ligand

that contains the anchoring group, molecule 1b in Figure 4.1, which is left from

synthesis procedures (see below for control experiments). Molecule 4a shows a

similar feature in Figure 4.3F, albeit a bit less pronounced. Here, it would be

an impurity of molecule 1a in Figure 4.1.

Figure 4.4 shows single-molecule conductance data for the ruthenium wires.

Panel A presents example conductance-distance traces for wires (6 and 7), with

their corresponding one-dimensional histograms in B-E. Conductance values for

the four ruthenium wires have less spread than both organic— and platinum

wires. This means that the ancillary (non-acetylide) ligands around the metal

centre presented here have a minimal influence on the transport properties of the

ruthenium wires. The two-dimensional histogram of 6b in Figure 4.4G shows

a higher hit-rate than any of the other ruthenium wires. Its plateau shape is

also quite well-defined, with a relatively large break-off distance. In contrast,

the two-dimensional histogram of 6a in Figure 4.4F shows a large spread in

its plateau features, i.e. a portion of the histogram shows a large break-off

distance. But looking at the heat profile, a significant number of traces only

show short plateau features. However, the hit-rate is also significantly lower,

which makes it challenging to interpret the data. As a result, the break-off

analysis in Figure A.9 has a very poor fit. This is likely a direct result of the

experimental difficulties in measuring this molecule. It has very poor solubility
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Figure 4.4 Comparison of the four ruthenium wires with example conductance-
distance traces shown in A. From left to right; the first trace corresponds to wire 6a,
the second trace corresponds to wire 6b, the third trace to 7a, and the last to 7b. In
the same order, one-dimensional histograms for each wire are shown in B-E along with
molecular structures, and two-dimensional histograms are shown in F-I.

in organic solvents that are suitable for use in the STM (see chapter 3). This is

one of the main reasons for turning to the phosphite moiety as ancillary ligands

as it improves solubility significantly. In fact, wires 7 are soluble in mesitylene

alone. Unfortunately though, the hit-rates and junction stabilities are not great,

see Figure 4.4H and I. The histogram for compound 7b also shows a smaller,

secondary peak, similar compound 4b in Figure 4.3G (see Control experiments

on page 55 for details).

Conductance data for all wires in this chapter are summarised in Figure 4.5

and in Table 4.1. It is clear that the added metal atom in the centre has a

pronounced effect on the conductance behaviour. However, it is not straight-

forward to draw simple conclusions from these results. For example, not all

the metallic wires are higher in conductance than the organic series, as one
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Figure 4.5 Comparison of the conductance values for all wires. Organic wires in
green, platinum wires in purple, and ruthenium wires in blue. Triangles are for SMe
wires and circles are for DMBT wires. Error bars represent one standard deviation of
the Gaussian fits, see appendix Appendix A.

might expect [120]. Quite surprisingly, the platinum wires seem to have a lower

conductance overall. If we look only at molecular lengths (from crystallography

data), we should not put too much emphasis on wires 2. In this case, only one of

the platinum wires, 5a, surpasses the conductance of its organic SMe equivalent

3a. Then all four ruthenium wires have a similar conductance ‘boost’ of about

4x, comparing DMBT wires 6b and 7b to 3b, and comparing SMe wires 6a

and 7a to 3a. It is also worth noting that even with a shorter molecular length,

wires 2 are still lower in conductance than the DMBT ruthenium wires.

4.2.1 Control experiments

The shoulder peaks at high conductance that we found for some of the com-

pounds have previously been attributed to ancillary ligands binding to the

electrodes (in STM-I(s) experiments) [121]. To determine if that is also the

case for the wires here, we measured one of the molecules containing only one

acetylide ligand (with anchoring group). The other side has a chlorine bonded to

the ruthenium instead, which is a common intermediate product in the synthesis

of the bis-complexes. Figure 4.6A shows the two-dimensional histogram of 4a
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once more, for comparison to its mono-equivalent in Figure 4.6B. It is clear

that the mono-Pt wire does not form any junctions. Only direct tunnelling,

and some extra noise can be seen in Figure 4.6B. However, the anchoring

groups 1a and 1b by themselves, do show distinct features at ∼10−2 G/G0

(Figure 4.6C and D). Unfortunately, the hit-rate of these anchoring group

molecules is quite low. The remaining parts of the histograms are also quite

noisy. Therefore, it is unlikely that we will be able to use these systems

elsewhere. Finally, using new batches of freshly purified molecules, we repeated

some measurements that contained shoulder peaks. In most cases, the shoulders

completely disappeared, but a small feature remained for others (such as 4a).

These control experiments confirm that the additional features at ∼10−2 G/G0

Table 4.1 Correlation of molecular length with break-off distance for all wires. aDe-
termined from crystallography data (†estimated value) as measured by the sulfur-sulfur
distance. bBreak-off distances from statistical fitting (see appendix Appendix A), and a
‘snap-back’ value of 0.5 nm (*unreliable entry, see text for details). cTheoretical tilt an-
gle of the molecule extended in the junction, calculated from cos−1

(
breakoff+snapback

length

)
.

Molecule Length
(nm)a

Break-off +
‘snap-back’
(nm)b

Θ
(deg)c

Conduc-
tance
(G/G0)

Con-
duc-
tance
(nS)

2a 1.57 0.76 61 4.1× 10−4 32
2b 1.57 0.81 59 4.4× 10−4 34
3a 2.01 1.10 57 5.6× 10−5 4.4
3b 2.00† 1.14 55 2.2× 10−4 17
4a 1.85 1.12 53 2.2× 10−5 1.7
4b 1.84 0.96 58 1.0× 10−4 8.0
5a 0.89 1.8× 10−4 14
5b 0.92 3.9× 10−5 3.0
6a 1.86 0.83* 64* 2.2× 10−4 17
6b 1.85 1.17 51 7.4× 10−4 57
7a 1.86 0.80 65 3.1× 10−4 24
7b 1.83 0.72 67 7.7× 10−4 60
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Figure 4.6 Control experiments comparing compound 4a in A to its mono-equivalent
in B Panel C and D show two-dimensional histograms of the acetylide anchoring groups
1a and 1b.

came from synthesis impurities only, and not from ancillary ligand ‘short-

circuits’.

4.3 Electrochemical properties

The ruthenium molecular wires are redox-active, which means that they can be

cycled reversibly between their neutral— and oxidised states. Their reversibility

is confirmed by analysis of scan rates (see appendix Appendix A, and chapter 3

for details). Cyclic voltammograms for the ruthenium wires are shown in

Figure 4.7. The internal reference decamethylferrocene shows a feature around

0 V in all cases. The more positive feature is the oxidation wave of the

ruthenium compound. Oxidation potentials are highlighted on the graphs,

and also summarised in Table 4.2. When comparing the ancillary ligands, the

oxidation potentials of wires 6 containing the diphenylphosphine ligand appear

to be lower than those of wires 7 containing the phosphite ligands. However,

the comparison is more clear when comparing the molecules based on their

anchoring groups. DMBT wire 6b in Figure 4.7B is more easily oxidised than

SMe wire 6a in Figure 4.7A. And DMBT wire 7b in Figure 4.7D is more easily

oxidised than SMe wire 7a Figure 4.7C. Next, phosphine wire 6b is more easily
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Figure 4.7 Cyclic voltammograms for the ruthenium wires with their oxidation
potentials listed against decamethylferrocene. 6a (A), 6b (B), 7a (C), and 7b (D).
Arrows indicate sweep direction and starting voltage for all graphs.

oxidised than phosphite wire 7b, and phosphine wire 6a is more easily oxidised

than phosphite wire 7a. These observations indicate that the DMBT anchoring

group is slightly more electron-donating than SMe, and also that the phosphine

ligand is slightly more electron-donating than phosphite. Finally, comparing

DMBT phosphite wire 7b with SMe phosphine wire 6a shows that the effect

of the anchoring group is slightly greater than that of the ancillary ligand.

4.3.1 IR spectroelectrochemistry

Oxidation of the ruthenium wires was analysed by infrared (IR) spectroelec-

trochemistry, the results of which are shown in Figure 4.8, see chapter 3 for

experimental details. The oxidation potentials needed to fully oxidise the

species in the cell compare well to the cyclic voltammetry results. The neutral



CHAPTER 4. ORGANOMETALLIC MOLECULAR WIRES 59

Figure 4.8 Infrared spectra for the ruthenium wires 6a (A), 6b (B), 7a (C), and 7b
(D). Neutral states represented by black lines, fully oxidised states in different shades
of blue.

states of all wires, represented by black solid lines, show a pronounced peak

around 2050 cm−1. This mode corresponds to the C≡C vibrations. Upon

stepwise potential oxidation, this band slowly disappears and is replaced by a

broader, asymmetric band around 1900 cm−1. This feature corresponds to a

RuC≡C asymmetry in the electronic structure along the acetylide backbone

Table 4.2 Oxidation potentials of ruthenium wires versus ferrocene.

Molecule Oxidation (V) Versus ferrocene (V)

6a 0.450 -0.095
6b 0.425 -0.120
7a 0.490 -0.055
7b 0.440 -0.105
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Figure 4.9 UV-VIS spectra for the ruthenium wires 6a (A), 6b (B), 7a (C), and 7b
(D). Neutral states represented by black lines, fully oxidised states in different shades
of blue.

as a result of a delocalised positive charge. An additional feature around 1550

cm−1 starts appearing upon oxidation, and corresponds to the breathing mode

of the phenyl rings along the acetylide backbone.

4.3.2 UV-VIS spectroelectrochemistry

Oxidation of the ruthenium wires was also analysed by ultra-violet visible

ultra-violet visible (UV-VIS) spectroelectrochemistry, see Figure 4.9. Refer to

chapter 3 for experimental details. The oxidation potentials again correspond

well with the cyclic voltammetry results. The neutral ruthenium compounds all

show a clear UV absorption band around 30000 cm−1 (∼330 nm), black solid

lines. Upon oxidation, this main band shifts to lower energies, due to a newly
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available energy-level transition. This is because an electron is removed from

the HOMO, raising its position and thereby decreasing the HOMO-LUMO

gap. A second feature appears around 8000 cm−1, which corresponds to the

transition from the HOMO-1 to the newly accessible HOMO since this orbital

is now missing an electron due to oxidation. The molar extinction coefficients,

ε, are all in the same range. Note that the offset in energy levels between

electrodes and molecules uses the same symbol, which is how this work also

uses ε outside this specific section.

4.4 Transmission calculations

Collaborators from the University of Lancaster have carried out electron trans-

port calculations on the wires presented in this chapter (see chapter 3 for

details). Figure 4.10 shows the calculated conductance values as a function

of energy, for all the wires in Figure 4.1, except 5a and 5b. Just like in the

experimental conductance data discussed above, the vertical axes show the

conductance values in terms of G0, where peaks in the transmission curves

correspond to a higher conductance, and the troughs to lower values. The

dashed vertical lines represent the Fermi energy levels of the electronic leads,

which in this case are the gold STM tip and substrate. At applied bias voltages

that are relatively small, as is the case in all experiments discussed in this

work, the experimental conductance values correspond to a small symmetric

area on both sides of the Fermi energy in the transmission plots. This area

is also called the bias window and has the same numerical value as half the

transmission energy in both directions. For example, an applied bias voltage

of 0.2 V corresponds to a bias window in the transmission plot that goes from

negative 0.1 eV to positive 0.1 eV. The area underneath the curve within this

window is then integrated to give an average calculated conductance value.

In all cases, the peaks at negative values of E-EF correspond to the highest



CHAPTER 4. ORGANOMETALLIC MOLECULAR WIRES 62

occupied molecular orbitals (HOMOs) of the molecular wires, and the peaks

at positive values correspond to the lowest unoccupied molecular orbitals (LU-

MOs). In the top left panel, ligands 1a and 1b do not have these peaks clearly

defined, which is typical for short wires that are highly conjugated. These wires

also show a relatively high conductance value around the Fermi energy, which

is in good agreement with the experimental values shown in Figure 4.6.

One observation that stands out from these results is that the HOMO levels of

wires 2-4 and 7 are approximately pinned to the same energy values around

negative 1.2 eV (bottom four panels). Therefore, the shape and the position

of the LUMO orbitals largely dictate the changes observed in the transmission

curves around the Fermi level (dashed vertical lines). This result is intrigu-

ing because the HOMO orbitals dominate the conductance, as confirmed by

thermopower results (see below). A notable exception to this observation

is visible in the transmission curves for wires 6 (top right panel). In this

case, the diphenylphosphine ancillary ligands (Figure 4.1) seem to have a more

considerable influence on both the position of the HOMO and the shape of the

LUMO. This interpretation would also explain the lack of differences that result

from the anchoring groups, which is the case for wires 2-4. A similar ligand

effect is visible in the transmission curve for one of the triphenylphosphite

wires (7b in the middle right panel). The two narratives discussed above

might compete for these wires, where the distributed π-system dominates the

transmission curve for 7a, but the ligand dominates in the case of 7b.

An important note here is to take some caution when drawing conclusions from

these results. For example, discrepancies between transmission curves of wires

3a and 3b could arise from a difference in average junction geometry. This

average overestimates the conductance for 3b as discussed in the experimental

section above. The geometry used in the calculations can be adjusted by

applying so-called scissor corrections [122, 123]. Here, the positions of the

HOMO and LUMO are shifted based on the optical band gap of the molecule

measured by UV-VIS spectroscopy.
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Figure 4.10 Transmission calculations for all wires excluding 5a and 5b. Also note
that the organic wires are all on the left, the ruthenium wires are displayed on the top
right and middle right, and the platinum wires 4a and 4b are on the bottom right.

In all cases, the coupling between the molecule and the electrode significantly

affects the transmission plot. This influence is most clearly visible in the HOMO

peaks (at negative eV) of wires 4 (bottom right panel) and 6 (top right panel).

In each of these two panels, the two overlapping transmission curves have the

HOMO peaks that are closest to the Fermi level in the same position. However,

the width of the peaks is greater for DMBT wires b, which increases the

transmission close to the Fermi level. This broadening parameter Γ, which is a

measure of the molecule-electrode coupling strength, has considerable influence

on the conductance and is in good agreement with other studies [79].
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4.5 Thermoelectric properties

Thermoelectricity in molecular electronics refers to the electronic response of

a molecule when exposed to a temperature difference. The magnitude of the

voltage is called the thermopower, which is expressed by the Seebeck coefficient

S. The first effort to improve thermoelectric efficiency using nanoscale devices

was carried out on thin films by Venkatasubramanian et al. [124]. Paulsson

et al. gave a theoretical description of a single-molecule junction [13], and

the first experiment to realise this thermoelectric effect in molecular junctions

came from Reddy et al. [125]. In short, the magnitude of the Seebeck coefficient

(thermopower), is proportional to the slope of the transmission function dis-

cussed in the previous section. That means that the thermopower is higher (at

low bias) when one of the frontier molecular orbitals lies closer to the electrode

Fermi level. Since the Seebeck coefficient is proportional to the negative slope,

a HOMO conducting molecule has a positive Seebeck value, and a LUMO

conducting molecule a negative one. The thermoelectric properties of a selected

number of wires were measured, see Figure A.17. Small and positive values

were found, which confirms HOMO conducting wires for which the centre of

the transmission curves align with the Fermi level. This finding is in good

agreement with the calculations presented in Figure 4.10.

4.6 Rectangular tunnelling barrier

Oxidation potentials can be used to obtain estimates for the position of the

HOMO-orbital [126]. In light of the transmission picture discussed above, this

provides useful information about the junction. However, merely plotting the

conductance as a function of the orbital energies does not reflect the fact that

conductance values are measured close to the electrode Fermi level. Therefore,

oxidation potentials are taken together with the molecular length to fit the

square tunnelling barrier model from Table 2.1 (direct tunnelling). In the

case presented here, the molecular length estimates the barrier width and the



CHAPTER 4. ORGANOMETALLIC MOLECULAR WIRES 65

Figure 4.11 Experimental conductance values as a function of dS..S × (EHOMO −
EAu)

1/2 for SMe wires a (triangles) and DMBT wires b (circles). The fitting parameter
EAu is 2.4 eV for the SMe wires (dashed line) and 3.2 eV for the DMBT wires (solid
line). Note that these fits do not include platinum wires 4 (purple data points).

energy difference between the HOMO and the Fermi level represents the barrier

height [127]. Since the transmission calculations cannot accurately predict the

electrode Fermi level, it acts as a fitting parameter here.

Figure 4.11 shows this correlation, with the molecular wires separated by their

anchoring groups. Oxidation potentials for the organic wires 2 and 3 were

approximated by E3/4. Triangles represent wires a with SMe anchoring groups,

with the dashed line showing a linear fit (R2 = 0.95) through the data points

for the organic and ruthenium wires. Likewise, the circles represent DMBT

wires b, with the linear fit (R2 = 0.99) marked by the solid line. The plat-

inum wires 4a and 4b (in purple) lie quite far from these linear trends. The

electrochemical data for the platinum wires significantly underestimates the

tunnelling barrier height. Rather than a poor estimation for the position of

the HOMO, more likely is that the tunnelling mechanism has a significant

contribution from σ-orbitals [121, 128]. These orbitals are much lower in energy

and thus lie farther away from the Fermi level, which means a lower conductance

[127]. Note that compounds 5a and 5b are missing from this trend because

no electrochemical data is available for these wires. Despite a clear correlation

between conductance and electrochemical potentials, these trends emphasise
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that a simple model like the rectangular barrier is not sufficient to describe the

complex interactions of the systems under study.

4.7 Conclusions

This chapter has presented a series of organic and organometallic molecular

wires, and a study of their electrical properties both experimentally and theo-

retically. Adding ruthenium centres to the molecular wires boosts conductance

values by a factor of about two on average. The platinum wires studied here

generally have a lower conductance value than their organic equivalents. This

result is in contrast with similar platinum systems studied previously, and is

likely a result of an increased σ-orbital (and decreased π-orbital) contribution

to the frontier molecular orbitals. Electrochemical experiments confirmed these

findings by providing estimates for the positions of HOMO-levels (which are π-

orbitals). Fitting the electrochemical data to a rectangular tunnelling barrier

reveals a trend for the organic- and ruthenium wires, but not for the platinum

ones. However, deviations from this fit and limitations of this simple model,

confirm the notion that the electrical properties of molecular wires result from a

complex mix of different parameters. Key factors include the molecular length,

the frontier-molecular orbital character (HOMO or LUMO) and position (ε),

electron-electron interactions, electron-phonon interactions, and the molecule-

electrode coupling factor, Γ. This last parameter shows the most significant

influence on conductance, which is in good agreement both with theoretical

calculations and other studies.

The work presented in this chapter confirms the importance of organometal-

lic systems for molecular junction design. However, more work is needed to

elucidate mechanisms and understand the intricate interplay of the parameters

that make up the junction. The results presented here should be repeated

using large-area junctions to establish if the single-molecule properties drasti-
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cally change when studying assemblies of molecules. These scaling studies are

indispensable for building device applications using molecular architectures.



Chapter 5

New anchoring groups for

Indium Tin Oxide electrodes

“Questions you cannot answer are usually far better for you

than answers you cannot question.”

— Yuval Noah Harari

68
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5.1 Introduction

For transistor type applications, molecules that can be switched rapidly be-

tween two different conductance states are required. An important method

for controlling the junction conductance is optical modulation [129]. However,

gold electrodes are not suitable for such experiments as they quench the light-

induced excited states [130]. For this reason, transparent electrode materials

such as tin-doped indium oxide, or simply indium tin oxide (ITO), have been

studied in numerous research fields over the last few decades [131]. This

material is important because of its combined conductivity and transparency.

It is classified as a degenerate semiconductor, which means that the doping

level (of tin) is high enough for the material to act somewhat like a metal.

The structure of ITO is shown in Figure 5.1. The group of Tao showed that

Figure 5.1 Crystal structure of tin-doped indium oxide (ITO). Adapted from reference
[132].

carboxylates are suitable anchoring groups for forming molecular junctions

between ITO electrodes [133]. Lindsay’s group later investigated an optically

switchable molecular junction where the conductance was high under visible

light illumination and low in the dark [134]. Other groups have used molecular

monolayers of phosphonic acids and amino-silanes to modify surface properties

of ITO [135–137]. However, to date little work has been done to investigate

new anchoring groups for the formation of single molecule junctions using ITO.
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This chapter will focus on a series of asymmetric tolane molecular wires pre-

sented in Figure 5.2, which we designed for the formation of Au-molecule-ITO

junctions. As reviewed in chapter 1, the vast body of literature on the gold-

sulfur bond in molecular electronics justifies the choice of a sulfur-containing

anchoring group on one end of each wire. The other anchoring-group is expected

to bind to ITO and will be the main focus of discussion in this chapter. I will

start by presenting conductance data of Au-molecule-Au junctions measured

using the STMBJ technique [67] for all the wires, which mainly serves as

a rough evaluation of the molecules. Next, there will be a brief section on

experimental challenges in forming Au-molecule-ITO junctions using current-

distance spectroscopy. I will then narrow down the discussion of the molecular

series to a few selected ones, which we evaluated on ITO substrates using

current-time spectroscopy, known as STM-I(t) (see section 3.3 in chapter 3). We

also carried out surface characterisation experiments of the molecules on ITO,

which I will discuss after the conductance results. Finally, I will briefly touch

on the difficulty of computational efforts before closing with the concluding

statements and a note on future work to be done.

Figure 5.2 Molecular structures for the compounds studied in this chapter. The
molecular wires are categorised by their sulfur anchoring groups, with thioacetate-
contacted wires A on the left, the dimethylbenzothiophene-contacted wires B in the
middle, and the thioether-contacted wires C on the right. Numbers correspond to the
anchoring groups designed for binding to ITO: carboxylic acid (1), pyridinium squarate
(2), cyanobutenoic acid (3), conjugated acetyl-acetone (4), and cross-conjugated
acetyl-acetone (5).
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5.2 Au-Au break-junctions

Experimental challenges in forming in situ metal-molecule-metal junctions

mainly come from limitations of solvents, see chapter 3. As a result, solubility

is a key property to take into account when designing molecular wires for in

situ junctions. Molecules A were the starting point of this study, due to their

well-studied thiol anchoring groups. However, the solubility of these wires is

not great in trimethylbenzene. Especially A2 is poorly soluble in nonpolar

organic solvents in general, which made it challenging to measure. In an effort

to improve solubilities, and thus making measurements both easier and more

reliable, wires B were added to this study. Additionally, these wires serve as

a comparison to wires A, or as will be discussed below, can also complicate

matters. Finally, wires C were added due to synthetic challenges in making a

thiol-acetyl-acetone wire.

STMBJ measurements were carried out as a first step evaluation of the

molecular wires. The resulting histograms are presented in Figure 5.3, where

the wires are categorised by colour in terms of their ITO-anchoring groups.

Blue histograms of carboxylic acid wires 1 are shown in Figure 5.3A-B. Red

histograms in Figure 5.3C-D show data of the pyridinium squarate wires 2.

Figure 5.3E shows the histogram for the cyanobutenoic acid wire 3 in grey.

Conjugated forms of the acetyl-acetone anchoring group are shown in green

(Figure 5.3A-B), and finally the cross-conjugated acetyl-acetone wire 5 is shown

in yellow in Figure 5.3H.

5.2.1 Carboxylic acids

It was a sensible choice to start this project by measuring the conductance

of carboxylic acid wires, because of the body of literature available for the

gold-carboxylate bond. However, the main issue with tolane wires is that their

solubilities in aqueous environments are limited. Therefore, it is challenging

to control the pH, and thus to ensure a negatively charged carboxylate group
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Figure 5.3 One-dimensional conductance histograms of Au-molecule-Au junctions
using the tolane wires presented in this chapter. Insets show the molecular structures
for each histogram.

to bind to the gold electrode. Nevertheless, both molecules A1 and B1 do

form junctions using gold electrodes as shown in Figure 5.3A-B. There is a

remarkable difference in junction stability between the thiol wire A1 and the

DMBT wire B1. Since we know that the pKa values are similar, and therefore

the behaviour of the proton in the carboxylic acid can be expected to be similar,

this difference must come from the stability of the sulfur-anchoring group.

Symmetric junctions using thiols on both ends of the molecule are known to

be stable [16], but the DMBT anchoring group seems to perform even better

[138]. The major difference in hit rate, i.e. counts/trace for the molecular

peak (see chapter 3), indicates that the decreased rotation of the DMBT group

significantly improves the junction stability [139].
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5.2.2 Squarates

The pyridinium squarate wires 2 do not form any molecular junctions between

gold electrodes as indicated by the histograms in Figure 5.3C-D. However, this

anchoring group has been shown to bind to metal oxide surfaces [140].

5.2.3 Cyano

The cyanobutenoic acid wire A3 is, in principle, similar to the carboxylic acid

wires 1. The difference is that its pKa value is lower because the electron-

withdrawing cyano-group stabilises the deprotonated form of this molecule. In

principle, this would mean that A3 forms junctions more easily than wires 1,

because the proton is more weakly bound. However, as the behaviour of the

junction is determined by several different effects, this is not the observed result.

5.2.4 Acetyl-acetones

Intuitively, it makes sense that the carbonyl oxygen does not bind to the metal

electrode. We also know from [141] that the carboxylic acid anchoring group

only binds to gold when it is deprotonated, and esters do not bind at all.

Therefore, one might assume that the double keto forms of B4, C4, and C5

are not expected to form any molecular junctions. With this in mind, then,

the enol form is likely responsible for forming junctions and the explanation

for the poor performance of B4 could be that deprotonation of its enol form is

less likely. However, the pKa values for B4 and C4 are similar, which indicates

that there might be another reason for the observed results. In addition, the

HOMO and LUMO levels of both compounds are nearly the same, see appendix

Appendix B. In summary, because the results with the acetyl-acetone anchoring

groups are inconclusive, we have decided to focus on wires A1-3 for the ITO

experiments that follow.
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5.3 Au-ITO junctions

5.3.1 Current-distance spectroscopy

To obtain Au-molecule-ITO junctions experimentally, the non-contact I(s)

method intuitively would be a good starting point. This is because it is

difficult to maintain control over what happens at the nanoscale when crashing

one material (gold) into a different one (ITO). However, in practice, it was

not possible to obtain reliable current-distance data using the I(s) technique,

because the tunnelling current fluctuated during the entire retraction cycle.

The same effect was observed when trying to obtain break-junction data using

similar retraction distances as with the gold-gold junctions. After moving to

a different STM setup, the retraction distance could be increased significantly.

Figure 5.4 shows conductance-distance traces using the amended STM setup

for break-junction experiments with an ITO substrate and a gold STM tip.

This figure shows very long slowly decaying current-distance traces of >20 nm.

One reason for the long decay might be that filaments of the substrate are being

pulled out upon retraction [142]. However, the Mohs hardness of gold is much

lower than that of ITO. And even though this is a bulk parameter, a couple of

simple STM tests described below suggest this property is (somewhat) retained

at the nanoscale. High voltage pulses applied to the gold tip will expel atoms

onto the ITO surface, but scanning the area directly after a pulse does not

show any gold deposited onto the ITO. This is likely a result of the atoms being

picked up by the tip when it gets close, and the atoms are picked up by the tip

while scanning. Lack of an established point contact (G0 equivalent) hints at a

stiff ITO electrode that gets probed by an easily deformed gold tip in different

surface binding sites. This view is supported by comparing scanning images

before and after crashing the tip, where the images before are of much higher

quality, indicating a sharp tip.
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Figure 5.4 An STMBJ experiment using an ITO substrate and Au tip showing exam-
ple conductance-distance traces (A) and the corresponding one-dimensional histogram
(B).

5.3.2 Current-time spectroscopy

The STM-I(t) technique relies on stochastic binding where molecules move in

and out of contact with the electrodes due to thermal and Brownian motions.

Therefore, this technique works best on molecular monolayers rather than using

in situ measurements because more molecules are present, which increases the

frequency of binding events. It is desirable to obtain uniform molecular layers,

which is straightforward to do using thiols [143]. In contrast, the DMBT group

might not form monolayers that are well defined, which is why we focused on

the thiol-terminated molecules. Two different approaches to the experiment

were used to improve the reliability of the Au-molecule-ITO junctions with

controlled orientation:

i. SAMs of the molecules on the ITO substrate;

ii. SAMs of the molecules on the Au tip.

The choice of ITO samples matters when forming monolayers [109]. The first

few experiments were carried out using PG&O slides, which were kindly donated

by the group of Frank Jaeckel (see section 3.3 on Experimental setup). However,

for the transport measurements, new ITO slides were purchased from SPI

Supplies, based on several independent recommendations regarding monolayer
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Figure 5.5 Conductance data for ITO-molecule-Au junctions using SAMs on ITO
substrates. (A) Example current-time traces for the wires A1 (blue), A2 (grey), and
A3 (red). (B-D) Corresponding one-dimensional conductance histograms with insets
show the molecular structures for each histogram. Measurements were carried out
using a negative sample bias of 100 mV.

formation. These slides were also used for the ‘reverse-I(t)’ (current-time-ii)

experiments, where the monolayer is formed onto the Au tip.

SAMs on ITO substrate

Figure 5.5 shows current-time-i data for wires A, with stochastic current jumps

presented in panel (A), and the histograms that were built from these traces in

panels (B-D), also see section 3.3 for details.

SAMs on Au tip

Figure 5.6 shows current-time-ii data for wires A, with the histogram of A1

in the top left (dark blue), A2 in the top right (red), and A3 in the bottom

(light blue). Again see section 3.3 for details. Table 5.1 provides a summary

for the conductance of Au-molecule-ITO junctions. The two experiments have

taken measurements at opposite bias polarities and by forming SAMs on one

electrode or the other. A small rectification feature is observed, which might be

interpreted according to junction models that are similar to the ones presented

here. However, the number of traces that make up the current-time histograms

is quite small. Therefore, experiments need to be repeated and even better is
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to collect current-voltage characteristics for these systems. The two missing

experiments should also be carried out, i.e. a positive sample bias for method

i and a negative sample bias for method ii.

Table 5.1 Summary of junction conductance values for the thiol-wires A. All values
reported in nS. iMolecular SAMs adsorbed onto the ITO substrate. iiMolecular SAMs
adsorbed onto the Au tip. Positive (+) or negative (−) sample bias indicated for the
ITO junctions.

A1 (car-
boxylic)

A2 (squarate) A3 (cyano)

Au-molecule-Au 12 - 9.0
Au-molecule-ITOi (−) 6.1 6.7 6.4
Au-molecule-ITOii (+) 2.5 3.6 2.6
Rectification Ratio
(RR)

∼2.5 ∼1.9 ∼2.7

Rectification

In simple asymmetric molecular wires, like the ones presented in this chapter,

molecular orbitals are mostly centred on certain parts of the molecule. In

this case, the HOMO is centred on the side of the molecule that contains the

Figure 5.6 Conductance data for ITO-molecule-Au junctions using SAMs on Au
tips. (A) Example current-time traces for the wires A1 (blue), A2 (grey), and A3
(red). (B-D) Corresponding one-dimensional conductance histograms with insets show
the molecular structures for each histogram. Measurements were carried out using a
positive sample bias of 300 mV.
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sulfur anchoring group, and LUMO has more contribution from the other side

(unless there is a moiety present that is more electron-rich than the sulfur-side

of the tolane wire). We now have a system with asymmetric electrodes and

asymmetric positioning of the HOMO and LUMO levels of the molecule within

the junction. Here, rectification might then be expected to occur as a result

of the relative position of the HOMO level with respect to the Fermi level

of the electrodes [144]. It is tempting to extend this picture to our system,

even though these hypotheses need to be verified experimentally. In forward

bias, the HOMO would lie in between the two electrodes, whereas in reverse

bias, it would be located below both Fermi levels. A note of caution needs to

be added with respect to the magnitude of the rectification observed in these

experiments. This notion is especially true when considering the relatively low

number of traces recorded during these experiments.

5.4 Surface characterisation

Monolayers of wires A on both Au and ITO were analysed using AFM imaging,

QCM, XPS, and contact angle measurements.

5.4.1 AFM scratching

Figure 5.7 shows AFM images with (top) and without (bottom) a molecular

monolayer present. The left panel for each condition shows a scan of the ITO

substrate prior to the experiment. The small inset in the centre shows a zoomed-

in area where a large force was applied. The right panel shows the same scan

area as the left panel (zoomed back out after the experiment). The substrate

that had a monolayer (top) clearly shows that it has been deformed by the

pressure, whereas the bare substrate (bottom) shows no signs of deformation

at all.
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Figure 5.7 Monolayer scratching experiment using AFM contact-mode imaging. Top:
the ITO surface shows a scratched patch in the monolayer after the experiment (right)
when compared to its state before scratching (left). Bottom: the bare ITO surface
shows no change after the scratching experiment. Note that these experiments were
carried out using PG&O substrates.

5.4.2 QCM, XPS, and contact angle

Figure 5.8 shows two additional molecules, D and E. These molecules were used

in control experiments to determine interactions between anchoring groups and

electrodes.

Surface characterisation experiments were carried out by collaborators in

Zaragoza, Spain (see chapter 3 for details). X-ray photoelectron spectroscopy

(XPS) results for wires A are presented in appendix Appendix B and show

non-thiol interaction with the ITO substrate in all cases (bottom right plots).
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Figure 5.8 Molecular structures for the control wires used in the surface characteri-
sation experiments.

This observation can be seen from the peaks that correspond to the thiol

groups. These peaks are in good agreement with the spectra that are recorded

for the powders (graphs on the left in all cases). These two results combined

show that the molecule binds to ITO preferentially with its non-thiol anchoring

group. Indeed, when molecules A1 and A3 are adsorbed onto gold substrates

instead (top right panel in Figure B.3 and Figure B.5, respectively), a new

peak appears that corresponds to the free thiol anchoring group. This result

indicates that the molecules bind to gold with both anchoring groups, which

is in good agreement with the gold-gold break-junction data described above.

In the case of molecule A2, the peak that corresponds to the free thiol is

almost completely absent, which indicates preferential thiol-binding of this

molecule to gold. This result is also in good agreement with the gold-gold

break-junction data described above. In addition, quartz crystal microbalance

(QCM) experiments have confirmed that the squarate anchoring group does

not interact with gold. Contact angle measurements were also carried out on

monolayers of these molecules on gold and on ITO, see Table 5.2. The angles are

smaller for monolayers on gold, indicating the relatively hydrophilic non-thiol

anchoring groups are free, which is in good agreement with the XPS results.

The angles for the monolayers on ITO are larger, which indicates the more

hydrophobic thiol groups are unbound. This result also agrees well with the

XPS and the conductance experiments. Another interpretation of these results

is that the current-time experiments with molecules adsorbed onto ITO might

be more reliable since the binding of the molecules has a greater preferential

orientation. This conclusion is especially true for the squarate wire A2 since it

does not interact with gold at all.
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Table 5.2 Contact angles of molecular SAMs on Au and ITO.

A1 (car-
boxylic)

A2 (squarate) A3 (cyano)

Contact angle on Au 73° 63° 72°
Contact angle on ITO 79° 80° 77°

5.5 Calculations

Due to the challenges involved with modelling the ITO electrodes, computa-

tional studies are currently still ongoing. Preliminary data shows that there

are many possible transmission paths in the Au-molecule-ITO junction. The

results are difficult to interpret, even when the theoretical model is limited to

a specific metal oxide surface configuration. Therefore, more detailed surface

characterisation experiments are currently ongoing in an attempt to reduce

the total number of possible binding configurations. Finding a specific binding

mode for each molecule is likely to reduce drastically the number of transmission

pathways and thus will be a great enhancement for the theoretical model.

Figure 5.9 shows UV-VIS absorption spectra for wires A in the same solvents

that the Au-molecule-Au junctions were measured in. These experiments give

an indication for the band gap, which also makes the transport calculations

more accurate.

5.6 Conclusions

We have measured electrical transport properties of a series of tolane wires using

STM techniques to form metal-molecule-metal junctions. We first determined

rough conductance values of eight wires using two gold electrodes in the break-

junction. Values were around 10−3.5 G0 for all wires that formed junctions,

which is slightly lower than values for symmetric tolane wires as expected [77].

Crucially, the pyridinium squarate group does not form any junctions using gold

electrodes only. Next, we focused on the thiol molecules for forming asymmetric
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Figure 5.9 Absorption profiles for wires A1-3 in the same solvent as the conductance
measurements. The shoulder of the peak gives an estimation for the HOMO-LUMO
band gap, shown by the dashed lines for each wire. The converted values are 3.44 eV
for A1, 2.99 eV for A3, and 2.43 eV for A2.

Au-molecule-ITO junctions. Here we have shown the controlled orientation of

the molecules by design of their electrode-specific anchoring groups, which is

confirmed by surface characterisation experiments. These asymmetric junctions

show rectifying behaviour, which can be attributed to both the nature of the

molecule and the two different electrode materials at either end of the junction.

The rectification ratio is ∼2.6 for wires A1 and A3, but has a slightly lower

value of ∼1.9 for the squarate wire A2. However, these results come from

small datasets and thus more traces should be added to improve the statistics

of these values. We have also shown that current-distance experiments using

ITO electrodes are very challenging as the tunnelling current only drops to

the noise floor when the electrode separation reaches >20 nm, regardless of

whether molecules are present in the environment of the electrodes.

Future work includes light-modulation experiments and evaporation techniques

to make ITO tips for symmetric transport experiments. Large-area conductance

measurements on molecular layers using ITO as the bottom electrode is also

an important next step.



Chapter 6

Complex architectures

“In math, you’re either right or you’re wrong.”

— Katherine Johnson
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6.1 Introduction

There has been a tremendous interest in studying the electrical properties

of complex molecular architectures in recent years. In particular, long-range

electron transport mechanisms are important for the design of complex archi-

tectures and can be achieved using secondary structures, e.g. conformational

folding (peptides [145]) or supramolecular effects like host-guest (shown earlier

by our group [146]), or charge-transfer complexation [147].

This chapter will first describe the design of a three-dimensional (3D) molecular

conductor, see wires 1Fe and 1Co on the left in Figure 6.1. The spatial

orientation of this molecule is such that the ligands form a symmetrical he-

lix around the metal centre resulting in a ball-like structure. The aim here

is to study lateral interactions between ligand (or molecules) and nonlinear

conformations at the same time. As mentioned in chapter 1, it is an important

objective to optimise anchoring groups for single-molecule active components in

electronic nanodevices. In the second part of this chapter, a molecular wire that

incorporates metal atoms in one of its anchoring groups is discussed, see FePt

in the middle of Figure 6.1. The third and final section of this chapter covers

a molecular wire that is designed for active optical switching, see DHP on the

right in Figure 6.1. Such a system is particularly interesting in conjunction

with transparent electrodes from chapter 5.

Figure 6.1 Molecular structures for the three systems covered in this chapter: a
molecular ball (left), a metallic anchor (middle), and an optical switch (right).
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Figure 6.2 Single-molecule conductance data for 1Fe (purple) and 1Co (green).
Example conductance-distance traces along with molecular structures (A), as well as
one-dimensional (B, C) and two-dimensional histograms (D, E).

6.2 A molecular ball

Figure 6.2 shows single-molecule conductance data for metal complexes 1Fe and

1Co, with example conductance-distance traces for both wires in panel A. The

two purple traces on the left correspond to the iron complex and the two green

ones on the right to the cobalt complex. Clear molecular plateaus can be seen

just below 10−3 G/G0, resulting in distinct peaks in the one-dimensional (1D)

histograms of 1Fe and 1Co in panels B and C, respectively. The same features

are also visible in the two-dimensional (2D) histograms in panel D (1Fe) and

E (1Co). However, the junction formation probability (JFP), defined as the

number of traces with a molecular feature divided by the total number of traces,

is lower for both these molecules when compared to simple linear wires bearing

the same anchoring groups. This is indicated by an intensity count of clean

tunnelling traces (no molecular junctions) reaching ∼1500 and ∼600 in panels

D and E, respectively. For comparison, see 2D histograms of 2a and 3a in

Figure 4.2F and H on page 50. This means that over half of the conductance-

distance traces do not show any molecular features in each case, which is likely

a result of the spherical geometry of the molecules, making it harder for the

molecules to bridge the gap between the electrodes. The magnitude of the

conductance is around the expected value for the ligand (bearing in mind that
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2a is longer than the ligands of these wires), which means that it if the metal ion

participates in the charge transport pathway, it does not significantly affect the

conductance. However, it is more likely that the metal ion does not actually

participate in charge transport, as has been found for other systems where

the metal is part of an optional electron pathway (see chapter 4 of reference

[148]). In order to verify this, longer helix wires with a deliberate break in the

ligand conjugation pathway were also synthesised and measured. Unfortunately,

their poor solubility requires measurements in polar solvents, which means

that in situ break-junction experiments are not suitable for these longer wires

with a much lower conductance. Therefore, they were preadsorbed onto the

gold substrate and subsequently measured in air. The molecular structures of

these compounds, along with their conductance histograms, are presented in

appendix Appendix C, Figure C.1 on page 114. There is a faint feature visible

in the 2D histogram of 2Fe as indicated by the white circle, but the JFP is

extremely low, and 2Co does not show any molecular features. Theoretical

calculations on the short wires 1Fe and 1Co are currently ongoing as another

approach to verify whether the metals contribute to the conductance pathway.

6.3 A metallic anchor

A short molecule with a new metallic anchoring group is presented in this

section, where one of the metals is proposed to participate in binding to

the electrode. Example conductance-distance traces are shown in panel A of

Figure 6.3, showing several different types of characteristic molecular plateaus.

From left to right, the first two traces in pink show a small feature at a

relatively high conductance of ∼10−1.5 G/G0, which may come from the

electrodes binding to the thioether on one end and the pyridine nitrogen in

the middle. The next two traces (in purple) show features approximately one

order of magnitude lower, with a slightly longer plateau, where the second

one in light purple shows added telegraphic noise. These features would then
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be a result of the electrodes binding to the terminal ends of the molecule.

The final three traces in cyan show traces with a combination of both these

features, indicating that the junction might start with one electrode binding

to the nitrogen, followed by the molecule terminally bridging the gap upon

further electrode separation. With these features clearly present in individual

conductance-distance traces, a distinct peak in the conductance histograms

would be expected. However, no molecular features can be seen when all

traces are combined into histograms, see panels B and C of Figure 6.3. This

is likely due to a combination of conductance features at various values, and

a low JFP (see discussion above), which has been shown to result in poor

histograms [149]. Manually selecting only the traces that contain a plateau

shows a JFP of approximately 10%. However, since the selection of data by

hand introduces a subjective inclination, the above experiment was repeated for

a range of different concentrations and bias voltages, with the aim to observe

conductance peaks in unselected data. Increasing the bias voltage to 200 mV

did not increase the JFP noticeably, but a faint molecular feature did appear at

a bias of 300 mV with a concentration of 0.1 mM and above. This could mean

that JFP depends on electric field strength, which is in contrast with the idea

that junctions are mechanically less stable at higher bias and therefore have a

shorter lifetime. Another thing to note is that the G0 peak in both histograms

is poorly defined, which results from having many noisy traces like the dark

purple one shown in panel A. This can be caused when the molecules start

covering the electrode surface after prolonged experiment times, making clean

gold-gold point contacts less probable. The experiments were also carried out

using three equivalents of FePt, with the iron atom being replaced by a cobalt,

nickel, and zinc atom, respectively. The idea here is that small differences in

electronic structure might improve the JFP, but unfortunately, none of these

wires showed any molecular feature in unselected histograms either. It seems

that the break-junction technique is not suitable for measuring these molecules,

which could be a result of the undercoordinated nature of available gold sites,
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Figure 6.3 Single-molecule conductance data for FePt with example conductance-
distance traces (A) showing several distinct types of plateaus. 1D histogram (B) with
the molecular structure of FePt, and 2D histogram (C).

to which the planar anchoring group of these molecules do not readily bind.

6.4 An optical switch

Molecular wires with the pyrene moiety can structurally switch between two iso-

mers [150]. The closed ring form (as presented in the right panel of Figure 6.1)

opens up when irradiated with visible light. This ring opening is reversible and

the original structure can be recovered either by exposure to UV light, or by

heating up the sample. We have added extra alkyne groups in comparison to

reference [150] to increase the junction formation probability. In addition, the

specific wire presented here has meta-substituted pyridine anchoring groups, see

Figure 6.4. Example conductance-distance traces are shown in panel A. The

first two traces in magenta are examples from the dataset recorded at a bias

voltage of 100 mV. The resulting histogram in Figure 6.4B is poorly defined due

to its proximity to the noise floor. A common tool for improving the signal-to-

noise ratio and thereby obtaining a well-defined histogram peak is to increase

the bias voltage of the experiment. This pushes down the absolute value of the

conductance noise floor because it stems from a lower limit of the current, and

not the conductance. The experiment was thus repeated at a bias voltage of
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Figure 6.4 Single-molecule conductance data for DHP measured at a bias voltage
of 100 mV (magenta) and 300 mV (orange). Example conductance-distance traces
along with the molecular structure (A), as well as one-dimensional (B, C) and two-
dimensional histograms (D, E).

300 mV, example traces of which are shown in orange in panel A, along with

its histograms is panel C and E. Remarkably, the conductance value seems

to drop slightly when the bias voltage is increased, which could be caused by

a nonlinear feature in the current-voltage characteristics. Therefore, the first

effect that comes to mind is negative differential resistance (NDR). This effect

typically arises from molecular orbital energies aligning with the electrodes

[151]. As the bias voltage is increased, the molecular energy levels first are

in resonance with the electrodes. Upon further increasing the bias voltage,

the energy levels shift off resonance, which leads to a decrease in the current.

Unfortunately, there are issues when applying this exciting hypothesis to the

DHP system discussed here. Most importantly, the effect does not seem to

be present when current-voltage experiments are carried out on the molecular

junction. However, the effect was also seen for single-molecule conductance

data of the para-substituted equivalent of this meta-substituted pyridine wire.

Therefore, a more likely reason for the observed results is that only a portion

of the 100 mV histogram (magenta, panel B) is sampled at 300 mV (orange

histogram, panel C). This would explain why the observed number of counts

per trace is approximately halved for the measurement at relatively high bias,

indicating less stable molecular junctions. That said, even a bias voltage of 300
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mV is relatively mild and still quite far from any other tunnelling mechanisms

coming into play.

6.5 Conclusions

We measured the conductance of three types of molecular wires bearing func-

tionality beyond the traditional linear structure, collectively referred to in this

chapter as complex architectures. The first design consists of a 3D helical

structure, in which the metal centres do not seem to participate in the dominant

transport pathway. The metallic functionality of the lantern complex in the sec-

ond design prove difficult to evaluate using STMBJ, despite molecular features

present in individual traces. As a result, the question remains unanswered

whether the lantern metal atoms play a direct role in the hybridisation of the

metal-molecule anchor. A promising alternative technique to try as a next step

is STM current-time spectroscopy, as discussed in subsection 5.3.2 on page 75.

This technique is recommended because it does not form direct contacts between

the metal electrodes and relies on stochastic binding events, thus allowing for

junctions to form that are less robust and happen on longer timescales. The

third and final design, which contains the optically switchable pyrene moiety,

showed a curious conductance dependence on the applied bias voltage. It is

likely that this result is caused by a change in junction stability when the bias

voltage, and thus the electric field strength, is increased.

Overall, control experiments are recommended for the helix and the lantern

wires, by using their bare ligands, to confirm the exact behaviour of the wires.

After establishing the reason for the conductance-bias behaviour of the pyrene

wires, their optical switching properties need to be tested with light in solution

first, and then in the metal-molecule-metal junction too.



Chapter 7

Conclusions

“Have no fear of perfection; you’ll never reach it.”

— Marie Skłodowska Curie
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The central focus of this thesis has been to manipulate specific parts of nanoscale

electronic junctions and to study how these changes affect electron transport

through these junctions. Scanning tunnelling microscopy techniques have been

used to fabricate single-molecule junctions consisting of metal-molecule-metal

and metal-molecule-semiconductor architectures.

First, in chapter 4, the backbones of a series of conjugated molecular wires

were modified by adding a platinum or ruthenium metal atom in the centre

while keeping the thioether-based anchoring groups the same. As discussed,

the resulting organometallic molecular wires generally have a conductance of

up to an order magnitude higher than their organic counterparts. However,

the platinum wires presented here are less conductive than the organic wires,

which is in contrast to results of similar systems found in the literature. For

the organic and ruthenium wires, a correlation was found between conductance

values and oxidation potentials, the latter providing an estimated position of

the highest occupied molecular orbital. The platinum wires did not follow this

trend, hinting at an increased contribution of σ-orbitals in these wires. This

finding also explains the relatively low values of conductance for these wires.

Next, in chapter 5, the molecular bridge was kept constant while the im-

pact of electrode design on electron transport was evaluated using a series of

asymmetric molecular wires. Here, one end of the molecule had an anchoring

group that is known to bind well to gold electrodes, while the other was

designed explicitly for binding to indium tin oxide. A set of anchoring group

combinations was first tested using gold-gold break-junctions, after which three

specific wires were selected for further studies on indium tin oxide substrates.

One of the new anchoring groups did not bind to gold, only to indium tin oxide,

which is an advantage for studying asymmetric metal-molecule-semiconductor

junctions like these as the orientation of molecules in the junction can be

controlled. Switching the polarity of the applied bias voltage across these

asymmetric junctions resulted in moderate rectification. This result is not

surprising as differences in the electrodes and anchoring groups on either side
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of the junction result in an asymmetric distribution of electron density. This

asymmetry makes it easier for the electrons to flow in one direction compared

to the other.

Finally, in chapter 6, three examples of more complex and new molecular wires

were presented. The first design aimed to study supramolecular interactions

within a single helical wire that contains a metal centre. The conductivities

of these wires are in the same range as the values for the bare ligands, which

indicates that the metal centres do not seem to participate in the dominant

transport pathway. The second design aimed to increase the coupling between

molecules and electrodes by using an organometallic moiety in one anchoring

group of the molecules. Despite molecular features present in individual traces,

the dynamic break-junction technique does not seem suitable for measuring

these lantern complexes. The third and last design aimed to create an active

molecular junction that can be switched between states of relatively high and

low conductance using light as an external source. Experiments involving this

system are currently ongoing, but preliminary results show a curious inverse

correlation of conductance with applied bias voltage.

This work has confirmed the complex interplay between parameters at the

nanoscale together determining electron transport through molecular junctions.

The path to applications is still posed with many challenges, yet this work

provides a small contribution to its progress, and hopefully, there will be more

exciting discoveries along the road to molecular electronic applications.



Chapter 8

Future directions

“We should be excited about the future & striving to go beyond

the horizon!”

— Elon Musk
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Molecular electronics is a highly multidisciplinary field, which has brought

together researchers from backgrounds in chemistry, physics, engineering, and

biology alike. Many breakthroughs have advanced the field tremendously over

the last few decades, and it has become one of the fastest-growing areas of

research. However, there is still a long way to go until applications based on

molecular assemblies can be realised. For example, reproducible and robust

device fabrication is needed for scaling up production to reach the market.

Some of the issues that are faced by currently existing methods include yield,

variation, stability, integration, and reproducibility [3]. Therefore, new tech-

niques need to be developed for reliably creating molecular electronic devices

at a larger scale with a high yield.

Another specific technological challenge is to lower the power consumption of

commercial devices. Molecular systems are well-suited to achieve this efficiency

goal because of their ability to operate at low bias voltages. However, the

critical obstacle here is that inefficient coupling between the molecules and the

electrodes leads to high contact resistances [12]. The molecule-electrode inter-

face has been a central area of focus ever since techniques in the field made the

research accessible in laboratories. This interface will likely continue to receive

considerable attention for several reasons. Firstly, the formation of electrodes,

metal and nonmetal alike, is essential both for studying junction properties and

for scaling up device fabrication as mentioned above. Secondly, the coupling

strength is one of the most significant factors that dictates charge transport.

For this reason, researching anchoring groups will continue to be significant,

especially new groups for nonmetal electrodes. Thirdly, due to the significant

contact resistance at the interface, new ways of reducing this resistance will be

necessary. Covalent carbon bonds are one example of a good solution to this last

problem [21]. Finally, resonant tunnelling devices based on molecular assemblies

will need the band gap features of semiconductor architectures because energy

level broadening in metal-molecule-metal junctions are not suitable for these

devices [152].
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Looking at inorganic chemistry, incorporating metal centres into molecular

wires generally enhances the conductance through reduced optical band gaps

[114]. However, since the molecule-electrode coupling is more important for

increasing electron transmission, the advantages of metal complexes are more

likely found in two other areas. Firstly, the robust and reversible redox prop-

erties will be important for switching functionalities using electrical gating as

an external stimulus. Furthermore, the existing versatility and convenience of

molecular synthesis are expanded even further through inorganic design. The

benefits that result from this vast chemical design space are numerous. For

example, to engineer molecular monolayers and even multi-layers for studies

on molecular communication. In particular, it is still unclear when molecular

assemblies have a strong coupling and consequently enhance the overall tun-

nelling current [153].

A more general problem in the field is the limited information available from

simple conductance measurements. Therefore, the ability to provide detailed

information about the nanoscopic environment during the measurements will

be valuable. To achieve this, the integration of in situ characterisation methods

is indispensable. An additional benefit of this integration is that these char-

acterisation methods can easily be tuned or adapted to function as external

parameters for junction switching [154].

A principal theme throughout the interdisciplinary field of molecular electronics

is the presence of a wide variety of research topics. One such example is the

cross-over to studies in biological systems, where peptides, proteins, and DNA

have been the subject of several investigations [155]. The continued integration

of nanoelectronics with fields like biochemistry and biophysics will likely result

in an explosive number of new studies over the next few years. Other fields such

as inorganic chemistry and optoelectronic physics can expect to receive a similar

treatment. Sensors are prone to reach the market sooner than transistors do be-

cause sensor devices are more straightforward to manufacture than transistors,

but who knows what will be discovered and developed along the way? Either
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way, exciting times are ahead for the field and the potential contributions that

will follow from continued effort of research groups around the world.
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Appendix A

Supplementary information

for chapter 4

A.1 Statistical fitting

The following list of figures show the Gaussian fits to the conductance values,

and to the break-off distances of the molecular wires in chapter 4. See chapter 3

for details of the analysis procedures.

Figure A.1 Gaussian fits to the histograms of 2a in chapter 4: 1D conductance plot
(left), and 2D break-off plot (right). Histograms compiled from 5306 current-distance
traces recorded in a 1 mM mesitylene solution at an applied bias voltage of 100 mV
(real bias was 104 mV). Molecular length is 1.571 nm as measured by the sulfur-sulfur
distance, determined from crystallography data.
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Figure A.2 Gaussian fits to the histograms of 2b in chapter 4: 1D conductance plot
(left), and 2D break-off plot (right). Histograms compiled from 5395 current-distance
traces recorded in a 1 mM mesitylene solution at an applied bias voltage of 100 mV
(real bias was 76 mV). Molecular length is 1.566 nm as measured by the sulfur-sulfur
distance, determined from crystallography data.

Figure A.3 Gaussian fits to the histograms of 3a in chapter 4: 1D conductance plot
(left), and 2D break-off plot (right). Histograms compiled from 5451 current-distance
traces recorded in a 1 mM mesitylene solution at an applied bias voltage of 100 mV.
Molecular length is 2.007 nm as measured by the sulfur-sulfur distance, determined
from crystallography data.
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Figure A.4 Gaussian fits to the histograms of 3b in chapter 4: 1D conductance plot
(left), and 2D break-off plot (right). Histograms compiled from 5451 current-distance
traces recorded in a 1 mM mesitylene solution at an applied bias voltage of 100 mV
(real bias was 75 mV). Molecular length is 2.000 nm as measured by the sulfur-sulfur
distance, estimated from crystallography data.

Figure A.5 Gaussian fits to the histograms of 4a in chapter 4: 1D conductance plot
(left), and 2D break-off plot (right). Histograms compiled from 3366 current-distance
traces recorded in a 1 mM mesitylene solution at an applied bias voltage of 100 mV
(real bias was 100 mV). Molecular length is 1.847 nm as measured by the sulfur-sulfur
distance, determined from crystallography data.
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Figure A.6 Gaussian fits to the histograms of 4b in chapter 4: 1D conductance plot
(left), and 2D break-off plot (right). Histograms compiled from 3641 current-distance
traces recorded in a 1 mM mesitylene solution at an applied bias voltage of 100 mV
(real bias was 71 mV). Molecular length is 1.839 nm as measured by the sulfur-sulfur
distance, determined from crystallography data.

Figure A.7 Gaussian fits to the histograms of 5a in chapter 4: 1D conductance plot
(left), and 2D break-off plot (right). Histograms compiled from 2873 scans recorded in
a 1 mM mesitylene solution at an applied bias voltage of 100 mV.

Figure A.8 Gaussian fits to the histograms of 5b in chapter 4: 1D conductance plot
(left), and 2D break-off plot (right). Histograms compiled from 3832 current-distance
traces recorded in a 1 mM mesitylene solution at an applied bias voltage of 100 mV.



APPENDIX A. SUPPLEMENTARY INFORMATION FOR CHAPTER 4103

Figure A.9 Gaussian fits to the histograms of 6a in chapter 4: 1D conductance plot
(left), and 2D break-off plot (right). Histograms compiled from 3814 current-distance
traces recorded from three separate experiments in 0.1 mM solutions of 3:7 solvent
mixtures of THF:mesitylene at an applied bias voltage of 100 mV. Molecular length is
1.858 nm as measured by the sulfur-sulfur distance, determined from crystallography
data.

Figure A.10 Gaussian fits to the histograms of 6b in chapter 4: 1D conductance plot
(left), and 2D break-off plot (right). Histograms compiled from 5015 current-distance
traces recorded in a 0.1 mM solution of 1:4 solvent mixture of THF:mesitylene at an
applied bias voltage of 100 mV. Molecular length is 1.853 nm as measured by the
sulfur-sulfur distance, determined from crystallography data.
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Figure A.11 Gauss fits to the histograms of 7a in chapter 4: 1D conductance plot
(left), and 2D break-off plot (right). Histograms compiled from 5432 current-distance
traces recorded in a 1 mM mesitylene solution at an applied bias voltage of 100 mV.
Molecular length is 1.857 nm as measured by the sulfur-sulfur distance, determined
from crystallography data.

Figure A.12 Gaussian fits to the histograms of 7b in chapter 4: 1D conductance plot
(left), and 2D break-off plot (right). Histograms compiled from 5493 current-distance
traces recorded in a 1 mM mesitylene solution at an applied bias voltage of 100 mV.
Molecular length is 1.830 nm as measured by the sulfur-sulfur distance, determined
from crystallography data.
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A.2 Scan rate analysis

Figure A.13 Scan rate analysis for 6a in chapter 4: Overlay of scan rates (left), and
the corresponding linear fit (right).

Figure A.14 Scan rate analysis for 6b in chapter 4: Overlay of scan rates (left), and
the corresponding linear fit (right).
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Figure A.15 Scan rate analysis for 7a in chapter 4: Overlay of scan rates (left), and
the corresponding linear fit (right).

Figure A.16 Scan rate analysis for 7b in chapter 4: Overlay of scan rates (left), and
the corresponding linear fit (right).
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A.3 Thermoelectric properties

Figure A.17 Thermopower measurements of selected DMBT-wires: (a) 2b labelled
as 1, (b) 3b labelled as 1-Ph, (c) 4b labelled as 1-Pt, and (d) 7b labelled as 1-Ru.
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B.1 HOMO-LUMO levels for B4 and C4

Figure B.1 HOMO (top), and LUMO (bottom) levels for wire B4.
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Figure B.2 HOMO (top), and LUMO (bottom) levels for wire C4.
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B.2 XPS data for wires A1-3

Figure B.3 XPS results of A1.
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Figure B.4 XPS results of A2.

Figure B.5 XPS results of A2.
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C.1 Data for compounds 2Fe and 2Co

Figure C.1 Molecular structure (top) and single-molecule conductance data (bottom)
for 2Fe (purple) and 2Co (green) presented as one-dimensional (A, B) and two-
dimensional histograms (C, D).
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