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Abstract

Currently there is a huge amount of interest in the synthesis and electrical
characterisation of single molecules that have the potential for use in electronic
devices. In order for this technology to move forward it is necessary to gain
insights into structure-property relationships at the nanoscale, as well as a
basic understanding of the charge transport through various molecular
architectures. It has previously been demonstrated that the electrical properties
of redox active single molecules can be investigated as a function of potential.
This thesis investigates the single molecule conductance properties of

molecules incorporating a transition metal centre.

The research presented in this thesis investigates two major studies. The first is
a study into the electrochemical and conductance properties of a variety of
transition metal based complexes. Initial electrochemical and conductance
investigations of a series of pyterpy transition metal complexes showed a
similar conductance for all the series, this was investigated in two different
environments. The ligand was then varied and several ruthenium complexes
were investigated, to investigate the anchoring group effect and to examine the
length and conductance relationship. The data presented here demonstrates a
higher conductance for methyl sulphide anchoring group than the pyridyl
anchoring group. The data presented showed a low dependence on molecular
length, suggesting a hopping transport mechanism. The conductance behaviour
of two [M(pyterpy)z](PFs)2 complexes were investigated as a function of
potential in an ionic liquid medium. The data presented exhibited an increase in

conductance as the redox potential was reached.

The second study investigated the conductance behaviour of two 6-porphyrin
nanorings. This is the first conductance study on these porphyrin based
complexes. The study investigated a ‘complete’ and ‘broken’ nanoring and
showed a smaller than expected difference in conductance between them. This
preliminary study has allowed for the development of the structure to

investigate possible quantum interference effects.
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Chapter 1

Introduction



1.1 Introduction
In 1965, the co-founder of Intel, Gordon Moore, predicted that the number of

components that could be fitted on to a single silicon chip would double every
year.l In 1975 he altered his prediction to doubling every two years.?2 This
prediction is known as Moore’s Law. Having stayed true for at least forty years,
Moore’s Law has been evidenced by the great increase in computer processing
power over that time. These developments have been driven by progression in
photolithography techniques for use on silicon to form the ever shrinking
silicon chips. Yet, the production of these devices is becoming increasingly
elaborate and expensive.3 Moore himself has pointed out that although the
number of transistors that can fit onto a silicon chip has increased
exponentially, the cost to produce these new chips has also increased greatly.*
Current methods used to create such small devices are referred to as the ‘top-

down’ approach, which involves the scaling down of bulk systems.

‘Top-down’ solid-state electronics is expected to reach its fundamental physical
limit within the next ten years. At such a small scale, problems have arisen from
the miniaturisation of top-down electronics including charge leakage from the
insulating silicon dioxide layer> as well as the need for improved fabrication
techniques to accommodate such small systems. Eventually it will no longer be
feasible to continue reducing these silicon-based electronic devices, thus
generating an essential drive in the exploration of alternative fabrication
methods. It is theorised that the ‘bottom-up’ approach where systems are built
from atoms or molecules - a field known as molecular electronics, will soon rise

to prominence.

1.1.1 Introduction to Molecular Electronics:
Richard Feynman gave a lecture in 1959 entitled “There’s plenty of room at the

bottom”.6 In this legendary lecture, Feynmann discusses the possibility of
manipulating matter at the atomic scale. Although it was considered practically
impossible at the time, this lecture is considered to be the inspiration for the

field of nanotechnology which developed decades later.

In 1974, Aviram and Ratner first proposed the use of organic compounds for a

pathway through which electrons could travel, for use in rectifying molecular

2



electronic components.” They proposed a rectifying organic molecule with
properties similar to a p-n junction. This was achieved by using substituents to
affect the m-electron density on the organic molecule to achieve rectifying
effects. The molecule studied consisted of an electron accepting group and an
electron donating group separated by an insulating o-bridge as shown in Figure
1.1. The o-bridge ensures that the donor, tetrathiafulvalene (TTF) and
accepting, tetracyanoquinodimethane (TCNQ) moieties are connected but do

not electronically interact and also helps to keep molecular rigidity.

NC CN

| “ S S
‘ Caltbad
NC CN
Acceptor Donor

Figure 1.1: The proposed structure of Aviram and Ratners rectifying molecule.”

When applying a forward voltage to the system, the electrons tunnel from the
cathode to the lowest unoccupied molecular orbital (LUMO) of the acceptor and
simultaneously from the highest occupied molecular orbital (HOMO) of the
donor to the anode. An electron can then tunnel from the occupied LUMO of the
acceptor to the empty HOMO of the donor when the orbitals are energetically
close enough, resulting in the ground state being restored. The energetically
favourable energy diagram (Figure 1.2(b)), proposed by Aviram and Ratner,
shows that electron transfer in the system will occur when there is a forward

voltage.
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Figure 1.2: Energy diagrams of the Aviram-Ratner theory of molecular rectification. (a)
Donor-(o-bridge)-acceptor molecule between two electrodes with no applied voltage. (b)
Forward bias applied causing realignment of molecular orbitals to allow tunneling
within the junction to occur. (c) Energetically unfavoured tunneling when a reverse bias
is applied. Ef - Fermi level of electrodes, ¢ - work function of electrode, V - potential

applied to the electrode. Figure adapted from reference 7.

When a reverse voltage is applied the mechanism is energetically unfavourable
as the LUMO of the donor is higher in energy than the HOMO of the acceptor,
Figure 1.2(c). This results in rectification within the system and the molecule
behaving like a p-n junction. Although this theoretical work showed the
possibilities of using single molecules in electronic devices, their idea was
considered impossible to be tested experimentally. It is possible for tunneling to
occur under a reverse bias if the voltage applied to the junction is high enough.
For this to occur, the LUMO of the donor would need to be lowered to the Fermi
level of the anode and the Fermi level of the second electrode would have to be
below the HOMO of the acceptor to make tunneling from the donor to an

acceptor possible.



[t was in 1988 that Aviram et al measured the current-voltage (I-V)
characteristics of a hemiquinone based molecule using a scanning tunneling

microscope as shown in Figure 1.3.8

Donor Acceptor

Figure 1.3: The chemical structure of the molecule investigated by Aviram et al.?

This was completed by forming a monolayer of the hemiquinone on an Au(111)
surface. Current-voltage data was measured at various areas of the gold surface,
using a Pt tip. When the measurements were made on a flat surface, the I-V
result resembled that for bare Au. When a hemiquinone molecule was present
in the junction, however, the current peaked at -200 mV when the potential was
swept in a negative direction. This result was not observed when sweeping in
the positive direction. Although this result could be due to different metals
being used as contacts, the result is a landmark in the field, being the first

measurement of its kind to be reported.

In 1997, Tour et al. completed what is believed to be the first transport
measurements on a single molecule junction.? They reported the single
molecule conductance of 1,4-benzenedithiol (1,4-BDT), as shown below in
Figure 1.4. They used a mechanically controlled break junction (MCB]J) in

ambient condition to complete the measurements.
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Figure 1.4: (a) Chemical structure of 1,4-benzenedithiol (1,4-BDT) and (b) Schematic of

1,4-BDT trapped between two electrodes as investigated by Tour et al.®

This pioneering result was a breakthrough in the field of single molecule
electronics and resulted in an increase of interest in the field. 1,4-BDT has been
extensively studied using a variety of methods. Since this pioneering work by
Tour et al, a variety of experimental techniques have been developed to probe
the conductance of single molecules. However for the field to progress forward

an understanding of electron transport mechanisms are required.

1.2 Conductance measurements:
To measure the conductance, a molecule is trapped between two electrodes

(Figure 1.5). This results in a metal-molecule-metal junction, the electrical
properties of which can then be investigated. The conductance measurements
are completed using most commonly a scanning tunneling microscope (STM),10
atomic force microscope (AFM)!! or mechanically controlled break junctions

(MCBJ).%12

Metal Molecule Metal

Figure 1.5: An example of a metal-molecule-metal junction

For all the single molecule conductance measurements in this report a STM is

utilised.



1.3 Scanning tunneling microscope:
The scanning tunneling microscope was developed in 1981 by Gerd Binnig and

Heinrich Rohrer whilst working at the IBM Zurich research laboratories in
Switzerland.13 The development of the STM would earn them the Nobel Prize in

Physics in 1986.14

As well as imaging, the STM can manipulate single atoms on the substrate.
These investigations can be completed using a variety of substrates as well as
different environmental conditions, such as UHV,1> ambient, argon,¢ in liquid?”
and at varying temperatures.18 This ability to investigate various properties has

allowed the STM to become a key surface characterisation technique.

The STM is based upon the principles of quantum tunnelling. A schematic of the

STM set up can be seen in Figure 1.6.

< Feedback Loop
Piezo Scanner for /I\
X,Yand Z
movement Controller

Conducting
Tip

Current Setpoint

Tunneling Current

Conducting Sample between the tip
and sample

Figure 1.6: Schematic of the Scanning Tunneling Microscope (STM)

Typically the STM is operated by bringing the conducting tip close to the
substrate with the required sample on it. A tunneling current can then be
obtained by applying a bias voltage between the tip and sample. The conducting
tip is then kept in constant height or constant current mode. In constant height
mode the tip remains in a constant height above the substrate and the tunneling

current varies depending on the surface properties. In constant current mode a



feedback loop is used to adjust the height of the tip to keep the tunneling

current constant.

1.3.1 Quantum Tunneling:
Classical mechanics predicts the electron will not pass the barrier when the

energy of an electron is below the barrier height upon which it is incident.
Quantum mechanics contradicts this and predicts that the electron will not

necessarily reflect, but may penetrate the barrier; this is shown in Figure 1.7.

A
E;Vac--l --------------
¢sample
E;
N E,
Tip Sample
E,
E>V E<V E>V

Figure 1.7: Quantum tunneling through a potential barrier. At the tip and surface the
energy of the electron (E) is greater than the potential (V), in the barrier the potential is
larger than the energy of the electron. So in classical mechanics the electron is forbidden
to be located in the barrier. Quantum mechanics allows the electron to “tunnel” through
the gap. Eris the Fermi Level of the electrodes, ¢ is the workfunction of the electrode and

Vbias is the applied bias

In the STM, E>V regions are the tip and substrate and the electronic
wavefunction oscillates. Within the barrier E<V, which is the gap between the
tip and substrate, electrons are classically forbidden to exist. When this barrier
is thin enough, electrons tunnel between the STM tip and substrate and a

current will flow.

The tunneling current between the tip and substrate is given by Equation 1.1.1°

I(d) < exp(—2kd) where k= qub/h Equation 1.1



Where I(d) is tunneling current, m is mass of electron, A is Planck’s constant/2m,
d is the distance between the substrate and the tip and, ¢ is the work function.
The tunneling current depends exponentially on the distance (d) between the
substrate and the tip. This results in the tunneling current being lower the
further away the tip is from the substrate. This dependency allows for precise

control of the tip-sample separation which results in high vertical resolution.

1.3.2 Calculating the conductance:
The conductance of the single molecule junction is calculated using the

Landauer formula, shown below in Equation 1.2.20

G=1=20 1T Equation 1.2
Where G is the conductance, I is the current through the junction, V is the
applied bias, e is the elementary charge, h is Planck’s constant, and T, Tr and
Tmor are the transmission coefficients of the left contact, right contact and the
molecule, respectively. It can be seen below in Equation 1.3, that the maximum
conductance per conductance channel is the situation where T = T TrRTmo1 = 1

with T being a measure of the efficiency of the electron transmission across the

junction. This is called the quantum of conductance, Go.

Go = 2€°/, = 77500 nS Equation 1.3

1.3.4 Scanning Tunneling Microscope Instrumentation:

The STM is made up of various parts which allow the instrument to work
effectively; a few of these are listed below.

Scanner: The scanner allows the tip to move in 3 perpendicular directions: X, Y
and Z. The stepper motor will bring the tip within close proximity of the
substrate and the piezo crystals move the tip to the set point current required.
When a voltage is applied, the piezo crystals contract and expand with

nanoscale precision.

Feedback Loop: The feedback loop ensures that constant current is
maintained. When the tunneling current deviates from the current set by the

user an error signal is produced and the feedback loop adjusts the position of



the tip until the correct tunneling current is achieved. The gain setting

determines the sensitivity to error and must be selected carefully.

Tip: The tip is one of the most important parts of the STM set up. The quality of
the tip can have a great effect on the operation of the STM. It is essential that the
tip is a sharp conducting material. Optimum performance is achieved when the
tunneling current flows through a single atom at the end of the tip as when
tunneling occurs through multiple atoms on the tip, anomalous imaging
artefacts can appear. It is therefore essential to control the shape of the tips.
This can be achieved by cutting the tip which often results in a single atom
protruding at the end of the tip. The tips can also be etched electrochemically

which allows a level of control over the geometry of the tip.

1.4 Self-Assembled Monolayers:

Self-assembled monolayers allow the formation of the required monolayer on
the substrate.?l This involves depositing the required molecules onto the
substrate from solution or gas. The molecule has to have two main parts, the
anchoring group and the back bone. The anchoring group connects the back
bone to the required substrate. The effect of the choice of anchoring group will
be discussed further in Section 1.8.1. A large range of concentrations can be
used as well as a variety of solvents. The formation of the monolayer involves
immersing the substrate in a solution of the molecule allowing the molecules to
chemisorb, and physisorb to the substrate. During this time the molecules
organise themselves on the substrate surface. After the immersion time the
substrate is rinsed with the solvent to remove any physisorbed molecules. The
substrate can then be dried with nitrogen gas, this process is shown in Figure

1.8.

10
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Figure 1.8: Schematic of the self-assembly process to form monolayers on the required

substrate.

To form reproducible SAMs the parameters, such as, concentration and
temperature have to be well controlled. For all the single molecule conductance
measurements completed in this project a low coverage self-assembled

monolayer was formed.

1.5 Electrochemistry
Electrochemistry is the study of the reactions that occur at the electrode-

electrolyte interface and the transfer of electrons between the two. As the
interest in redox gated single molecule junctions increases it is important to

fully understand the electrochemical properties of the molecule of interest.

1.5.1 Electrode Reactions
A typical electrode reaction involves the transfer of charge between a species in

solution and an electrode. This reaction will ideally involve a series of steps:

1. The reactant moves to the electrode-electrolyte interface - this is called
mass transport.
2. Electron transfer then occurs via quantum mechanical tunneling
between the reactant close to the electrode and the electrode.
3. The product will then move away from the electrode allowing fresh
reactant to reach the electrode.
A simple example of an electrode reaction is a single electron transfer reaction

such as the reduction of Fe3* to Fe2* as seen in Equation 1.4.22

Fe3t + e~ = Fe?t Equation 1.4

11



In this case the Fe3* will move towards the electrode interface, where it will
gain an electron resulting in the reduction to Fe2*. The formed Fe2* will then
move away from the electrode, allowing further Fe3+ to reach the interface, this

process can be seen below in Figure 1.9.
Fe3*

solution

electrode \’
Fe

Figure 1.9: A single electron transfer reaction for the reduction of Fe3+ to Fe2+

1.5.2 Voltammetry
Voltammetry is a method used to investigate the electrochemical properties of a

molecule of interest. There are several forms of voltammetry:

e Potential Step

e Linear Sweep

e Cyclic Voltammetry
For each of these voltammetry experiments, a voltage or series of voltages are
applied and the resulting current is measured.?3 In potential step voltammetry
the applied voltage is immediately jumped from one voltage to another. The
resulting current is measured as a function of time. In linear sweep
voltammetry, a fixed potential range is used. The voltage is scanned from a
lower limit to an upper limit. The resulting current is plotted as a function of
voltage rather than time as in potential step measurements. The results allow

either the oxidation or reduction potential to be calculated.

1.5.3 Cyclic Voltammetry
Cyclic voltammetry is a technique which is frequently used to investigate the

electrochemistry of the molecules of interest. The results reported in this thesis

have been completed using the cyclic voltammetry technique.

A cyclic voltammetry experiment involves applying a potential to the working

electrode which changes with time, as seen in Figure 1.10.

12
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Figure 1.10: The potential waveform of a cyclic voltammogram applied to the working

electrode. The potential will be swept linearly from E; to E;.

The current flowing through the working electrode is recorded as a function of
the applied potential, resulting in a voltammogram of current vs. potential, as
shown in Figure 1.11. The starting potential E; is usually selected so that the
chemical species being investigated is not initially oxidised or reduced. The
potential is then swept to the second selected potential E, at which point the
direction of the scan is changed and the potential then sweeps back to the
starting potential. The potentials are chosen so that the oxidation or reduction

processes are within the potential range.

13
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Figure 1.11: An example cyclic voltammogram, showing the cathodic peak current iy,
cathodic peak potential E,., anodic peak current iy, anodic peak potential E,, and the half

peak potential, E,/2.

A typical cyclic voltammetry experiment consists of three electrodes, a working
electrode, a reference electrode and a counter electrode. An electrolyte is used
in the solvent to ensure conductivity. The solution remains unstirred. The
combination of electrode, electrolyte and solvent determines the possible
potential range. The working electrode is where the reaction takes place; a
controlled surface area is important for interpretation of the cyclic voltammetry
results. The working electrode is commonly made of inert metals such as gold
or inert carbon such as glassy carbon. Depending on the reaction being studied
(oxidation or reduction), the working electrode can be called the anode or
cathode. The counter electrode allows the transfer of current and has a surface
area comparable or greater than that of the working electrode. If an oxidation is
taking place at the working electrode, a reduction will occur at the counter
electrode. So if the working electrode is behaving as an anode, the counter
electrode will behave as a cathode and vice versa. The counter electrode is also
formed from inert materials such as gold, platinum or carbon. The reference
electrode has a stable known potential and is used to measure the potential of

the system without passing a current through it. There are many reference

14



electrodes available with various potentials that can be referenced back to the
standard reference electrode, the hydrogen electrode. The half-cell reaction for

the standard hydrogen electrode is seen below in Equation 1.5.
2H*(aq) + 2e~ = H,(g) Equation 1.5

The standard hydrogen electrode absolute potential is estimated to be about
4.44 V at 25 °C, but to allow comparison with all other electrode reactions, the
SHE potential is declared to be 0 V. A standard experimental set up can be seen

below in Figure 1.12.

Potentiostat

Reference
Electrode

Woaorking @)
I Electrode

Counter
Electrode

Figure 1.12: A typical 3-electrode cyclic voltammetry experimental set up. Showing the

working, counter, and reference electrode.

Under conditions of equilibrium at an electrode surface, the Nernst equation
defines the electrode potential for each electrochemical reaction with the

activities of oxidised, O and reduced, R species given by Equation 1.6:23

E = E°+ Z—iln (i—o) Equation 1.6
R
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Where E is the potential and E? is the standard redox potential for the couple
involving O and R, Cp is the concentration of the oxidised part of the couple and
Cr is the concentration of the reduced part. R is the gas constant, T is the
temperature, F is Faraday’s constant and n is the amount of electrons

transferred.

The shape of the voltammogram is determined by the electron transfer kinetics
of the reaction. Voltammograms can be predicted, their peak current is given by

the Randles-Sev¢ik equation, as shown in Equation 1.7.24

nFDv

I, = 0.4463 nFAc
RT

Equation 1.7

Where I, is the peak height, A is the area of the working electrode, c is the
concentration, D is the diffusion coefficient, v is the scan rate, R is the molar gas
constant, T is the temperature in K, F is Faraday’s constant and n is the number
of electrons. If the Randles-Sev¢ik equation is used to calculate the diffusion
coefficient, the rate constant can then be calculated according to Nicholson,

Equation 1.8.25

YKy

¢ = JTavDgy

Equation1.8

Where ¢ is the charge transfer parameter, « is the charge transfer coefficient, ks

. . . ,D

is the standard rate constant for electron transfer, v is the scan rate, y is D—“, Dq
C

is the diffusion coefficient for the reduced species, D. is the diffusion coefficient
for the oxidised species, a is nF/RT, n is the number of electrons, F is Faraday’s

constant, R is the molar gas constant and T is the temperature in K.

The electrochemical surface area (ESA) of a gold polycrystalline electrode can

be calculated following standard literature procedures.26
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Figure 1.13: A cyclic voltammogram for a gold polycrystalline electrode in a phosphate
buffer. Gold oxide reduction peak highlighted in orange is the peak required for further

analysis.

The determination of the area was done by integration of the gold oxide
reduction peak (Figure 1.13). Then the ESA is the ratio between the charge of
the gold oxide reduction on the studied electrode surface and the standard

reference charge for polycrystalline gold, (390 + 10) pC cm-2.

For a reversible electrochemical reaction the recorded voltammogram has to

show the following characteristics.23

1. The positions of the peak voltage do not change as a function of scan
rate.
2. Peak currents are proportional to the square root of the scan rate.

3. The voltage separation between the peaks is
a c 99
AE = Ej — Ej =7mV

4. Ratio of peak currentsis 1

Electrochemically irreversible reactions occur when the surface equilibrium is
not maintained due to the slow electron transfer rate. Quasi-reversible
reactions are an intermediate between the two. The effect of decreasing

electron transfer rate can be seen in Figure 1.14.
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Figure 1.14: Experimentally obtained cyclic voltammograms exhibiting decreasing rate

constants.

The blue voltammogram in Figure 1.14 shows a faster rate constant and is
reversible. The red and green voltammograms show the effects of a decreasing
rate constant with the peaks eventually becoming asymmetrical. For the green
curve the voltage range examined would need to be widened for complete

investigation to occur.

1.5.4 Monolayer Voltammetry
As well as being a useful characterisation tool for solutions, cyclic voltammetry

can be used to investigate the electrochemical properties of monolayers of the
molecule of interest formed on the surface of the working electrode.?’” A
symmetrical voltammogram would be produced for a fully reversible species

adsorbed onto an electrode surface, Figure 1.15.
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Figure 1.15: A example symmetrical voltammogram for a fully reversible species

adsorbed onto an electrode surface.

The symmetrical nature of the voltammogram is due to the reaction not being
subject to diffusion like solution voltammetry and there being a set amount of
reactant available. When the reaction is quasi-reversible, asymmetrical peaks

will be observed.

1.5.5 Laviron Analysis
In 1979, Laviron reported the determination of the electron transfer rate

constant, kgr of species adsorbed to an electrode.?®8 The rate constant can be
established by applying the constraint of 1 = 0 to Equation 1.9, which can be
reduced to Equation 1.10.29

logkypp = alog(l1—a)+ (1 — a)loga — log (RT) _ z-anfy Equation 1.9

nFv

2.3RT
kgr = “’;FT”C = (1-0a) ":’T’“ Equation 1.10

Where kapp is the apparent rate constant, a is the transfer coefficient, R is the
gas constant, T is temperature, n is, F is Faraday’s constant, v is scan rate, 1 is
the overpotential and the x-intercept of the graph E, vs. In(v) provides v. and va.

1.5.6 Electrode Analysis
Using cyclic voltammetry, it is possible to investigate the quality of the working

electrode. Hamelin have shown that it is possible to monitor the quality of

Au(111) single crystals, as seen in Figure 1.16.30
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Figure 1.16: Au(111) “butterfly” peak observed in H2S04. The butterfly peak is located

within the blue lines. Figure taken from reference 30.

The voltammetry is completed in H2SO4. The adsorption of sulphate ions
results in a defined “butterfly” peak occurring in the double layer region of the
voltammogram. The Au(111) crystal can be checked by looking at the quality of
the recorded butterfly peak.

1.5.7 Solvent
The chosen solvent to be used for the cyclic voltammetry experiments is of

great importance due to the molecules of interest having different properties. It
is essential to choose a solvent with a suitable potential range for the molecule.

Aqueous

In aqueous cyclic voltammetry, a saturated calomel reference electrode (SCE) is
commonly used due to its stability and ease of use. The half-cell equation for the

SCE can be seen below in Equation 1.11.
Hgit +2e~ = 2Hg(l) Equation 1.11

The SCE has a potential of 0.244 V vs. SHE at room temperature. Aqueous

solvents have been thoroughly investigated, although often most cost effective

20



aqueous electrolytes do not exhibit a large potential range window like organic

solvents.

Organic

The use of organic solvents for cyclic voltammetry is of great interest due to the
wider accessible potential range than aqueous solvents; however an electrolyte
is still required.3! Generally, the experimental set up involves the working,
counter and reference electrodes, electrolyte and then referenced to an internal
standard, typically ferrocene. Anhydrous conditions can be used for sensitive
molecules. Acetonitrile has been shown to be effective for investigating the

electrochemistry of transition metal complexes.32

Room Temperature Ionic Liquid (RTIL)

Room temperature ionic liquids have been shown to be successful solvents for
use in electrochemistry.33 RTILs have a wider potential range and, unlike
organic solvents, have no need for an additional electrolyte due to their high
conductivity. lonic liquids are typically used in a dry environment. Their low
volatility and ability to be used in single molecule electronics measurements
make ionic liquids an attractive solvent to be used consistently throughout both

cyclic voltammetry and conductance measurements.33b. 34

1.6 Techniques for measuring the conductance:

1.6.1 I(s) Method

The I(s) method which was developed by Haiss et all0¢ A low coverage self-
assembled monolayer (SAM) is fashioned on an Au(111) substrate. The Au STM
tip is then brought close to small distance above the substrate using the current
setpoint (lp). The Au tip is then gradually lifted away from the surface
(increasing z-position) whilst remaining in a constant (x,y) position, as the tip is
pulled away from the surface, the current drops exponentially. When a molecule
bridges this gap between the gold substrate and tip, a plateau is then observed

in the current-distance curve, as shown in Figure 1.17.
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Figure 1.17: The I(s) method as developed by Haiss et al.1%c (a) A conducting tip is moved
in close to the substrate and can bind to a molecule. (b) The tip withdraws and the
molecule bridges the gap, causing a plateau in the current distance curve. (c) As the tip is
withdrawn further the contact breaks. When no molecule is present the black curve is

observed, when a molecule is present a plateau appears, as shown in the red curve.

The conductance of the molecule can be determined using a statistical analysis

once data from at least 500 plateaus are plotted into a histogram.

To further confirm the formation of molecular junctions, an estimated break off
distance (Swta) can be calculated and compared to the length of the molecule
when trapped between two gold atoms (calculated using Spartan®), which
should be similar. The total break off distance is a sum of two components,

Equation 1.12.

Stotat = So + AS Equation 1.12

The term s, is the distance between the tip and substrate at a predetermined
set point (Ip). To calibrate this, several I(s) scans are collected that show no
plateaus. These scans are then plotted as In(1) versus s (In(current) vs. distance
displacement) in the distance range relevant to the experiment. Linear
regression is then used to determine d(Inl)/d(s), i.e. the slope of the plot. The
distance between the tip and substrate can then be calculated at a given set

point value (/) using Equation 1.13:

V .
zn(Go.%)

Sg = ———2— Equation 1.13
0 = “qnny/d(s) quation
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Where Gy is the point contact conductance of gold (77500 nS) and Vpies is the
bias applied. The term A4S is the measure of the distance travelled by the tip
from the set point current to Spreak-off Which is the point at which the plateau
returns to exponential decay. 4S is calculated for every plateau included in the
conductance histogram and often shows some variation due to the random
nature of the junction breaking process, Figure 1.18. Due to this, an average of

the experimental break off distances is used in Equation 1.12.
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Figure 1.18: Example plateau showing the analysis and location of Spreak off.

1.6.2 I(t) Method
Haiss et al. has also developed another STM technique known as the I(t)

technique.3> This technique also involves the molecule bridging the gap
between the substrate and the tip. The tip however is kept at a constant height,
Figure 1.19. A jump in the current can be observed in a current-time plot when

a molecule bridges the gap and current flows through the molecule.
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Figure 1.19: Schematic of the I(t) technique and the resultant current jumps. The current
jumps were taken from Dr. Leary’s thesis.3¢ The tip remains in a constant height above

the substrate. Molecules can then bridge the gap as shown in (b).
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The data are then plotted into a histogram and from this the conductance of the

molecule can be established.

1.6.3 Break junctions:

1.6.3.1 Mechanically controlled break junction technique:

The MCBJ was introduced by Moreland and Ekin in 1985.37 They measured the
electron tunneling configurations of superconductors using a thin wire of a Nb-
Sn filament mounted onto a flexible glass beam. This was further developed by
Muller et al. in 1992.38 The basic principle consists of a stretching a thin metal
wire by bending the substrate with a mechanical actuator until the metal wire
snaps providing two separate electrodes. Relaxing the force upon the substrate

allows the junction to close again (Figure 1.20).

Molecular Bridge

Polymer Layer
- Counter Supports
L @
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™~ Pushing Rod

Figure 1.20: Schematic of the Mechanical Break Junction technique (MCB]).

It is possible for molecules to bridge this gap, resulting in the production of
conductance plateaus. This allows the conductance of single molecules to be

calculated.

1.6.3.2 In-situ Break Junction technique:
In 2003, Tao et al proposed an in-situ break junction technique.l@ This

technique has become a widely used method for measuring single molecule
conductance.3® The technique involves crashing the gold tip into the gold
substrate to establish contact; the tip is then withdrawn, until there is no metal-

metal contact. As the tip withdraws, molecules can spontaneously form bridges
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in the gap. As the tip is withdrawn further, the molecular junction breaks; this

can be seen in the schematic shown in Figure 1.21.

(a) (b) (c) (d)

Figure 1.21: Schematic of Tao’s in-situ break junction technique.1%2 (a) The tip is moved
down towards the substrate surface and crashes into the substrate (b). The tip is then
withdrawn from the surface (c) allowing a molecule to have the possibility of bridging

the gap. As the tip is withdrawn further the molecule falls off (d)

This produces current jumps similar to the ones seen for the I(s) technique
(Figure 11) which are then analysed in histograms once multiple cycles are

completed

1.6.4 Electrochemically Controlled STM (EC-STM) technique:
As the interest in redox active molecular junctions increases, it is essential to be

able to alter the redox state in-situ whilst conductance measurements are taking
place.1%¢ This can be achieved by using an STM interfaced with a bipotentiostat.
This allows the bias to remain constant whilst changing the sample or tip
potential, or the sample bias to be changed whilst the potential of the tip can be
maintained at a constant value with respect to the reference electrode. A four

electrode set up is used, as shown in Figure 1.22.
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Figure 1.22: Schematic of electrochemically controlled STM. A STM controller interfaced
with a biopotentiostat is used and a four electrode set up, comprising of a working
electrode (W.E), Counter Electrode (C.E), Reference Electrode (R.E) and the tip is the

fourth electrode.

Metal wires (typically Pt or Au) act as the counter and reference electrode, the
Au(111) substrate acts as the working electrode and the tip is the fourth
electrode. The tip needs to be coated (e.g. Apiezon® wax) to prevent any
faradaic current flowing between the tip and substrate. An electrolyte is present

to aid charge transport.

1.7 Charge Transport

1.7.1 Coherent Charge Transport

In the coherent charge transport regime, electrons flow elastically through the
molecules without exchanging energy. Coherent charge transport is
predominantly associated with shorter molecules due to the electron not
residing on the molecule long enough for an inelastic scattering event to

occur.40

Possible conduction mechanisms for the coherent charge transport regime can
be seen below in Table 1.1. Generally coherent charge transports are
temperature independent apart from thermionic emission which exhibits

exponential temperature dependence.
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Table 1.1 Possible conduction mechanisms for the Coherent charge transport regime adapted from

reference 40-41

Conduction Schematic Characteristic Behaviour Temp Voltage
Mechanism Dependence | Dependence
Direct 2d None ~V
| J ~Vexp (—T,IngoB) J

Tunneling \
E X_/\
V V]| ¥ E
B, Tip Sample
- 3
Fowler 4d\/ﬁ§05/2 None In (L) 1
. J~Viexp| ———————— V2 %4
Nordheim 3qhV
Tunnelin
S S AN
\VARV[E
B, Tip

In (L) L mpy~v

Thermionic qv
emission J~ T2€xp /_ (pB_—/Ll'ned\
BN \ KpT /

gl N\
VARV :

Tip Sample

EO

Where J is the current density, V is the applied bias, d is the barrier length, h is
Planck’s constant, m is the electron mass, ¢p is the barrier height, g is the
electronic charge, T is the temperature, € is permittivity of the insulating film

and Kz is the Boltzmann constant.

Direct tunneling and Fowler-Nordheim conductance mechanisms are two
manifestations of coherent tunneling through a barrier. Direct tunneling refers
to the situation at low bias, when the voltage is lower than the barrier height.
Fowler-Nordheim is similar to field emission where the voltage is larger than
the barrier height, which has the effect of making the barrier triangular and
hence effectively shorter. Thermionic emission conduction mechanism occurs
when the electrons are excited over the barrier; this conduction mechanism is

highly temperature dependent.
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1.7.2 Superexchange
Superexchange is a coherent charge transport mechanism introduced by

McConnell in 1961.42 In the electron superexchange model, electron transfer is
aided by the presence of a high-lying empty bridge orbital as it is transferred
between the degenerate donor and acceptor orbitals. The electron does not
occupy any of the bridge orbitals during the transfer event, unlike in the

hopping regime as described in Section 1.7.5.

1.7.3 Simmons Model
The Simmons model describes the current tunneling density of a molecular

junction as an arbitrary barrier, as shown below in Equation 1.14.41b. 43

] = ]O{q)Bexp(—A\/@) — (pp + eV)exp(—A,/goB + eV)} Equation 1.14
Where 4 = 2ad/h\/Zm and J, = e/ZnhaZdz

where e is the charge of electron and «a is a unitless adjustable parameter that is
introduced to modify the simple rectangular barrier model or account for an

effective mass, @ = 1 for a rectangular barrier.

For low bias range, the Simmons model is simplified to Equation 1.15. The
average barrier height is independent of the applied voltage and there is no

molecular energy level, direct tunneling is the mechanism.41a

2v/2 4md.[2
] = (%) exp (—w) Equation 1.15

h

This can be rewritten into a form for comparison to experiment using the decay

constant, 8 as presented in Equation 1.16.412

] < Vexp(—fd) with g = ny2mes “im(pB Equation 1.16

For a high bias range, the Simmons model can be simplified to Equation 1.17.
The average barrier height is reduced and eventually the voltage is high enough
so that the Fermi level of electrode 2 is lower than the conduction band of

electrode 1. The electron transport mechanism for this is Fowler-Nordheim.
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J = ( i ) exp (— —<p3> Equation 1.17
hd2@g 3heV

which can be rewritten as expressed in Equation 1.18:

3
J < V2exp(—Pryd) with Bry = 8;2/:7 B/Z Equation 1.18

Thermionic Emission can be described using the Schottky-Richardson relation

as seen in Equation 1.19:

qVv
4mMEgErd

eEQPTE — €

I = AT?exp

Equation 1.19
kT

where A is the effective Richardson constant, ¢7ris the thermal emission barrier
height, &, is the permittivity of vacuum and & is the dielectric constant of the

molecular layer.

1.7.4 Resonant Tunneling
One of the dominant electron transfer regimes through a redox-active molecule

is resonant tunneling.#* It is a two-step electron transfer mechanism which
involves the molecular orbitals present on the molecular bridge. By changing
the sample potential, the redox state of the molecular wire can be changed. It is
more favourable for electrons to traverse the molecule at the redox potential
which results in an increase in conductance. An off-on-off profile is predicted
for resonant tunneling, with the on state being at the redox potential as shown

in Figure 1.23.
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Figure 1.23: A plot of conductance vs. sample potential, exhibiting an off-on-off profile as

the redox potential is swept.

1.7.5 Non-Coherent Charge Transport: Hopping Regime
The incoherent charge transport regime is more dominant in molecules of

longer length. This is due to the time the electron takes to traverse the bridge
being longer than the time it would take for inelastic events to occur.4? In
extreme cases when the tunneling time is much longer than the inelastic
scattering time, the current is transport by electrons that hop from one section

of the molecule to another, Figure 1.24.
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Eq
Figure 1.24: The hopping transport mechanism.

The hopping regime can be identified by the following characteristics, the
conductance decays linearly with molecular wire length and the conductance
depends exponentially on the temperature. The hopping mechanism follows a

classical Arrhenius relation, as seen below in Equation 1.20.
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14 Eq .
J~ - exp (— kBT) Equation 1.20

Where E; is the activation energy.

1.7.6 Transfer between Charge Transport Mechanisms
Choi et al. have demonstrated the molecule’s ability to transfer between

different electron transport mechanisms, as shown in Figure 1.26.45 They
investigated the conductance of a series of conjugated oligophenyleneimines

(OPI) molecules (Figure 1.25) using an atomic force microscope (AFM).

SQ_N\@W@N

Figure 1.25: Example OPI molecular structure studied by Choi et al.*>

The results achieved showed two clear regions of length dependence, which
indicates a change in transport mechanism. They observed the transition from
direct tunneling to hopping as the length of conjugated oligophenyleneimine

(OPI) wires was varied from 1.5 to 7.3 nm.
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Figure 1.26: The change in transport mechanism as recorded by Choi et al.#; for a series

of oligophenyleneimine (OPI) wires. Figure taken from reference 45.
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It was shown that near 4 nm in length, the mechanism of transport in the wires
changes abruptly. This was evidenced by striking changes in the length,
temperature and electric field dependence of the current voltage
characteristics. A linear fit to the data found the shorter molecules exhibited an
attenuation factor of 3 nm-1, which corresponds to the non-resonant tunneling
transport mechanism. The longer molecules attenuation factor was found to be

around 0.9 nm-1, which corresponds to the hopping transport mechanism.

1.8 Modifying the Conductance:

1.8.1 Anchoring Group

An important factor that affects charge transport through molecular junctions is
the strength of the molecule-metal coupling. This can be tuned chemically with

the selection of the anchoring group used on the molecule to be studied.

For use in single molecule electronics, thiolates have been the most extensively
studied contact group, due to their high affinity for, and strong covalent bond
formation with, Au substrates. Due to the variable geometries possible in the
bonding between Au and thiols, the reliability of conductance measurements on
single molecules could be affected. The ideal anchoring group would provide
reproducible, well-defined binding, strong anchoring and a small contact
resistance. Various other contacts have been investigated including amine,4¢
nitrile,*” pyridyl,48 49 46b, 50 thioether,46c 51 carboxylic acid4¢d 52 and nitro.47b
Different anchoring groups, however, have different (and sometimes multiple)
contact geometries, different coupling strengths and different electron
transport mechanisms (LUMO- or HOMO- controlled) which will result in varied

conductance results.

Chen et al. compared the conductances of thiol-, amine- and carboxylic acid-
terminated alkanes.*¢d They reported the conductance to decrease in the
following order: thiol > amine > carboxylic acid. This result is expected due to
the Au-S forming a strong covalent bond, the Au-NH: forming a weaker covalent
bond and the Au-COO- binding through ionic and coordination interactions.
They found that all the anchoring groups exhibited exponential decay with

molecular length. The conductance values of all the molecules were found to be
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temperature-independent, which indicates a coherent tunneling mechanism.
The amine and carboxylic acid anchoring groups were found to be pH sensitive,
due to the anchoring groups being protonated or deprotonated depending on
the pH of the solution, this is shown to have an effect on the reported
conductance. At lower pH the anchoring groups are -NH3* and ~-COOH while at
higher pH the anchoring groups are -NH; and -COO-. It was reported at low pH
the amine anchoring group failed to produce any molecular junctions, this is
due to protonation of the amine. The carboxylic anchoring group successfully
forms junctions at a low pH but found the conductance is greatly enhanced at a
higher pH due to the deprotonation which enhances the binding ability of the
anchoring group to the gold substrate. No pH dependency was found for the

thiol anchoring group.

Park et al. have shown using the break junction technique that dimethyl
phosphine (-PMe:), diphenyl phosphine (-PPHz) and methyl sulphides (-SMe)
are successful anchoring groups for use in single molecule electronics.*¢c The
molecules investigated were n-butyl terminated with the required anchoring
group, as seen in Figure 1.27. They reported the conductance decreasing in the

following sequence -PMe; > -SMe > -PPha.
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Figure 1.27: Conductance results reported by Park et al. (A) Structure of molecule
trapped between two gold electrodes. (B) Example plateaux obtained for each anchoring
group. (C) 1D histogram of the single molecule conductance for each anchoring group.
(D) Length dependence of the recorded conductance for each anchoring group. Results

taken from reference 46C.

The results show well defined peaks for all three anchoring groups. A clear
logarithmic length dependence is also reported. The o-donation from the lone
pair to the metal substrate is known to decrease in strength as follows,
phosphines > amines > sulphides. m-back donation is more predominant in
phosphines > sulphides > amines. The high conductance of -PMe; can be

attributed to the 1-back donation.

Li et al. have investigated the effect of anchoring group on porphyrin molecular
junctions,>? using a wide variety of anchoring groups with the break junction
technique, including two novel groups, sulphonate (SO3-) and hydroxyl (OH).

The structure and variety of anchoring groups can be seen below in Figure 19.
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Figure 1.28: Structure of the porphyrin molecule investigated by Li et al. Taken from

reference 69.

The reported single molecule conductance values for the anchoring groups
followed this sequence: pyridyl > amine > sulfonate > nitrile > carboxylic acid.
The high recorded conductance value for the pyridyl anchoring group could be
due to the anchoring atom (N) already being directly part of the m-system which
could result in better binding to the gold substrate.

1.8.2 Transmission Coefficients
The transmission coefficients of the interfacial contacts, T. and Tr (Equation

1.21) are relevant to the contact conductance, Gecn which is calculated by
combining the transmission coefficients of the contacts and Gy resulting in

Equation 1.21.41a
Geon = GoT T Equation 1.21

T, and Tr are dependent upon the nature of the contact between the anchoring
group and the substrate. Values for the transmission coefficient and binding

energy for a number of anchoring groups can be seen below in Table 1.2.

Table 1.2: Values for the transmission coefficients and binding energies for various

anchoring groups. Data adapted from reference 41a.

System TLr Bond Binding Energy
(eV)

Au-S- 0.81 Au-S 1.73
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Au-N- 0.19 Au-N 0.35

Au-carboxylate 0.08 Au-0 0.09

Au-fullerene 0.1 Au-CsHe 0.09

A stronger binding energy gives a lower contact resistance, and results in a
higher conductance. The Au-S shows the highest transmission coefficient and
the highest binding energy whilst the Au-carboxylate shows a transmission
coefficient which is a factor of 10 smaller. These results show that the Au-N

bond seems to be a good alternative to Au-S.

As the HOMO is the closest to the gold Fermi level, thiols show hole transport
through the HOMO.>* Anchoring groups expected to use the LUMO transport

channel are pyridines,55 amines>5-5¢ and nitriles.472 57

1.8.3 Conductance Groups:
Haiss et al suggested three conductance groups can be observed for a

molecular wire.58 These different conductance groups are observed depending
on the adsorption of the anchoring group to the substrate and tip, as seen in
Figure 1.29. The conductance groups exhibit low, medium and high

conductance referred to as A, B and C respectively.
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Figure 1.29: The low (a), medium (b) and high (c) conductance referred to as A, B and C

respectively.

The low (A) conductance group is considered to be when the anchoring groups

bind to a flat surface at both ends. The medium (B) and high (C) conductance
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groups are understood to occur when either one or both anchoring groups

adsorb at a step edge on the substrate.

1.8.4 Medium Effects
Conductance measurements are often taken in different environments.

Measurements can be taken in ambient and inert conditions as well as in a
variety of solvents. Although completing conductance measurements in solvent
reduces contaminations from the ambient environment, it has been shown in
some cases that varying the environment can have an effect on the recorded
conductance result. A range of environments have been investigated including,
air, inert gas atmosphere (Ar, Nz),1¢6 UHV,15 organic solvents (mesitylene),1”
aqueous solutions0¢ and ionic liquids.342 This larger range of environments
allows the medium to be examined to see how it affects the single molecule

conductance results.

Li et al in 2006 reported the conductance of octanedithiol in various
environments using the break junction technique.l” They reported the single
molecule conductance remains constant for both the high and low conductance
groups in toluene, dodecane, water and 0.1 M NaClO4. This result implies that

the solvent does not have an effect on the conductance of alkanedithiols.

In 2011, Fatemi et al. investigated the single molecule conductance properties
of 1,4-benzenediamine (BDA) in different solvents using the break junction
technique (Figure 1.30).52 The results reported showed that the single molecule

conductance can be changed dependent on the solvent environment.

Figure 1.30: Chemical structure of 1,4-benzenediamine (BDA).

They measured the single molecule conductance in 13 different solvents and
found that the solvent can increase the conductance by as much as 50 %. This
was found to be due to the contact metal work function being altered when the
solvent binds to uncoordinated Au atoms. The variation in the conductance can

then be attributed to the difference in the binding energy of the solvent.
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Nakashima et al. also investigated the single molecule conductance properties
of BDA in various environments; tetraglyme, mesitylene, water and N2.60 The
conductance of BDA was found to decrease, when the environment was
changed from tetraglyme to mesitylene, to water and finally to N2. This decrease
is due to the interaction between the solvent and the Au electrodes. The
conductance decreases as the probability of the solvent replacing a BDA on an
uncoordinated Au site also decreases. This is due to increased solvent
interactions causing a reduction in the separation between the gold Fermi level

and the HOMO of the BDA in the junction.

Leary et al. have investigated a series of oligothiophene containing molecular
wires (Figure 1.31) with varying number of thiophene (Th) units (n = 1,2,3 and
5) sandwiched between two thiol terminated alkyl chains.1¢ It was reported that
the recorded conductance measurements completed using the I(s) technique
were found to vary greatly in the presence of a water solvation shell. This effect

was found to be prominent for longer molecular wires.

AcS SAc

\

n=1,2,3and5

Figure 1.31: The chemical structure of the oligothiophenes (6Th,6)studied by Leary et

al.16

The results recorded for 6Th36 exhibit a large change in the conductance when
the measurements were taken in an argon environment after a 24 hr purge,
(0.012 = 0.006) nS to the results recorded in ambient conditions, (1 * 0.2) nS.
The conductance in argon is almost 100 times smaller than in air, the
conductance histograms can be seen below (Figure 1.32). When the results

were recorded in UHV, the conductance was recorded to be 0.04 nS.
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Figure 1.32: Conductance histograms for 6Th36 under air (left), Vpiss = 0.4 Vand Iy = 7 nA
and argon (right), Vpiss = 1.0 V and Iy = 7 nA. Histograms taken from Dr. Leary’s thesis.36

The conductance for the monothiophene molecule was found to remain
constant in ambient and argon conditions. The fact that the conductance of
alkanedithiols remains constant in different environments suggests that the
interaction is through the thiophene units; more water molecules are involved

for longer oligothiophene units.

1.8.4.1 Room Temperature Ionic Liquid:
It has recently been shown by Kay et al that single molecule conductance

measurements can be completed in a room temperature ionic liquid (RTIL). A
RTIL consists of an organic cation and an inorganic or organic anion, as shown

below in Figure 1.33.
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Figure 1.33: Chemical structure of the room temperature ionic liquid 1-butyl-3-

3

methylimidazolium trifluoromethanesulfonate, (BMIM-OTf)

They are molten at room temperature and have several advantages over
aqueous solvents due to their wider potential window, high conductivity, wider

thermal range and low volatility.

Kay et al. reported that a series of a,w-alkanedithiols could form successful
single molecule junctions using the I(s) technique in a RTIL, 1-butyl-3-

methylimidazolium trifluoromethanesulfonate (BMIM-0Tf).342 The low and
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medium conductance groups are in good correlation with measurements

previously recorded in air for the series, as shown below in Figure 1.34.

Group
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Figure 1.34: The length dependent conductance of a,w-alkanedithiols in ambient and

ionic liquid environments. Image taken from reference 34a.

These recorded results demonstrate that single molecule conductance
measurements can be taken in a RTIL reliably.

1.8.5 Redox Gating:
When the molecule is in different redox states, it will often exhibit a change in

conductance. An early example of a redox gating was reported by Haiss et al. in
2003.1%c The conductance of 6-[1'-(6-mercapto-hexyl)-[4,4']bipyridinium]-
hexane-1-thiol iodide (6V6), Figure 1.35 was investigated using the I(s)
technique. They reported a reversible change in the conductance as the
molecule was switched from the oxidized to reduced state with the conductance

changing from 0.5 to 2.6 nS.

HS S S SH
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6PTTF6
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6V6 6Ph6

Figure 1.35: Chemical Structure of 6PTTF6, 6V6 and 6Ph6
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In a later study by Haiss et al, the conductance-overpotential of redox active
pyrrolo-tetrathiafulvalene (pTTF) and viologen (V) was studied and the

conductance-electrode potential behaviour of the redox inactive phenyl (Ph)

group.61
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Figure 1.36: The conductance data for (a) 6V6 (b) 6PTTF6 and (c) 6Ph6. Taken from

reference 61.

The conductance results for 6V6 (Figure 1.36(a)) show a clear on-off transition
as the redox potential is swept, yet the 6pTTF6 conductance results (Figure
1.36(b)) show a clear off-on-off transition as the molecules redox potential is
swept. The redox inactive 6Ph6 exhibits an off like conductance (Figure
1.36(a)). As the spacer -(CH:)s-SH chains remain constant throughout the
study, the changes in conductance must be originating from the redox

active/inactive moieties at the centre of the molecular wires.

Recently Kay et al. have shown the potential for using room temperature ionic
liquids as a medium for single molecule conductance measurements under
electrochemical control.34b The molecule to be studied was once again 6pTTF6.
Due to the wider potential window available in a RTIL both redox transitions of

6pTTF6 were accessible for investigation.
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Figure 1.37: Plot of sample potential vs. conductance for 6pTTF6 overlaid with the cyclic

voltammogram for 6pTTF6 (blue line). Taken from reference 34b.

The conductance was found to increase at the redox potential from ~ 0.5 to ~ 2
nS for both redox transitions, Figure 1.37. In aqueous electrolyte, only the first
redox transition is observed, this result confirms the advantage of using ionic

liquids for studying electrochemical conductance gating across multiple redox

states of the target molecule.

Albrecht et al. have successfully conducted a series of electrochemical in situ
STM measurements using scanning tunneling spectroscopy on several

transition metal complexes,®2 which are shown in Figure 1.38 below.
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Figure 1.38: The transition metal molecular wires investigated by Albrecht et al.2 bound

to the required substrate. The arcs present in (1) and (2) correspond to 2,2-bipyridine.

The molecules proposed by Albrecht et al. have two fully accessible redox states
with potentials which are within a suitable range for electrochemical analysis
using Au(111), and have shown that both the Os and Co complexes are ideal for
use within transition metal molecular wires. By varying the ligand surrounding

the metal centre, the redox potentials can be varied over a wider range. The
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reported results show a clear tunneling current maximum near the redox
potentials for the osmium complexes. The cobalt complex shows a weaker
tunneling feature than the one reported for the osmium complexes. They
suggest this difference is due to the larger intramolecular nuclear
reorganisation and weaker electronic coupling to the electrodes, and therefore

the smaller interfacial electron transfer rate constants.

Albrecht et al have shown the ability to use ionic liquid, 1-butyl-3-
methylimidazoliumhexafluorophosphate (BMIM-PF¢) in scanning tunneling
spectroscopy to investigate the Os(II)/Os(III) transition for a monolayer of an

osmium bisterpyridine complex, Figure 1.39.33b
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Figure 1.39: Shows the tunneling current enhancement as the redox potential for the

osmium complex is swept. Figure taken from reference 33b.

The result exhibits an off-on-off transition as the redox potential is swept, and
once again highlights the ability to gate the redox active transition metal centre
and the advantages of using an ionic liquid as the results were able to be

recorded over a wider potential range.

1.9 Research Study Aim and Summary
The research in this project focuses on terpyridine based transition metal

complexes and porphyrin based molecular wires.

The first research study was aimed at investigating the viability of terpyridine

based transition metal complexes for the use in single molecule electronics with
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the view of investigating the conductance as a function of electrochemical

control.

As described previously, various redox active molecules have been investigated
and shown to exhibit interesting conductance effects, including a study in ionic
liquid. The transition metal complexes have redox states, which can be easily
accessed, with the ability to functionalise the ligand makes them ideal
candidates to investigate the effect of electrochemical gating. The conductance
measurements as a function of electrochemical control were completed in ionic

liquid.

Prior to the measurements under electrochemical control, preliminary single
molecule conductance investigations into various transition metal complexes
were performed to ensure the successful formation of molecular junctions in
both ambient and ionic liquid environment. This was followed by
electrochemical investigations by completing solution cyclic voltammetry in
organic and ionic liquid electrolyte, to establish the most suitable transition
metal centre. This was followed by monolayer cyclic voltammetry

investigations in ionic liquid electrolyte.

The variation of the single molecule conductance of the terpyridine based
transition metal complexes with anchoring group was investigated. This was
completed by varying the ligand with a pyridyl- and a thioether- anchoring
group. The anchoring group has been shown to exhibit great effects on the
single molecule conductance, so it will be of interest to study the effect on

transition metal complexes.

The length dependence of the conductance has been shown to be an important
effect in molecular electronics. In this study, the length of the ligand coupled to
a transition metal centre is varied to see how the conductance is affected.
Previously, transition metal complexes with multiple transition metal centres
have been investigated and their attenuation factor calculated. The calculated
attenuation factor for the single transition metal centred complexes will allow
comparison to other molecular systems and allow the deduction of the charge

transport mechanism.
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The second research study was a preliminary investigation into the single
molecule conductance of porphyrin based nanorings using the I(s) technique. A
‘complete’ 6-porphyrin nanoring and a ‘broken’ 6-porphyrin nanoring were
investigated in two different environments and the conductance compared.
Porphyrins have been shown to be effective molecular wires and comparison of

the nanoring and linear porphyrin chains will be of great interest.

A study for the molecules used the Spartan® implementation of density
functional theory (DFT) which was used to calculate the molecular orbitals of
the molecules, with one gold atom attached to each head-group. A B3LYP hybrid
exchange correlation function in conjunction with 6- 31G* basis set was used,

and the core gold orbitals were represented by pseudopotentials.
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2.1 General Introduction
The conductance of various systems have been extensively studied since the

first reported single molecule conductance results in 1997.1 While a vast
selection of organic molecular wire systems have previously been investigated,
incorporating a transition metal has only recently started to be of interest.2
Several transition metal complexes will be studied using cyclic voltammetry and
scanning tunneling microscopy to assess their suitability for further

investigation of conductance under electrochemical control.

2.1.1 Transition Metal Complexes
Several organic molecular wire systems and their functionalities have been

investigated. Highly functional redox active molecule wires have been prepared
and shown both experimentally and theoretically to exhibit interesting
conductance results. The ability to control the access to different molecular
charge states via a gate electrode is of great interest and opens up a larger range
of opportunities for the development of single molecule devices. Incorporating a
metal centre has only recently started to become of interest due to the ability to
conduct complex experiments.2-# Transition metal complexes are particularly
interesting for use in molecular electronics due to the ability to control the
redox chemistry and access multiple redox states along with the flexibility in
structure, owing to the ability to vary the ligand structure, anchoring group and

metal centre to suit the required needs.

Liu et al have compared the conductance results of an oligo(1,4-phenylene
ethynylene) (OPE) to a ruthenium(II) bis(-arylacetylide)-complex (OPERu)
functionalised with thioacetate anchoring groups at both ends, as seen below in
Figure 2.1.# The conductance measurements were completed using the break
junction technique using a decanethiol monolayer matrix which would allow

the OPE systems to protrude above the decanethiol molecules.
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Figure 2.1: Chemical structure of the organometallic complex investigated by Liu et al.4

The single molecule conductance for the OPERu complex was measured to be
(19 £ 7) nS which is larger than the measured conductance for the OPE which
was (3.6 + 2) nS. This high conductance result from OPERu resulted from the
smaller separation between its HOMO and the gold Fermi level, although the
shorter length of the OPERu (Figure 2.1) will have contributed slightly to the
higher conductance result. This result confirms the potential of measuring the

conductance of organometallic complexes.

Functionalised terpyridine units are of interest for use in molecular electronics
but have not been extensively studied. As a terpyridine unit has three nitrogen
atoms it is able to act as a tridentate ligand, Figure 2.2. Functionalisation of the
terpyridine ligand can also be easily achieved making them an ideal ligand to
use in transition metal complex single molecule conductance measurements.
There have been extensive successful studies into terpyridine as a complexing
ligand for various transition metal ions. The common geometry of the
bisterpyridine complexes is a distorted octahedral geometry, because the most

common connectivity for the transition metal ion is hexacoordinate.

Figure 2.2: Chemical structure of terpyridine

53



Metal-terpyridine complexes of the standard type [M(tpy):2]X2 where for
example M is Ry, Co, Fe and X is Cl, PF¢, C104- have been studied.> An important
characteristic is the strength of the metal-ligand coordinative bond within these
complexes. Stability is explained by strong metal-ligand (d-n*) back donation as

well as a strong chelate effect being present.

The complexes to be investigated are [Cr(4'-(pyridin-4-yl)-2,2":6",2"-
terpyridine)2](PF¢)s and [M(4'-(pyridin-4-yl)-2,2":6',2"-terpyridine)2](PFe):

with M being Ru, Fe and Co as shown in Figure 2.3.

2/3+

2/3 PFg M = Ru, Fe, Co, Cr

Figure 2.3: Chemical structure of the organometallic complex to be investigated.

By varying the metal centre and keeping the ligand constant, the effect of the
metal centre on the conductance can be investigated. The [Ru(4'-(pyridin-4-yl)-
2,2":6',2"-terpyridine)2](PF¢)2 is a stable low spin diamagnetic complex with the
following electron configuration [Kr]4d¢. The [Fe(4'-(pyridin-4-yl)-2,2":6',2"-
terpyridine)z](PFs)2 complex is also low spin diamagnetic but with an electron
configuration of [Ar]3de. The [Co(4'-(pyridin-4-yl)-2,2":6",2"'-
terpyridine)2](PFs)2 is high spin paramagnetic with an electron configuration of
[Ar]3d” and the [Cr(4'-(pyridin-4-yl)-2,2":6',2"-terpyridine):](PFs)3 is also
paramagnetic with an electron configuration of [Ar]3d3. Investigating these four

different metal centres will allow it to be seen if there is any difference in the
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single molecule conductance and assess their suitability for single molecule

conductance under potential control.

Rampi et al. have shown the stability of terpyridine based molecular junctions
by obtaining conductive molecular wires up to 40 nm long. This was achieved in
situ by assembling the metal centred molecular wire on metal substrates using a
stepwise coordination of the metal ion to the terpyridine based ligands, as
shown below in Figure 2.4.6 The metal centres investigated were cobalt and
iron and were found to have a attenuation factors of = 0.001 and 0.028 A1
respectively. These f-values are extremely low in comparison to other organic
wires.” This could be due to labile transition metals such as Co%* undergoing
ligand exchange as well as ligand coordination which may suggest there will be
ligand scrambling resulting in the chain lengths not all being equal. The
conductance could be dominated by the shorter wires, making the attenuation

factor low.

+M

_—

Figure 2.4: Schematic of the stepwise formation of terpyridine based molecular wires. a) Assembly
of the terpyridine ligand on to the gold surface. b) Coordination of the metal centre (Co or Fe) to the
ligand. c) Coordination of the terpyridine linker ligand. d) The processes b and c are repeated as

required. Figure taken from reference 6.

Zhou et al. have measured the conductance of three different redox active
systems with two incorporating a transition metal, Figure 2.5.8 The systems
were investigated using the in-situ break junction technique in aqueous 1 M

NaClO4 under potential control.
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Figure 2.5: Chemical structure of the systems studied by Zhou et al.8 Figure taken from reference 8.

The group establish that the systems can form successful molecular junctions
and exhibit redox state dependence; this will be discussed further in Chapter 4.
Complex 1 is of particular interest as it has an identical ligand structure to the
complexes investigated in this chapter and shows the successful ability of the
ligand to bind to the substrate to form the molecular junctions. The off-state
conductance of the osmium complex was found to be 2.1 nS and the on-state

conductance was 17.8 nS.

2.1.2 Medium effects
As discussed in Chapter 1 it is essential to choose the correct medium and it has

previously shown that the ionic liquids are useful media for single molecule
conductance studies under potential control.? 10 It was therefore essential to
investigate the use of the ionic liquid, BMIM-TFSI as a medium for studying the
conductances of [M(pyterpy):](PFs)z/3 systems as well as measuring the
conductance in ambient without potential control to ensure the successful
formation of molecular junctions. It was essential to investigate the
voltammetry of the [M(pyterpy)z](PF¢)2/3 systems in both organic solvent
(MeCN) and in ionic liquid to establish suitability for conductance

measurements under electrochemical control.

2.1.3 Cyclic Voltammetry
Cyclic voltammetry on various terpyridine based transition metal complexes

has been extensively studied in organic solvent.l-13 Constable et al. have

studied the electrochemistry of three 4'-(pyridin-4-yl)-2,2":6',2"-terpyridine
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(pyterpy) transition metal complexes, Os, Fe and Ru.1l The group also studied
the terpyridine equivalents allowing comparisons between the
electrochemistry to be made. All the complexes were found to be
electrochemically active and exhibit a fully reversible M(II)-M(III) redox
process, as seen in Table 2.1.

Table 2.1: Redox potentials of iron(II), ruthenium(II) and osmium(II) complexes of 2,2:6",2”-

terpyridine and 4‘-(4-pyridin-4-yl)-2,2’:6’,2”-terpyridine (V, vs. internal ferrocene-ferrocenium;

MeCN solution, [Bu4][BF4] supporting electrolyte). Data taken from reference 11.

Complex M@-MUD /v
[Fe(pyterpy)z](BFa): 0.80
[Fe(terpy)z](BFa): 0.74
[Ru(pyterpy)z] (PFe): 0.95
[Ru(terpy):] (PFe): 0.92
[Os(pyterpy):] (PFe): 0.62
[Os(terpy):] (PFe): 0.58

The exhibited [M(pyterpy)z] M(II)-M(III) redox processes occurred at a slightly
more positive potential than the potential observed for the [M(terpy):] for each
transition metal centre. This suggests that the 4-pyridyl substituent is weakly
electron withdrawing when placed on the 4’ position of the terpyridine ligand.
These results will act as a comparison for the cyclic voltammetry results in ionic

liquid.

The use of ionic liquids as an electrolyte for electrochemistry of terpyridine
organometallic complexes has not been as extensively studied. Albrecht et al.
have however shown the suitability for these complexes by studying an
asymmetrical osmium bis-terpyridine complex monolayer, [Os(4’-(6-
acetylthiohexyloxy)-2,2’;6’,2”-terpyridine)(2,2’;6’,2”-terpyridine) | (PF¢)2, whose

molecular structure is shown in Figure 2.6.14
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Figure 2.6: Molecular structure of the Os(II) complex studied by Albrecht et al.14

The cyclic voltammetry was performed in aqueous and ionic liquid, 1-butyl-3-

methylimidazoliumhexafluorophosphate (BMIM-PF¢) electrolyte, Figure 2.7.

-t
o
1

Os(lll)
Os(ll)

electrochemical current [pA/cm?)

1 1] . ] 4 ] . 1] b ] s I ® ] . 1
-10 -08 -06 -04 -02 00 02 04 06
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Figure 2.7: CV data of Ossac on Au(111) in aqueous 0.1 M HClO4 (black) and ionic liquid, BMIM-PFs

(red); scan rate - 0.1 V/s. Figure taken from reference 14.

These results confirm the great potential for the investigation of the
electrochemical properties of molecules using ionic liquid. The surface redox
potential was determined to be E1/2 = +0.58 V vs. SCE. This redox potential was
in good agreement with values previously reported confirming the suitability of

ionic liquid for investigation.1>

58



2.2 Aim

The main aim of this study was to investigate the conductance of several
terpyridine based transition metal complexes, to elucidate the effect of varying
the transition metal ion on the conductance. In addition, it was of interest to
investigate whether the medium (i.e. ambient, or ionic liquid) has any effect on
the conductance at open circuit, before any study of redox state dependence of
conductance was undertaken (see Chapter 4). The electrochemistry of the
complexes in organic solvent and then ionic liquid to assess their suitability for

electrochemically controlled STM was also important for the latter.

2.3 Synthesis

All transition metal complexes were synthesised and characterised prior to
cyclic voltammetry and conductance investigations. Bipyridine and all starting
materials were obtained from Sigma Aldrich and used as received unless

otherwise stated.

2.3.1 Synthesis of 4'-(pyridin-4-yl)-2,2":6',2"-terpyridine (3)
The synthesis of 4'-(pyridin-4-yl)-2,2":6',2"-terpyridine was completed

following a standard literature procedures shown in Scheme 2.1.1¢ This was the
reaction of 4-pyridinecarboxaldehyde with two equivalents of 2-acetyl pyridine
yielding an enedione intermediate which, after an in situ ring closure with
ammonium acetate, afforded the product, 4'-(pyridin-4-yl)-2,2":6'2"-
terpyridine.

59



o]

| ~ Me
| ~ N ~N
o) P NaOH -
-15°C, MeOH

(1)

A, MeOH
16 %

NH4OAc

Scheme 2.1: Synthetic Pathway to 4'-(pyridin-4-yl)-2,2":6',2"-terpyridine

The yield achieved is much lower than the recorded literature value of 69 % by
Persaud et al.’¢ this lower value could be due to product being lost during the
reaction not going to completion and product being lost during the purification
procedure but enough product was isolated to continue the synthesis of the

transition metal complexes.

2.3.2 Synthesis of [Ru(4'-(pyridin-4-yl)-2,2":6',2"-terpyridine)z] (PFs)2 (4)
The synthesis of [Ru(4'-(pyridin-4-yl)-2,2":6',2"-terpyridine):](PFs). was

completed following literature procedures as shown in Scheme 2.2.17 This
involved heating a solution of RuCl33H20 and 4'-(pyridin-4-yl)-2,2":6',2"-
terpyridine in ethane-1,2-diol to reflux. The complex was then purified by
exchange of the counter ions, followed by column chromatography. This yielded

the title complex as a red solid.
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2+

RuCly-3H,0

o R /
ethane-1,2-diol P T\

2PFg

methanolic [NH,][PFg]
40 %

(4)

Scheme 2.2: Synthesis of [Ru(4'-(pyridin-4-yl)-2,2":6',2"-terpyridine)z] (PFs)2
This yield was once again lower than the recorded literature yield of 60 %.11
2.3.3 Synthesis of [Fe(4'-(pyridin-4-yl)-2,2":6',2"-terpyridine)z] (PFs)2 (5)
The synthesis of [Fe(4'-(pyridin-4-yl)-2,2":6',2"-terpyridine)2](PFs)2 was
completed following literature procedures,? namely, by stirring a solution of
FeCl;4H20 and 4'-(pyridin-4-yl)-2,2":6',2"-terpyridine in methanol.  The
complex was purified by precipitation following exchange of the counter ions,

as shown in Scheme 2.3. This yielded the title complex as a purple solid.

2+

N
FeCl,-4H,0 ~ ‘

ik > E ~ 2PFg

methanol / \
aqueous [NH,][PFg]

64 % N

(5)

Scheme 2.3: Synthesis of [Fe(4'-(pyridin-4-yl)-2,2":6',2"-terpyridine)z] (PFs)2
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The recorded yield of 64 % was was once again lower than the literature yield

of 80 %.

2.3.4 Synthesis of [Co(4'-(pyridin-4-yl)-2,2":6',2"-terpyridine)z] (PFs)2 (6)
The synthesis of [Co(4'-(pyridin-4-yl)-2,2":6',2"-terpyridine):](PFs)2 was

completed by adapting a literature procedure as shown in Scheme 2.4.18 An
acetone solution of 4'-(pyridin-4-yl)-2,2":6',2"-terpyridine was treated with an
aqueous solution of CoClz6H20 the reaction was stirred at room temperature
and then purification was completed via counter ion exchange. The title

compound was precipitated as a red solid.

2+

CoCly6H,0

2PFg
water:acetone

[NH4][PFg]
50 %

(6)

Scheme 2.4: Synthesis of [Co(4'-(pyridin-4-yl)-2,2":6',2"-terpyridine)z](PFs)2

The recorded yield for [Co(pyterpy)z](PFs)2 was only slightly less than the
reported literature yield of 60 %,18 the procedure was slightly adapted so this
proved a successful result. Due to the paramagnetic nature of the Co2* complex,
a small portion was further oxidised to the diamagnetic Co3* complex to allow
standard NMR analysis to be completed. This was achieved by oxidation with a
saturated solution of aqueous Brz which after further purification by
recrystallization, the Co(III) complex was obtained as an orange solid, as shown

below in Scheme 2.5.
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2+ 3+

B
\00/ 2PFy aquz::r 2 3PFy
_h aqueous [NH,][PF¢]
(6) (7)

Scheme 2.5: Synthesis of [Co(4'-(pyridin-4-yl)-2,2":6',2"-terpyridine)] (PFs)3
2.3.5 Synthesis of [Cr(4'-(pyridin-4-yl)-2,2":6',2"'-terpyridine)z] (PFs)3 (8)
The synthesis of [Cr(4'-(pyridin-4-yl)-2,2":6',2"-terpyridine)2](PFe¢)3 was
completed by adapting a literature procedure.l® 20 Using standard Schlenk
techniques, a solution of 4'-(pyridin-4-yl)-2,2":6',2"-terpyridine and CrCl> was
stirred at room temperature. Subsequent reaction with AgPFs followed by
purification and counter ion exchange resulted with the title compound being

recovered as an orange solid, the synthetic pathway is shown in Scheme 2.6.

3+
CrCl,
water > / Cr\ P
aqueous [NH,4][PFg] ~
AgPFg
37 %
(8)

Scheme 2.6: Synthesis of Cr(4'-(pyridin-4-yl)-2,2":6',2"-terpyridine)z(PF¢)3
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Due to the paramagnetic nature of the Cr3* complex standard NMR analysis was
not suitable. Attempts to determine the molecular ion using electrospray
jonisation mass spectrometry failed. It has been previously found in the
literature that analysis of chromium terpyridine complexes is challenging.2?
Constable et al. have investigated the lability of bisterpyridine chromium(III)
complexes. They investigate the 1H NMR of [Cr(terpy)z](PFs)3 in CD30D and as
expected no signals are recorded in the aromatic region of the spectra.
However, after addition of solid NaOH to the sample, signals corresponding to
the free ligand were observed. This experiment was completed for the
synthesised [Cr(pyterpy)z](PF¢)3 complex and similar results were obtained,

Figure.

(a)
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PPM 890 880 870 860 850 840 830 820 810 800 790 780 770 760 7.5 740

(b)
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PPM 890 880 870 860 850 840 830 820 810 800 79 780 770 760 750 740

Figure 2.8: 1H NMR spectra recorded in CD30D, a) Cr(pyterpy)z(PFs)s. b) Cr(pyterpy)z(PFs)s and
NaOH.

As reported by Constable et al for the [Cr(terpy)z](PFs)s the
[Cr(pyterpy)2](PFs)3s shows no peaks in CD30D which was expected, Figure
2.8(a). It can be seen that upon addition of NaOH signals are observed in the
aromatic region of the NMR spectrum which correspond to the free pyterpy
ligand, Figure 2.8(b). This result suggests the successful synthesis of the
[Cr(pyterpy)2](PFs)3 complex has been completed. The yield was significantly
lower than the literature yield of 72 %.1° The procedure however was adapted

for the pyterpy ligand so would require optimising.

2.4 Methods

The transition metal complexes were synthesised as described in Section 2.3.
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2.4.1 Single Molecule Conductance Measurements:
The samples were prepared using commercial thin film gold on glass slides

(Arrandee®) which was flame annealed using a Bunsen burner immediately
prior to use. The freshly annealed slide was immersed into a warmed 5 x 10-> M
dichloromethane solution of the required complex for 1 min to allow the
molecules to adsorb to the surface. The slide was then rinsed with EtOH and
dried with a blast of N2 to remove any physisorbed material. Au STM tips were

prepared by cutting 0.25 mm Au wire (99.99 %, Goodfellow).

Conductance measurements were completed using an Agilent 5500 STM
controller in conjunction with Agilent Picoscan 5.3.3 software. Measurements
were completed in both ambient and an ionic liquid medium. Ionic liquid was
dried for 12 h prior to use at 120 °C under high vacuum and was used in
conjunction with an environmental chamber fitted to the STM head which was
under a constant flow of Nz. The I(s) method was utilised to measure the
conductance with a setpoint current (/p) of 40 nA and a bias voltage (Vpias) of +
0.6 V. The tip was withdrawn 4 nm relative to the setpoint and the scan
duration was 0.1 s. The initial tip to sample distance (sy) was approximated
using the method described previously in Chapter 1 and, where appropriate,
was used in conjunction with the experimental break off (4S) to calculate the
total break off (Stca). Approximately 500 current-distance scans that exhibited
a clear current plateau, were plotted into a histogram from which the molecular

conductance was calculated.

2.4.2 Cyclic Voltammetry Measurements:
Cyclic voltammetry experiments were completed using an Metrohm Autolab

potentiostat PGSTAT30 model utilizing the AutoLab GPES software. For all
experiments a three electrode set up was employed, with a gold polycrystalline
working electrode and Pt wire counter- and quasi-reference electrodes;
referencing was completed to an internal standard of ferrocene. A sealable glass
cell was used which was cleaned in 20 % HNOs3 and dried in the oven prior to
use. All chemicals were either synthesised in the laboratory or used as received.

Acetonitrile was distilled prior to use and ionic liquid was dried for 12 hours at
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120 °C under vacuum prior to use. All solutions and experiments were prepared

in a glove box in an inert atmosphere.

2.5 Results

2.5.1 Conductance Results:

The I(s) technique was used to measure the conductance of the transition metal
complexes. The measurements were completed in either an ambient
environment or an ionic liquid medium by rapidly withdrawing the tip at a
predetermined setpoint of 40 nA and a bias 0.6 V. Approximately 5 % of the I(s)
scans contained a plateaux characteristic of a molecule bridging the gap
between the tip and the substrate. The conductance was calculated via

histogram analysis using the I(s) scans that contained a plateau.

2.5.1.1: Conductance in ambient conditions:
4,4’-Bipyridine was the first molecule to be studied. As the shortest possible

molecule employing pyridyl contacts, it represents a benchmark against which
the conductances of the pyterpy complexes can be assessed. The compound was
initially tested in ambient conditions at a set-point current (/o) of 40 nA and a
bias of 0.6 V following literature procedures.?! In ambient conditions a
conductance of (7.3 * 2) nS was determined. The average experimental break
off value (Figure 2.9(c)) was calculated to be 0.54 nm and the calculated
d(Inl)/d(s) value was 8.57 nm-! which led to s, being 0.8 nm. This gives a total
break off distance of (1.34 = 0.24) nm which was compared to the gold
separation distance calculated using Spartan®, of 1.1 nm for the fully extended

molecule. The data are shown in Figure 2.9.
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Figure 2.9: Data for 4,4’-bipyridine in ambient conditions Vbias = 0.6 and Io = 40 nA (a) Histogram of
505 I(s) scans (b) 2D histogram showing conductance relative to total break-off distance (c)
Histogram of the experimental break-off distances (d) example I(s) traces (distance is relative and

does not represent actually break-off distance)

Once the technique had been optimised for 4,4’-bipyridine,
[Ru(pyterpy)z](PFe¢)2 was measured in ambient conditions. The compound was
tested using the same conditions as 4,4’-bipyridine with a set-point current (Io)
of 40 nA and a bias of 0.6 V. In ambient environment the conductance was
determined as (3.70 = 0.9) nS. The average experimental break off value was
found to be 0.85 nm (Figure 2.10(c)) and the calculated d(Inl)/d(s) value was
5.93 nm1 which led to sy being 1.19 nm. This gives a total break off distance of
(2.04 *= 0.27) nm which was compared to the gold separation distance

calculated using Spartan®, 2.2 nm for the fully extended molecule. The data are

shown in Figure 2.10.
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Figure 2.10: Data for [Ru(pyterpy)z] (PF¢)z in ambient conditions Vbias = 0.6 and Io = 40 nA (a)
Histogram of 520 I(s) scans (b) 2D histogram showing conductance relative to total break-off
distance (c) Histogram of the experimental break-off distances (d) example I(s) traces (distance is

relative and does not represent actually break-off distance)

[Fe(pyterpy)z](PFs)2 was the next molecule to be investigated. The compound
was tested in the same conditions as previously described in an ambient
environment with a set-point current (Iop) of 40 nA and a bias of 0.6 V. A
conductance of (3.42 + 1) nS was recorded. The average experimental break off
value was found to be 1 nm (Figure 2.11(c)) and the calculated d(Inl)/d(s) value
was 7.92 nm! which resulted in s, being 0.89 nm. This gives a total break off
distance of (1.89 * 0.3) nm, compared to the gold separation distance calculated

using Spartan®, which was again 2.2 nm for the fully extended molecule. The

data are shown in Figure 2.11.
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Figure 2.11: Data for [Fe(pyterpy)z](PFs)2 in ambient conditions Vbias = 0.6 and Io = 40 nA (a)
Histogram of 413 I(s) scans (b) 2D histogram showing conductance relative to total break-off
distance (c) Histogram of the experimental break-off distances (d) example I(s) traces (distance is

relative and does not represent actually break-off distance)

The conductance of [Co(pyterpy):z](PFs)2 was now investigated in ambient
conditons. The compound was measured in the same conditions as previously
described with a set-point current (lp) of 40 nA and a bias of 0.6 V. The
conductance was found to be (3.54 = 1.1) nS. The average experimental break
off value was 0.83 nm (Figure 2.12(c)) and the calculated d(Inl)/d(s) value was
6.25 nm-1 which led to sy being 1.12 nm. This gives a total break off distance of
(195 = 0.25) nm which was compared to the gold separation distance
calculated using Spartan®, which was 2.2 nm for the fully extended molecule.

The data are shown in Figure 2.12.
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Figure 2.12: Data for [Co(pyterpy)z](PFs)z in ambient conditions Vbies = 0.6 and Ip = 40 nA (a)
Histogram of 508 I(s) scans (b) 2D histogram showing conductance relative to total break-off
distance (c) Histogram of the experimental break-off distances (d) example I(s) traces (distance is

relative and does not represent actually break-off distance)

[Cr(pyterpy)z2](PFs)3 was the final molecule to be investigated in ambient
conditions. The compound was tested in the same conditions as previously
described with a set-point current (Ip) of 40 nA and a bias of 0.6 V. A
conductance of (2.5 + 0.42) nS was recorded. The average experimental break
off value was calculated to be 1.03 nm (Figure 2.13(c)) and the calculated
d(Inl)/d(s) value was 7.88 nm-! which led to sy being 0.89 nm. This gives a total
break off distance of (1.92 * 0.35) nm which was compared to the gold
separation distance calculated using Spartan, which was again 2.2 nm for the

fully extended molecule. The data are shown in Figure 2.13.
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Figure 2.13: Data for [Cr(pyterpy):z](PFs)3 in ambient conditions Vbias = 0.6 and Ip = 40 nA (a)
Histogram of 511 I(s) scans (b) 2D histogram showing conductance relative to total break-off
distance (c) Histogram of the experimental break-off distances (d) example I(s) traces (distance is

relative and does not represent actually break-off distance)

2.5.1.2: Conductance in Ionic Liquid:
Bipyridine was the first molecule to be investigated in ionic liquid. The

compound was tested in the same conditions as in an ambient environment
with a set-point current (Ip) of 40 nA and a bias of 0.6 V. In ionic liquid a
conductance of (5.7 * 0.88) nS was determined. The average experimental
break off value was found to be 1.61 nm (Figure 2.14(c)) and the calculated
d(Inl)/d(s) value was 6.13 nm-! which led to s, being 1.15 nm. This gives a total
break off distance of (2.76 * 0.47) nm which was compared to the gold
separation distance calculated using Spartan®, which was 1.1 nm for the fully

extended molecule. The data are shown in Figure 2.14.
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Figure 2.14: Data for 4,4’-bipyridine in ionic liquid Vbias = 0.6 and Ip = 40 nA (a) Histogram of 440
I(s) scans (b) 2D histogram showing conductance relative to total break-off distance (c) Histogram
of the experimental break-off distances (d) example I(s) traces (distance is relative and does not

represent actually break-off distance)

The conductance of [Ru(pyterpy)z](PFs)2 was then investigated in ionic liquid.
The compound was tested in the same conditions as previously described with
a set-point current (lop) of 40 nA and a bias of 0.6 V. In ionic liquid the
conductance was found to be (2.61 + 0.59) nS. The average experimental break
off value was 2.18 nm (Figure 2.15(c)) and the calculated d(inl)/d(s) value was
2.4 nm which led to s, being 2.9 nm This gives a total break off distance of
(4.58 + 0.4) nm, compared to the gold separation distance, calculated using

Spartan®, of 2.2 nm for the fully extended molecule. The data are shown in
Figure 2.15.
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Figure 2.15: Data for [Ru(pyterpy)z](PFs)z in ionic liquid Vbies = 0.6 and Io = 40 nA (a) Histogram of
538 I(s) scans (b) 2D histogram showing conductance relative to total break-off distance (c)
Histogram of the experimental break-off distances (d) example I(s) traces (distance is relative and

does not represent actually break-off distance)

[Fe(pyterpy)z](PFs)2 was the next molecule to be investigated in ionic liquid.
The compound was tested in the same conditions as previously described with
a set-point current (lp) of 40 nA and a bias of 0.6 V. In ionic liquid the
conductance was determined to be (3.7 * 1.05) nS. The average experimental
break off value was 1.06 nm (Figure 2.16(c)) and the calculated d(Inl)/d(s)
value was 3.82 nm-1 which led to s, being 1.84 nm. This gives a total break off
distance of (2.9 £ 0.35) nm which is again significantly longer than the gold-gold
separation distance for a molecular junction calculated using Spartan®, 2.2 nm

for the fully extended molecule. The data are shown in Figure 2.16.
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Figure 2.16: Data for [Fe(pyterpy)z] (PFs)z in ionic liquid Vbies = 0.6 and Ip = 40 nA (a) Histogram of
401 I(s) scans (b) 2D histogram showing conductance relative to total break-off distance (c)
Histogram of the experimental break-off distances (d) example I(s) traces (distance is relative and

does not represent actually break-off distance)

The conductance of [Co(pyterpy):](PFs): was the next molecule to be
investigated in ionic liquid. Under the same conditions as for the Fe(II)
complex, the conductance was found to be (2.56 * 0.72) nS. The average
experimental break off value was 1.53 nm (Figure 2.17(c)) and the calculated
d(Inl)/d(s) value was 5.44 nm-1 which led to s, being 1.29 nm. This gives a total
break off distance of (2.82 + 0.5) nm which is once more longer than the gold
separation distance calculated using Spartan®, which was 2.2 nm for the fully

extended molecule. The data are shown in Figure 2.17.
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Figure 2.17: Data for [Co(pyterpy)z](PFs)z in ionic liquid Vbias = 0.6 and Io = 40 nA (a) Histogram of
508 I(s) scans (b) 2D histogram showing conductance relative to total break-off distance (c)
Histogram of the experimental break-off distances (d) example I(s) traces (distance is relative and

does not represent actually break-off distance)

[Cr(pyterpy)z](PFs)3 was the final molecule to be investigated in ionic liquid.
The compound was tested in the same conditions as in an ambient environment
with a set-point current (Io) of 40 nA and a bias of 0.6 V. In ionic liquid a
conductance of (1.96 * 0.3) nS was calculated. The average experimental break
off value was found to be 2.17 (Figure 2.18(c)) and the calculated d(Inl)/d(s)
value was particularly small, 2.75 nm-1 giving an s, value of 2.56 nm and hence a
total break off distance of (4.73 + 0.47) nm, compared to the expected junction

length of 2.2 nm for the fully extended molecule. The data are shown in Figure

2.18.
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Figure 2.18: Data for [Cr(pyterpy):z](PFe)s in ionic liquid Vbias = 0.6 and Io = 40 nA (a) Histogram of
510 I(s) scans (b) 2D histogram showing conductance relative to total break-off distance (c)
Histogram of the experimental break-off distances (d) example I(s) traces (distance is relative and

does not represent actually break-off distance)

2.5.2 Cyclic Voltammetry
Cyclic Voltammetry was used to observe the M(II)-M(III) redox processes for

the metal-organic systems to establish which system would be most promising

for conductance measurements under electrochemical control.

2.5.2.1 Cyclic Voltammetry in organic solvent:
The electrolyte utilised was a 0.1 M solution of tetrabutylammonium

tetrafluoroborate (TBATFB) in acetonitrile (MeCN), which had been distilled
from calcium hydride (CaHz).

Solution voltammetry of [Ru(pyterpy):z](PFs)2 was recorded at various scan
rates (0.02 - 1 Vs'1) as shown in Figure 2.19. Once this was complete, 7 mM
ferrocene was added and the experiment repeated. The potential scale was then

adjusted to the ferrocene redox couple Fc/Fc*.
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Figure 2.19: Cyclic Voltammogram of 7 mM [Ru(pyterpy)z](PFs)z in 0.1 M TBATFB MeCN

electrolyte. The potential scale has been calibrated to the Fc/Fc* couple. Scan rates 0.05 Vs1to 1

Vs,

The M(1I)-M(III) redox peak was found to be E12 = 1.27 V vs. Fc/Fc*. The data

are presented below in Table 2.2.

Table 2.2: The recorded redox potentials E1/z and the difference between the anodic and cathodic

peak potentials AEp for 7 mM [Ru(pyterpy)z](PFs)z in a 0.1 M TBATFB solution of MeCN. The

average redox potential for ferrocene is used to calibrate the potential scale.

Scan Rate / Vs [Ru(pyterpy):](PF¢)z V vs. Pt Quasi Ferrocene V vs. Pt
Quasi
Ei2/V AE,/V E12/V
0.05 1.3845 0.069 0.1315
0.10 1.3955 0.081 0.131
0.20 1.407 0.086 0.1315
0.30 1.4105 0.097 0.1315
0.40 1.412 0.104 0.1315
0.50 1.409 0.11 0.139
0.60 1.412 0.124 0.139
0.70 1.412 0.126 0.139
0.80 1.4145 0.131 0.139
0.90 1.415 0.144 0.139
1.0 1.415 0.144 0.1465
Average 141 0.136

Cyclic voltammetry data for [Fe(pyterpy)z] (PFs)2 was next recorded as shown in

Figure 2.20, Once again, ferrocene was added and the ferrocene redox couple

Fc/Fc* determined to provide a reliable reference.
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Figure 2.20: Cyclic Voltammogram of 7 mM [Fe(pyterpy)z](PFs)z in 0.1 M TBATFB MeCN electrolyte.

The potential scale has been calibrated to the Fc/Fc* couple. Scan rates 0.02 Vs-1to 1 Vs-1.
[Fe(pyterpy)2](PFe)2 exhibited a clear M(II)-M(III) redox peak in the organic
electrolyte. The calculated redox potential is E1/2 = 1.02 V vs. Fc/Fc*. The data
are present below in Table 2.3.

Table 2.3: The recorded redox potentials E1/2 and the difference between the anodic and cathodic

peak potentials AEp for 7 mM [Fe(pyterpy)z](PFe)z in a 0.1 M TBATFB solution of MeCN. The

average redox potential for ferrocene is used to calibrate the potential scale.

Scan Rate / Vst [Fe(pyterpy):](PFs¢)2 V vs. Pt Quasi Ferrocene V vs. Pt
Quasi

Ei2/V AE,/V Ei2/V

0.02 1.1155 0.061 0.081

0.05 1.1055 0.083 0.081

0.08 1.1 0.098 0.081

0.10 1.095 0.11 0.081

0.20 1.1105 0.101 0.0815

0.30 1.11 0.104 0.081

0.40 1.105 0.114 0.091

0.50 1.1095 0.125 0.091

0.60 1.1095 0.125 0.091

0.70 1.11 0.126 0.0915

0.80 1.1095 0.125 0.091

0.90 1.1045 0.135 0.096

1.0 1.11 0.146 0.1065

Average 1.11 0.088

The voltammetry of [Co(pyterpy)z](PFs)2 was recorded at several scan rates as
shown in Figure 2.21, with the ferrocene redox couple Fc/Fc* once again

subsequently determined to provide the reference scale.
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Figure 2.21: Cyclic Voltammogram of 7 mM [Co(pyterpy):z](PF¢)z in 0.1 M TBATFB MeCN electrolyte.

The potential scale has been calibrated to the Fc/Fc* couple. Scan rates 0.02 Vs-1to 1 Vs-1.

[Co(pyterpy):z](PF¢). exhibited a M(II)-M(III) redox peak in the organic

electrolyte. The calculated redox potential is E1/2 = -0.09 V vs. Fc/Fc*. The data

are present below in Table 2.4.

Table 2.4: The recorded redox potentials E1/2 and the difference between the anodic and cathodic

peak potentials AE,, for 7 mM [Co(pyterpy)z](PFs)z in a 0.1 M TBATFB solution of MeCN. The

average redox potential for ferrocene is used to calibrate the potential scale.

Scan Rate / V s1 [Co(pyterpy)2](PFe): V vs. Pt Quasi Ferrocene V vs. Pt
Quasi
Ei/2/V AE,/V E1/2/V
0.02 0.0675 0.085 0.1465
0.05 0.0825 0.117 0.159
0.08 0.075 0.136 0.159
0.10 0.0825 0.155 0.1585
0.20 0.09 0.18 0.1665
0.70 0.0665 0.141 0.1815
0.80 0.074 0.156 0.1815
0.90 0.074 0.156 0.174
1.0 0.0665 0.171 0.174
Average 0.075 0.167

Solution voltammetry of [Cr(pyterpy)z](PFs)3 was recorded at various scan

rates as shown in Figure 2.22.
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Figure 2.22: Cyclic Voltammogram of 7 mM [Cr(pyterpy)z](PFs)s in 0.1 M TBATFB MeCN electrolyte.

The potential scale has been calibrated to the Fc/Fc* couple. Scan rates 0.02 Vs-1to 1 Vs-1.

[Cr(pyterpy)z](PFe)3 exhibited a clear M(II)-M(IIl) redox peak in the organic

electrolyte.1® The calculated redox potential is E1/2 = -0.54 V vs. Fc/Fc*. The data

are present below in Table 2.5. Scarborough et al have investigated

[Cr(tbpy)3]*(PFs)n and found that the seven-membered electron transfer series

(n = 3+, 2+, 1+, 0, 1-, 2-, 3-) involves one electron ligand based reductions and

all seven members contain a central Cr(III) ion.22 This result provides evidence

that this redox wave is actually ligand based.

Table 2.5: The recorded redox potentials E1/2 and the difference between the anodic and cathodic

peak potentials AE, for 7 mM [Cr(pyterpy)z](PFs)s in a 0.1 M TBATFB solution of MeCN. The

average redox potential for ferrocene is used to calibrate the potential scale.

Scan Rate / V s1 [Cr(pyterpy)z](PFe)s V vs. Pt Quasi Ferrocene V vs. Pt
Quasi

Ei/2/V AE,/V Ei/2/V

0.02 -0.4425 0.081 0.1325

0.05 -0.4325 0.081 0.115

0.08 -0.4275 0.091 0.1

0.10 -0.4225 0.101 0.105

0.20 -0.4225 0.101 0.11

0.30 -0.4275 0.111 0.115

0.40 -0.4225 0.121 0.115

0.50 -0.4225 0.121 0.12

0.60 -0.4225 0.121 0.12

0.70 -0.4225 0.121 0.125

0.80 -0.4225 0.121 0.12

0.90 -0.4175 0.131 0.12

1.0 -0.4175 0.131 0.13

Average -0.425 0.118
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2.5.2.4 Cyclic Voltammetry in ionic liquid
Once the cyclic voltammetry of the metal pyterpy complexes was completed in

acetonitrile solvent, the electrochemistry was then investigated in ionic liquid.

Solution voltammetry of [Ru(pyterpy)z](PFs)2 in ionic liquid was recorded at
various scan rates as shown in Figure 2.23; again, once completed 7 mM
ferrocene was added and the experiment repeated. The potential scales was

then adjusted to the ferrocene redox couple Fc/Fc*.
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Figure 2.23: Cyclic Voltammogram of 7 mM [Ru(pyterpy)z](PFs)z in BMIM-TFSA electrolyte. The

potential scale has been calibrated to the Fc/Fc* couple. Scan rates 0.02 Vs-1to 1 Vs-1,

[Ru(pyterpy)z](PFe)2 exhibited a clear M(1I)-M(III) redox peak in BMIM-TFSA.
The calculated redox potential is E1/2=0.87 V vs. Fc/Fc*. The data are presented
below in Table 2.6.
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Table 2.6: The recorded redox potentials E1/2 and the difference between the anodic and cathodic
peak potentials AEp for 7 mM [Ru(pyterpy)z] (PF¢)2 in BMIM-TFSA. The average redox potential for

ferrocene is used to calibrate the potential scale.

Scan Rate / Vst [Ru(pyterpy):]PFs)2 V vs. Pt Quasi Ferrocene V vs. Pt
Quasi
Ei/2/V AE,/V Ei/2/V
0.02 0.934 0.06 0.0615
0.05 0.9395 0.061 0.0675
0.08 0.9395 0.065 0.0705
0.10 0.9425 0.071 0.0705
0.20 0.9395 0.075 0.071
0.30 0.943 0.08 0.0705
0.40 0.943 0.08 0.0705
0.50 0.943 0.08 0.0735
0.60 0.9425 0.081 0.074
0.70 0.943 0.092 0.0705
0.80 0.943 0.09 0.0735
0.90 0.943 0.09 0.075
1.0 0.943 0.092 0.074
Average 0.941 0.071

Cyclic voltammetry data for [Fe(pyterpy)2z](PFs)2 was recorded at various scan
rates as shown in Figure 2.24, with the potential scales again adjusted to the

ferrocene redox couple Fc/Fc+.
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Figure 2.24: Cyclic Voltammogram of 7 mM [Fe(pyterpy)z](PFs)z in BMIM-TFSA electrolyte. The

potential scale has been calibrated to the Fc/Fc* couple. Scan rates 0.02 Vs-1to 1 Vs-1,

[Fe(pyterpy)2](PF¢)2 exhibited a clear M(II)-M(III) redox peak in the ionic liquid
electrolyte. The redox potential was, E1/2 = 0.78 V vs. Fc/Fc*. The data are

presented below in Table 2.7.
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Table 2.7: The recorded redox potentials E1/2 and the difference between the anodic and cathodic

peak potentials AEp for 7 mM [Fe(pyterpy)z](PFs)2 in BMIM-TFSA. The average redox potential for

ferrocene is used to calibrate the potential scale.

Scan Rate / Vst [Fe(pyterpy):](PFs¢)2 V vs. Pt Quasi Ferrocene V vs. Pt
Quasi
Ei/2/V AE,/V Ei/2/V
0.02 0.8685 0.057 0.098
0.05 0.874 0.062 0.084
0.08 0.877 0.06 0.084
0.10 0.877 0.06 0.081
0.20 0.8795 0.065 0.087
0.30 0.88 0.064 0.0905
0.40 0.88 0.064 0.0905
0.50 0.883 0.07 0.0935
0.60 0.883 0.072 0.096
0.70 0.8825 0.071 0.099
0.80 0.883 0.072 0.1055
0.90 0.883 0.072 0.1085
1.0 0.886 0.074 0.1145
Average 0.880 0.095

Solution voltammetry of [Co(pyterpy)z](PFe¢)2 was recorded at various scan

rates as shown in Figure 2.25.
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Figure 2.25: Cyclic Voltammogram of 7 mM [Co(pyterpy)z](PF¢)z in BMIM-TFSA electrolyte. The

potential scale has been calibrated to the Fc/Fc* couple. Scan rates 0.02 Vs-1to 1 Vs-1,

[Co(pyterpy)z](PFs). exhibited a clear M(II)-M(III) redox peak in the ionic
liquid. The redox potential, E1/2 = -0.04 V vs. Fc/Fc*. The data are presented
below in Table 2.8.
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Table 2.8: The recorded redox potentials E1/2 and the difference between the anodic and cathodic
peak potentials AEp for 7 mM [Co(pyterpy)z](PFs)2 in BMIM-TFSA. The average redox potential for

ferrocene is used to calibrate the potential scale.

Scan Rate / Vst [Co(pyterpy):z](PFe)2 V vs. Pt Quasi Ferrocene V vs. Pt

Quasi

Ei/2/V AE,/V Ei/2/V
0.02 0.0215 0.079 0.0605
0.05 0.0305 0.105 0.0635
0.08 0.0275 0.115 0.0665
0.10 0.0215 0.125 0.0665
0.20 0.022 0.136 0.0665
0.30 0.0125 0.165 0.0695
0.40 0.0125 0.177 0.0695
0.50 0.0125 0.189 0.0695
0.60 0.01 0.196 0.0695
0.70 0.0125 0.201 0.0695
0.80 0.015 0.232 0.0725
0.90 0.0155 0.233 0.0725
1.0 0.1185 0.037 0.0695
Average 0.026 0.0681

Voltammetry of [Cr(pyterpy)z](PFs)3 was recorded at various scan rates as
shown in Figure 2.26, with the potential scale adjusted to the ferrocene redox

couple Fc/Fc*.

2.0x10°-
1.0x10° -
0.0

= -1.0x10°
-2.0x10%-
-3.0x10° 1
-4.0x10°-

-0.9 -0.6 -0.3
E/V vs. Fc/Fc+

Figure 2.26: Cyclic Voltammogram of 7 mM [Cr(pyterpy)z](PFs)s in BMIM-TFSA electrolyte. The

potential scale has been calibrated to the Fc/Fc* couple. Scan rates 0.02 Vs-1to 1 Vs-1,

[Cr(pyterpy)z] (PFs)2 exhibited a M(II)-M(III) redox peak in ionic liquid at E1/2 =
-0.70 V vs. Fc/Fc*. The data are presented below in Table 2.9.
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Table 2.9: The recorded redox potentials E1/2 and the difference between the anodic and cathodic

peak potentials AE; for 7 mM [Cr(pyterpy)2](PF¢)s in BMIM-TFSA. The average redox potential for

ferrocene is used to calibrate the potential scale.

Scan Rate / Vs? [Cr(pyterpy)2](PFe)s V vs. Pt Quasi Ferrocene V vs. Pt

Quasi

E12/V AE,/V E12/V
0.02 -0.688 0.07 0.027
0.05 -0.678 0.07 0.027
0.08 -0.668 0.07 0.027
0.10 -0.668 0.07 0.027
0.20 -0.668 0.07 0.027
0.30 -0.668 0.07 0.027
0.40 -0.668 0.07 0.022
0.50 -0.668 0.07 0.022
0.60 -0.668 0.07 0.022
0.70 -0.668 0.07 0.022
0.80 -0.668 0.07 0.022
0.90 -0.668 0.07 0.027
1.0 -0.668 0.07 0.027
Average -0.670 0.025

For comparison with the pyterpy complexes, the voltammetry of ferrocene was also recorded as a

/A

-6.0x107°

-1.2x10"

function of scan rate as shown in Figure 2.27.
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Figure 2.27: Cyclic Voltammogram of 7 mM Ferrocene in BMIM-TFSA electrolyte. Scan rates 0.02 Vs-

1to1Vs1l,

Ferrocene exhibited a clear redox peak in the organic electrolyte. The calculated

redox potential, E1/2=0.13 V vs. Pt Quasi. The data are presented in Table 2.10.

85




Table 2.10: The recorded redox potentials E1,2 and the difference between the anodic and cathodic

peak potentials AE, for 7 mM Ferrocene in BMIM-TFSA.

Scan Rate / Vs Ferrocene V vs. Pt Quasi
E1/2/V AEp/V
0.02 0.1215 0.087
0.05 0.1245 0.107
0.08 0.1245 0.109
0.10 0.1245 0.121
0.20 0.1245 0.143
0.30 0.128 0.16
0.40 0.1275 0.173
0.50 0.128 0.184
0.60 0.1305 0.191
0.70 0.1275 0.197
0.80 0.1275 0.209
0.90 0.131 0.216
1.0 0.128 0.22
Average 0.127 0.163

2.6: Discussion
A summary of the conductance data has been presented in Table 2.11.

Table 2.11: Summary of the conductance data.

Ambient Ionic Liquid,
Conditions BMIM-TFSA
Conductance / | Conductance
Complex nS / nS
4,4’-Bipyridine (7.32) (5.7 £0.88)
[Ru(pyterpy)2](PF¢)z | (3.7 £0.9) (2.61 £0.59)
[Fe(pyterpy)z](PFs): | (3.42+1) (3.7 +£1.05)
[Co(pyterpy)z](PFe): | (3.54+1.1) (2.56 £ 0.72)
[Cr(pyterpy)2](PFe)s | (2.5+0.42) (1.96 £ 0.3)

The results show the successful formation of molecular junctions in two
different environments. 4,4’-Bipyridine showed a greater conductance when
compared to the pyterpy complexes, which was expected due to the short
length of the molecule. The conductance result for 4,4’-bipyridine in ambient
and ionic liquid environment is in good agreement with that reported
previously in the literature.?! Quek et al. report reversible switching of 4,4’-

bipyridine by mechanical control of the metal-molecule contact geometry in
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1,2,4-trichlorobenzene and recorded a low and a high conductance, ~12 and
~46 nS respectively.23 This result is higher than the recorded result in ionic
liquid. The ionic liquid result also contradicts that reported by Xu et al. who
reported a conductance of 774 nS completed in aqueous electrolyte24 and Zhou
et al. obtained 45 and 371 nS?> using the break junction technique. These
results infer that the conductance of 4,4’-bipyridine is medium dependent so
further investigations would need to occur using the I(s) method. However, the
ionic liquid measurements reported here are in good agreement with the

ambient result recorded here and previously.

The conductance of the four pyterpy compounds in ambient conditions was
measured successfully; however the ruthenium, iron and cobalt complexes
exhibit a conductance very similar to each other. The only complex that exhibits
a different conductance is the chromium complex, but still within experimental
error. This result that varying the metal centre has little effect on the
conductance is at first surprising. The result however could be due to
[Co(pyterpy)z](PF¢)2 being oxidised to [Co(pyterpy)z](PFe)3 in the vicinity of
the electrode by ambient air, which would result in a low spin d¢ electron
configuration isoelectronic with the Ru(Il) and Fe(II) complexes, in which case
the Cr(II) d3 species would be the only complex with a different electron
configuration. However, this assumes that the metal d» configuration is
significant. Since there is evidence from Seebeck coefficient measurements2é
that the 4-pyridyl contact promotes electron- rather than hole-mediated
tunneling in molecular junctions, it is more likely that in all these pyrdiyl-
contact metal complexes, the LUMO-based transport resonance is closer in
energy to the contact Fermi energy and, at least for the diamagnetic d® species
for which the calculations have been performed, the LUMO is essentially ligand-
localised according to preliminary DFT calculation (6-31G*, B3LYP; Spartan®
08). To investigate this further a series of hole-mediated transition metal

complexes could be studied, such as the thioether anchoring group.

The conductance was investigated in ionic liquid as this is the chosen
electrolyte for the conductance measurements under electrochemical control.

The results showed that all the compounds formed successful molecular
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junctions. The conductance results for all of the measured compounds
decreased apart from [Fe(pyterpy)z](PFs)2 which increased very slightly, but
within error of the ambient measurement. The other four compounds
decreased in conductance, including the stable diamagnetic
[Ru(pyterpy):](PFs)2 and 4,4’-bipyridine. This suggests the decrease in
conductance is due to the ionic liquid environment rather than the electron

configuration of the complexes changing.

The conductance recorded for the pyterpy complexes is in good agreement with
the conductance recorded by Zhou et al. for [Os(pyterpy)z](PFs)2 measured in
aqueous 1 M NaClO4 under electrochemical control. In the off-state they record
a conductance of 2.1 nS, which is in the range of conductance results achieved in

this study.

The conductance of these complexes can be compared to that of the oligo-

porphyrins, presented in Figure 2.28, studied by Sedghi et al.27.28

A== n=1,2,3

Figure 2.28: Chemical structure of the pyridyl capped oligo-porphyrins studied by Sedghi et al.28

The results presented by Sedghi et al. investigate the conductance of a pyridyl
capped zinc oligo-porphyrin series.?8 The result recorded for the pyridyl capped
monomer was 2.1 nS which correspond to the results recorded for the
investigated transition metal pyterpy complexes. Sedghi et al. have also
investigated thiol capped oligo-porphyrins of the same structure and the

conductance was also found to be 2.1 nS.27 This results ignited interest in
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studying terpy based transition metal complexes with different anchoring

groups, to see if the conductance is affected which is investigated in chapter 3.

A summary of the calculated break off data has been presented in Table 2.12.

Table 2.12: Summary of the break off data for the conductance measurements

Environment Gold
Ambient Ionic Liquid - BMIM-TFSA | Separation
Stotal so /| AS Stotal So/ AS as calculated
/nm nm | /nm | /nm nm | /nm | inSpartan®
/ nm
Bipyridine (1.34 % 0.8 0.54 (2.76 = 1.15 1.61 1.1
0.24) 0.47)
Ru(pyterpy):(PF¢)2 | (2.04 % 1.19 | 0.85 (4.58 = 2.9 2.18 2.2
0.27) 0.4)
Fe(pyterpy):(PFe¢): (1.89 = 0.89 1.0 (29 1.84 1.06 2.2
0.3) 0.35)
Co(pyterpy):(PFe¢)2 | (1.95= 1.12 | 0.83 (2.82 1.29 1.53 2.2
0.25) 0.5)
Cr(pyterpy):(PFs)s3 (1.92 + 0.89 | 1.03 (4.73 = 2.56 2.17 2.2
0.35) 0.47)

The total estimated break off distance is usually indicative of the length of
molecule bridging the gap between two metal electrodes. The results reported
here show for the compounds measured in an ambient environment
(highlighted yellow) are in good agreement with the Au-molecule-Au distance
as calculated in Spartan®. All of the calculated distances recorded are within the
experimental error, or shorter of the measured ones which could be the result
of the molecule binding on a step edge of the gold substrate. The break off
distances provide good evidence that it is the molecule that is being measured

in the molecular junction.

The break off distances calculated from the measurements in the ionic liquid,
BMIM-TFSA (highlighted green) do not correlate to the gold separation
distance. The recorded results are found to be much higher and outside the
range of error. This result can be attributed to the ionic liquid environment. The
values of s, for the values in ionic liquid are much higher than the values in an
ambient environment due to the d(Inl)/d(s) value being low. As the
measurements taken to calculate the d(Inl)/d(s) value are done so during the

experiment the high value could be due to the environment as the s, value was
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higher in ambient conditions. This can be further investigated by calculating a
S value for just the ionic liquid without any of the investigated compounds

present, Figure 2.29.

Count

10 20 30
Conductance / nS

Figure 2.29: Histogram of Ionic Liquid, BMIM-TFSA showing no conductance peaks.

The 1D histogram for the plain ionic liquid shows no conductance peaks, Figure.
The s, value for the ionic liquid, 1.9 nm is large and suggests that the extended
total break off values is due to the medium and not due to the molecule being

measured.

Cyclic voltammetry was completed on the four pyterpy complexes, in both
organic and ionic liquid solvent. The results will allow the most suitable
complex to be selected for conductance measurements under potential control.

A summary can be seen in Table 2.13.

Table 2.13: Summary of the cyclic voltammetry results.

Complex 0.1 M TBATFB in MeCN BMIM-TFSA
E1/2/V AE,/V Ei/2/V AE,/V
Ferrocene 0.09 0.14 0.13 0.16
[Ru(pyterpy)2](PFe)2 | 1.27 0.11 0.87 0.078
[Fe(pyterpy)z](PFe)2 | 1.02 0.11 0.78 0.066
[Co(pyterpy)z](PFe)z | -0.09 0.14 -0.04 0.15
[Cr(pyterpy):](PFe)s | -0.54 0.11 -0.70 0.07

All the complexes have shown a clear metal redox peak in both electrolytes. The
[Co(pyterpy)z](PFs)2 exhibits a similar quasi-reversible redox potential in both
electrolytes. The redox potential is in an easily accessible range to be studied

under potential control. This complex will be investigated under

electrochemical control. Due to the paramagnetic nature of the
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[Co(pyterpy)z](PF¢)2 complex it would be of interest to study a complex with
diamagnetic nature. This leads to the [Ru(pyterpy)z2](PFs)2 and
[Fe(pyterpy)z](PFe¢)2 complex. As the [Fe(pyterpy)2](PFs)2 complex exhibits a
lower redox potential it would be more suitable for preliminary investigations

into the electrochemical conductance behaviour.

2.7 Conclusions and Future Work
It has been successfully shown that all the complexes form successful molecular

junctions. It has been shown that bipyridine has a conductance in ionic liquid
which corresponds to literature values for other environments and has a higher
conductance than the organometallic compounds, which was expected due to

the shorter length.

The conductance of four terpyridine based metal-organic complexes has been
shown in two different environments and have shown to be similar to

measurements recorded in the literature for similar complex.

Clear metal redox peaks were exhibited in the cyclic voltammetry investigations
of the pyterpy complexes. This showed the suitability of the organometallic
complexes for conductance measurements under electrochemical control.
Future work would be to investigate the conductance of [Co(pyterpy)z](PFe¢)2
and [Fe(pyterpy)z](PFe)2 under electrochemical control around the M(II) /M(III)
redox potential. If these measurements proved successful it would be of interest
to investigate multiple transition metal redox processes. The behaviour of this

complex could be compared to the 6pTTF6 studied by Kay et al.10

It would also be of interest to investigate the conductance in different
environments, such as mesitylene, an inert atmosphere and UHV to see what
effect the environment has on the conductance of these organometallic

compounds.

The ligand structure could also be tailored and further investigations could

occur to see how the ligand affects the conductance.
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Chapter 3

Varying the Anchoring
Group and Length in

Terpyridine Transition
Metal Based Molecular

Wires
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3.1 General Introduction
Charge transport through molecular junctions is one of the most important and

interesting matters in molecular electronics. There are many factors that affect
the conductance of molecular wires. These factors can be chemical, such as
anchoring group, redox state and molecular conformation, or environmental,

such as the influence of temperature and solvent environment.

3.1.1 Anchoring group
One of the important factors affecting the conductance of a molecular wire is

the anchoring group as it provides a connection between the molecular bridge
and the substrate. Anchoring groups play an important role in the electron
transport through the molecular junction.53 80 The choice of anchoring group
often constitutes a challenge in the design of the molecular wire. The anchoring
group determines the strength of the binding to the adjacent substrate as well
as the energy and nature of the frontier orbitals. For example, when an electron-
withdrawing group is attached to a m-conjugated system the energies of both
frontier orbitals decrease and thereby promote electron transfer due a
reduction in the difference between the electrode’s Fermi level and the
molecule’s LUMO. Electron-donating substituents result in the frontier orbital
energies being lifted and thus favouring hole transport by bringing the

molecule’s HOMO closer to the Fermi level.47p

If the anchoring group has a high affinity for the required substrate the metal-
molecule-metal junctions can self-assemble in situ. Thiols have been extensively
studied as anchoring groups for use in molecular electronics, as they form a
strong covalent bond with the gold substrate.z1a 46b, 81 However variability
between junctions has been noted;? it has been shown that the conductance of
thiolated molecules are sensitive to binding geometry.82¢ 83 This has led to
investigations into how different anchoring groups conductance results

compare to the thiol anchoring group.

The selection of the anchoring group is of great importance and the ideal
anchoring group would exhibit reproducible well-defined binding, strong
anchoring and a high conductance. Different anchoring groups possess different

coupling strengths and contact geometries, which will affect the charge
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transport properties of the molecular junction,84 the exponential decay of the
conductance with molecular length,#¢c the length that a junction can be
stretched.8> The anchoring group also affects the ability to tune the current

rectification®® and modify the charge transport87 in a junction.

Various anchoring groups other than thiolates have been shown to form
successful molecular junctions including amine,#¢ nitrile,4” pyridyl,48 49 46b, 50
methyl sulphide,46¢ 51 carboxylic acid*¢d 52 and nitro.47? In this study we
investigate the anchoring group effect on transition metal complexes by
investigating the pyridyl and methyl sulphide based anchoring group an

example is shown in Figure 3.1.

Figure 3.1: The chemical structure of the transition metal complexes to be investigated to see the

variation of anchoring group vs. conductance

Li et al>3 have investigated the conductance of a highly conjugated porphyrin
template terminated with a range of anchoring groups, the molecular structure

is shown in Figure 3.2.

i @'COOH

L ~ )0

Figure 3.2: Molecular structure of the porphyrin studied by Li et al.53 Figure adapted from

reference 53
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They found that the conductances varied significantly with anchoring group.
The conductance of the studied porphyrins followed the sequence pyridyl >
amine > sulfonate > nitrile > carboxylic acid with pyridyl anchoring group
having a conductance much greater than that of the carboxylic acid anchoring

group as shown in Table 3.1.

Table 3.1: Summary of Single Molecule Conductance results of Porphyrins measured using the STM

Break Junction method and DFT calculation results. Taken from reference 53.

Anchoring Group | Single Molecule End-to-end Binding Energy

Conductance (nS) length (eV)
(nm)

Pyridyl (20.5 £ 3.50) 1.56 -1.1
Amine (5.91 £ 0.40) 1.84 -0.8
Sulfonate (5.20 £ 0.40) 2.01 -0.3
Nitrile (411 +0.48) 2.08 -0.9
Carboxylic Acid (2.67 £ 0.26) 1.98 -0.6

The pyridyl anchoring group exhibited the highest and broadest conductance
peak out of the series. This higher recorded conductance could be due to the
anchoring atom being directly part of the m-system which would explain the
better anchoring group to the gold electrode. This study concluded that the
conductance of a molecule is dependent on a collection of factors including the
interaction between the anchoring group and the electrodes, the length of the
molecule and the alignment of the LUMO level with the Er of the electrode. The
result shows a clear anchoring group effect present in the conductance
measurements of highly conjugated molecular junctions. This result makes it
particularly interesting to investigate the effect of anchoring group on the
highly conjugated terpyridine based transition metal complexes and forming a

comparison to the porphyrin molecule.

An important factor to consider, when investigating the anchoring group, is the
contact geometry. The varying geometry from junction to junction can cause a
large variation of conductance values and inconsistencies seen in some results.
Kamenetska et al.*8 have investigated the conductance and geometry of pyridyl

based molecular junctions. The group investigated four different molecules, all
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with pyridyl anchoring groups, and found that all four pyridyl compounds
exhibit two conductances, low and high, which are dependent on the contact

geometry as seen in Figure 3.3.

They established that electrode separation played a key part in both
conductance states with the low conductance being consistent with the
molecule being bound to the apex atom on each electrode in a vertical
geometry, whilst the high conductance corresponds to the electrode separation

being smaller than the length of the molecule.

(a) 1 2 4
N_ —N N\/\=\—\\ — N_/ \_N N\—/ =
(b) 4¢° MR
S,
O 10
8 10
. 3 E
é 10 |
s 10" [
10°
1 1 1 1 1
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Displacement 10 10 10 10

Conductance (Gg)

Figure 3.3: a) shows the compounds investigated in the study b) and c) show the clear presence of

two conductances, high and low for each of the four compounds. Figure taken from reference 48.

DFT calculations show that the N-Au bonds in the low conductance state are
aligned with the molecular backbone in a vertical geometry which results in
them being perpendicular to the m-system, while the high conductance state has
a geometry in which the molecule is tilted, resulting in an increased coupling

between the electrode and molecular m-system.>¢

Due to ease of synthesis a series of thiomethyl-substituted compounds were
prepared. Methyl thioethers have been investigated to a lesser extent than
pyridyl and thiol anchoring groups but have been shown to form successful
contacts to gold substrate.#6c 51 Park et al. 46¢ report that the sulphur forms a
donor-acceptor bond through donation of a lone pair to an uncoordinated gold

atom. DFT calculations showed that the Au-SMeR bond has a binding energy of

99



0.6 eV. This is lower than the binding energy recorded by Quek et al for Au-
pyridylR which was reported to be 1.36 eV>¢ but the sulfur will have a high
affinity for the gold substrate so it will be interesting to investigate the effect of

anchoring group for these transition metal complexes.

3.1.2 Molecular Length
Many groups have studied the effect that the length of the molecular wire has

on the measured conductance. Series of molecules, for example,
oligothiophenes,1¢ alkanes88 and oligophenylenes8 have been studied; the most
common finding is that the conductance decays exponentially with the length of

the molecule (L), described in Equation 3.1.
G(L) = Ae L Equation 3.1

Where the attenuation factor, § is dependent on the type of molecule, 4 is a
prefactor that determines the order of magnitude of the conductance. Typical
values of f range from 0.2-0.4 A-! for conjugated molecules to 0.8-1.2 A1 for

aromatic compounds.4?

Attenuation factors for a variety of systems have been reported. It has been
shown that the longer the molecular wire the lower the conductance.?8 Haiss et
al. have shown an exponential decay of the conductance for alkanedithiols when
the number of CH2 groups is greater than 8 as shown below in Figure 3.4.88 The
results show less of a conductance change for alkanedithiols with a chain length

less than 8 CHz groups.
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Figure 3.4: Logarithm of the low (blue), medium and high conductance group for alkanedithiols as
a function of number of CHz groups (N) in ambient conditions and a bias of +0.6 V. Taken from

reference 88.

Linear fitting for compounds with more than 8 CH: group showed an
attenuation factor (f) of (0.89 £ 0.03) per CHz group for the low conductance
state, (0.89 = 0.03) per CHz group for the medium conductance state and (0.93 +

0.05) per CHz group for the high conductance state.

Kim et al have investigated the conductance for compounds that contain

multiple ruthenium metal centres as shown in Figure 3.5.9°

Figure 3.5: The ruthenium complexes investigated by Kim et al. Figure taken from reference 90.

The ruthenium complexes showed weak length dependence due to an efficient
charge transport through the molecular backbone. The calculated S-factor for
the series was 0.9 nm-! compared to the values for conjugated organic wires
which generally have values between 2-7 nm-1.67¢ 91 This result ignites interest
in the S-factor when the ligand is changed with just one ruthenium metal centre

present as shown in Figure 3.6.
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Figure 3.6: The chemical structure of the ligands investigated in this study

3.1.3 Aim
This study has two aims. Firstly, to investigate the change in anchoring group on

the measured conductance. Secondly, to study the effect of varying the ligand
length on the conductance for both the methyl sulphide and pyridyl anchoring

groups.

3.2 Synthesis

All complexes were synthesised from commercially available starting materials
apart from 2,6-di(pyridin-2-yl)pyrazine ligand and [Co(2,6-di(pyridin-2-
yl)pyrazine):](BF4)2 which were used as received from the group of Professor
Malcolm Halcrow at the University of Leeds, UK. [Co(4'-(pyridin-4-yl)-2,2":6',2"'-
terpyridine)2](PF¢)2 and [Ru(4'-(pyridin-4-yl)-2,2":6',2"-terpyridine)z](PFe)-

were synthesised as described previously in Chapter 2.

3.3.1 Synthesis of 4’-[4-(pyridin-4-yl)phenyl]-2,2":6’,2”-terpyridine (12)
The synthesis of the 4’-[4-(pyridin-4-yl)phenyl]-2,2":6’,2"-terpyridine ligand

was as shown in Scheme 3.1. A Suzuki coupling between 4-formylphenylboronic
acid and 4-bromopyridine hydrochloride yielded 4-(pyridin-4-yl)benzaldehyde.
Subsequent reaction with two equivalents of 2-acetyl pyridine gave an enedione
intermediate which, after an in situ ring closure with ammonium acetate,

afforded the target molecule in a yield of 34 %.
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Scheme 3.1: Synthesis of 4’-[4-(pyridin-4-yl)phenyl]-2,2’:6’,2"-terpyridine

The literature reaction pathway was different to achieve the target molecule.?
Goodall et al. completed the synthesis of 4’-[4-(pyridin-4-yl)phenyl]-2,2":6’,2"-
terpyridine via the Suzuki coupling of 4'-(4-bromophenyl)-2,2":6',2"-terpyridine
with pyridin-4-ylboronic acid in dimethoxyethane (DME) with the catalyst
being Pd(PPhs)s4, and sodium carbonate used as the base. The reported
literature yield was 36 %.%22 The reported reaction yield was only slightly
higher than the experimental yield reported here, this suggests the

experimental pathway could be a suitable alternative to the literature.

3.3.2 Synthesis of 4'-(methylthio)-2,2":6',2"-terpyridine (16)
The synthesis of the 4'-(methylthio)-2,2":6',2"-terpyridine ligand shown in

Scheme 3.2 was a straightforward two step literature procedure as described by
Potts et al.®3 The first step was the reaction of carbon disulphide with the
potassium enolate of 2-acetylpyridine followed by methyl iodide provides the
intermediate 3,3-bis(methylthio)-1-(pyridin-2-yl)prop-2-en-1-one, with a yield
of 50 %. Subsequent reaction with another equivalent of the potassium enolate

of 2-acetyl pyridine yields an enedione intermediate which after an in situ ring
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closure with ammonium acetate in glacial acetic acid affords the target

molecule.

(0] (0] SMe
(13) PN
z Me
N o THF
t-BuOK
Me\s
i. NH40AC, _
HOAc
- (15)
THF > AN
52 % ‘ 0O 0 |
~N N =

Scheme 3.2: Synthetic pathway to 4'-(methylthio)-2,2":6',2"-terpyridine

The final product was reached with a reasonable yield, 52 % compared to the
literature yield of 74 % for the Potts method,?? and was subsequently taken on
to produce the ruthenium complex. Jameson et al. reported an alternative two
step procedure by condensation of an N,N-dimethylaminoenone with 2-
acetylpyridinenolate, resulting in an overall yield of 47 %.%% Although the

number of reaction steps was reduced, so was the achieved yield.

3.3.3 Synthesis of 4'-(4-(methylthio)phenyl)-2,2":6',2"-terpyridine (18)
The synthesis of 4'-(4-(methylthio)phenyl)-2,2":6',2"-terpyridine = was

completed, using commercially available compounds, following the route shown
in Scheme 3.3. Reaction of 4-(methylthio)benzaldehyde with two equivalents of
the potassium enolate of 2-acetyl pyridine yields an enedione intermediate
which followed by an in situ ring closure with ammonium acetate affords the

target molecule.
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Scheme 3.3: Synthetic pathway to 4'-(4-(methylthio)phenyl)-2,2":6',2"-terpyridine

Constable et al. reported the synthesis of 4'-(4-(methylthio)phenyl)-2,2":6',2"-
terpyridine via the reaction of 2-acetylpyridine with 4-methylthiobenzaldehyde

in ethanolic KOH at room temperature, with a reported yield of 53 %.%>

3.3.4 Synthesis of 4'-(4'-(methylthio)-[1,1'-biphenyl]-4-yl)-2,2":6',2"'-
terpyridine (20)
The synthesis of 4'-(4'-(methylthio)-[1,1'-biphenyl]-4-yl)-2,2":6",2"-terpyridine

was more protracted (Scheme 3.4). The first step was the synthesis of 4'-(4-
bromophenyl)-2,2":6',2"-terpyridine following a literature procedure® which
was achieved by the reaction of 4-bromobenzaldehyde with two equivalents of
of 2-acetylpyridine yields an enedione intermediate which after an in situ ring
closure with ammonium acetate affords the 4'-(4-bromophenyl)-2,2":6'2"-
terpyridine intermediate. Utilising a Suzuki coupling between the intermediate
and (4-(methylthio)phenyl)boronic acid yields the target compound, in a 10 %
yield.
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Scheme 3.4: Synthetic pathway to 4'-(4'-(methylthio)-[1,1'-biphenyl]-4-y1)-2,2":6',2"-terpyridine

This is the first reported synthesis of 4'-(4'-(methylthio)-[1,1'-biphenyl]-4-yl)-
2,2":6',2"-terpyridine to our knowledge. Although the yield is low, the extended
complex allowed the investigation of the single molecule conductance of the

ruthenium complex.

3.3.5 Synthesis of Ruthenium Complexes
The synthesis of the ruthenium complexes was completed by adapting

literature procedures.

3.3.6 Synthesis of [Ru(2,6-di(pyridin-2-yl)pyrazine):](PFs)z (22)
The synthesis of [Ru(2,6-di(pyridin-2-yl)pyrazine);](PF¢)2 was completed by

heating RuCl3:3H20 with two equivalents of 2,6-di(pyridin-2-yl)pyrazine to
reflux in ethane-1,2-diol. Purification and counter ion exchange resulted with
the title compound being recovered as a red solid in a 47 % yield, as shown in

Scheme 3.5.
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Scheme 3.5: Synthesis of [Ru(2,6-di(pyridin-2-yl)pyrazine):] (PFe):

3.3.7 Synthesis of [Ru(4’-[4-(pyridin-4-yl)phenyl]-2,2":6’,2"-
terpyridine):](PFe¢)2 (23)
The synthesis of [Ru(4’-[4-(pyridin-4-yl)phenyl]-2,2’:6’,2”-terpyridine)z](PFs)2

was completed by heating RuClz-3H20 with two equivalents of 4’-[4-(pyridin-4-
yl)phenyl]-2,2":6’,2”-terpyridine to reflux in ethane-1,2-diol. Purification and
counter ion exchange resulted with the title compound being recovered as a red

solid in a 46 % yield, Scheme 3.6

2+
RuCly* 3H;0 ~_ | - .
_ 6
ethane-1,2-diol e u\

methanolic [NH4][PFg]
46 %

(23)

Scheme 3.6: Synthesis of [Ru(4’-[4-(pyridin-4-yl)phenyl]-2,2’:6’,2"-terpyridine):] (PFs):

3.3.8 Synthesis of [Ru(4'-(methylthio)-2,2":6',2"-terpyridine):] (PFs)2 (24)
The synthesis of [Ru(4'-(methylthio)-2,2":6',2"-terpyridine)2](PFs)2 was

completed by heating RuCl3-3H;0 with two equivalents of 4'-(methylthio)-
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2,2":6',2"-terpyridine to reflux in ethane-1,2-diol. Purification and counter ion
exchange resulted with the title compound being recovered as a red solid in a

20 % yield, as shown in Scheme 3.7.

N 1 2t
RuCl;- 3H,0
3 2 »- \ U/ 2PFg’
ethane-1,2-diol P S
methanolic [NH4][PFg] N
20 % | (24)

Scheme 3.7: Synthesis of [Ru(4'-(methylthio)-2,2":6',2"'-terpyridine):] (PFs):

3.3.9 Synthesis of [Ru(4'-(4-(methylthio)phenyl)-2,2":6',2"-
terpyridine):](PFe¢)2 (25)
The synthesis of [Ru(4'-(4-(methylthio)phenyl)-2,2":6',2"-terpyridine)z](PFe):

was completed by heating RuCl3-3H20 with two equivalents of 4'-(4-
(methylthio)phenyl)-2,2":6',2"-terpyridine to reflux in ethane-1,2-diol.
Purification and counter ion exchange resulted with the title compound being

recovered as a red solid in a 37.5 % yield, as shown in Scheme 3.8.
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Scheme 3.8: [Ru(4'-(4-(methylthio)phenyl)-2,2":6',2"-terpyridine):] (PFs):

3.3.10 Synthesis of [Ru(4'-(4'-(methylthio)-[1,1'-biphenyl]-4-yl)-2,2":6",2"-
terpyridine)z](PFe)2 (26)
The synthesis of [Ru(4'-(4'-(methylthio)-[1,1'-biphenyl]-4-yl)-2,2":6",2" -

terpyridine)z](PFs)2 was completed following Scheme 3.9. This was completed
by heating RuCl3-3H20 with two equivalents of 4'-(4'-(methylthio)-[1,1'-
biphenyl]-4-yl)-2,2":6',2"-terpyridine to reflux in ethane-1,2-diol. Purification
and counter ion exchange resulted with the title compound being recovered as a

red solid in a 33 % yield.
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Scheme 3.9: [Ru(4'-(4'-(methylthio)-[1,1'-biphenyl]-4-yl1)-2,2":6',2"-terpyridine).] (PFs):

3.3 Experimental Methods

3.3.1 Sample Preparation

The samples were prepared using commercial gold on glass slides (Arrandee®)
which were flame annealed using a Bunsen burner immediately prior to use.
The freshly annealed slide was immersed into a 5 x 105> M dichloromethane
solution of the appropriate complex for 1 min to allow the molecules to adsorb
to the surface. The slide was then rinsed with EtOH and dried with a blast of N2
to remove any physisorbed material. Au STM tips were prepared by cutting 0.25
mm Au wire (99.99 %, Goodfellow).

Conductance measurements were completed using an Agilent 5500 STM
controller in conjunction with Agilent Picoscan 5.3.3 software. Measurements
were completed in an ambient environment. The I(s) method was utilised to
measure the conductance with setpoint currents (Io) of 20 or 40 nA depending
on the length of the molecular wire, and a bias voltage (Vpias) of + 0.6 V. The tip

was withdrawn 4 nm relative to the setpoint and the scan duration was 0.1 s.
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The initial tip to sample distance (s,) was approximated using the method
described previously in Chapter 1 and, where appropriate, used in conjunction
with the experimental break off (4S) to calculate the total break off (Stotai).
Approximately 500 current-distance scans that exhibited a current plateau
were plotted into a histogram from which the molecular conductance was

calculated.

3.4 Results

3.4.1 Conductance Results
The I(s) technique was used to measure the conductance of the transition metal

complexes. Approximately 5 % of the I(s) scans contained a plateaux
characteristic of a molecule bridging the gap between the tip and the substrate.
The conductance was calculated via histogram analysis using the I(s) scans that

contained a plateau.

3.4.1.1 Pyridyl anchoring group analogues
[Ru(2,6-di(pyridin-2-yl)pyrazine)z](PFs)2 was the first complex to be measured,

using a set point of 40 nA and a bias of 0.6 V. The data are presented in Figure
3.7. The conductance was calculated using the 1D histogram (Figure 3.7 (a)) to
be (6.6 = 1.5) nS. The average experimental break off value (Figure 3.7 (c)) was
calculated to be 1.0 nm and d(/nl)/d(s) was 6.5 nm-1 which gave a s, value of 1.1
nm respectively. This gives an estimated total break off distance of (2.1 + 0.4)
nm which relates to the gold separation distance calculated using Spartan®,

which was 1.36 nm for the fully extended molecule.
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Figure 3.7: Data for [Ru(2,6-di(pyridin-2-yl)pyrazine):]PFs)z in ambient conditions Vbias = 0.6 V and
Io = 40 nA (a) Histogram of 506 I(s) scans (b) 2D histogram showing conductance relative to total
break-off distance (c) Histogram of the experimental break-off distances (d) example I(s) traces

(distance is relative and does not represent actually break-off distance)

The results for [Ru(pyterpy)z](PFs)2 can be seen in Figure 3.8. The conductance
was measured using the same conditions as previously described, and
determined to be (3.70 * 0.54) nS using the 1D histogram in Figure 3.8(a). The
average experimental break off value (Figure 3.8(c)) was calculated to be 0.85
nm and d(/nl)/d(s) was 5.99 nm-! which gave a s, value of 1.19 nm respectively,
giving an estimated total break off distance of (2.04 + 0.27) nm. This
corresponds to the distance calculated using Spartan®, which was 2.2 nm for

the fully extended molecule sandwiched between two gold atoms.
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Figure 3.8: Data for [Ru(pyterpy):z](PFs)z in ambient conditions Vbias = 0.6 V and Io = 40 nA (a)
Histogram of 520 I(s) scans (b) 2D histogram showing conductance relative to total break-off
distance (c) Histogram of the experimental break-off distances (d) example I(s) traces (distance is

relative and does not represent actually break-off distance)

[Ru(PPT)2](PFs)2 was measured using the same conditions as previously
described but with a setpoint of 20 nA to account for the longer length of the
molecule; the data are presented in Figure 3.9. The conductance was calculated
using the histogram in Figure 3.9(a) to be (1.05 = 0.22) nS. The average
experimental break off value (Figure 3.9(c)) was calculated to be 1.10 nm and
d(Inl)/d(s) was 4.09 nm! which gave a sy of 1.90 nm. This gives an estimated
total break off distance of (3.0 * 0.4) nm which corresponds to the gold
separation distance calculated using Spartan®, which was 3.08 nm for the fully

extended molecule.
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Figure 3.9: Data for [Ru(PPT)z] (PF¢)2 in ambient conditions Vbias = 0.6 V and Ip = 20 nA (a)
Histogram of 468 I(s) scans (b) 2D histogram showing conductance relative to total break-off
distance (c) Histogram of the experimental break-off distances (d) example I(s) traces (distance is

relative and does not represent actually break-off distance)
This recorded result for [Ru(PPT)z2](PFs)2 is lower than that of
[Ru(pyrazine):](PFs)2 and [Ru(pyterpy)z](PFs)2. This shows for the ruthenium

pyridyl series that there is a clear decrease in conductance as the length of

molecule increases as shown in Figure 3.10.
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Figure 3.10: (a) Plot of the conductance vs. distance (Au-Molecule-Au) of the ruthenium pyridyl
series. (b) Plot of the In(o) vs. distance (Au-Molecule-Au) of the ruthenium pyridyl series. Where
blue triangle is [Ru(pyrazine)z](PFs)2, red circle is [Ru(pyterpy)z] (PFs)2z and black square is
[Ru(PPT)z] (PFs)2.

The attenuation factor was determined by initially calculating the separation

between two gold atoms for each molecule using Spartan® in the extended

conformation and energy minimised. A plot of In(conductance) vs. distance was
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then produced (Figure 3.10(b)). Linear regression was used to calculate the
slope and therefore the attenuation factor. The attenuation factor for the
ruthenium pyridyl series was calculated using Figure 3.10 to be 1.06 nm-1. This
result is comparable to the one recorded by Kim et al. for a series with multiple

metal centres.%0

The next complexes investigated were the cobalt (II) pyridyl analogues. This
would enable it to be seen if changing the metal centre has an effect on the

conductance result.

The first complex measured was [Co(2,6-di(pyridin-2-yl)pyrazine)z](BF4)2. The
complex was measured in ambient conditions with a setpoint of 40 nA and a
bias of 0.6 V; the data are presented in Figure 3.11. The conductance was
calculated using the 1D histogram (Figure 3.11(a)) to be (7.05 * 1.34) nS. The
average experimental break off value (Figure 3.11(c)) was calculated to be 1.35
nm and d(/nl)/d(s) was 3.71 nm! which gave a s, value of 0.9 nm respectively.
This gives an estimated total break off distance of (2.25 * 0.4) nm which
corresponds to the gold separation distance calculated using Spartan®, which
was 1.35 nm for the fully extended molecule. This recorded result is within
experimental error of the result recorded for [Ru(2,6-di(pyridin-2-

yl)pyrazine):](PFs):.
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Figure 3.11: Data for [Co(2,6-di(pyridin-2-yl)pyrazine)z](BF4)z in ambient conditions Vpias = 0.6 V
and Io = 40 nA (a) Histogram of 502 I(s) scans (b) 2D histogram showing conductance relative to
total break-off distance (c) Histogram of the experimental break-off distances (d) example I(s)

traces (distance is relative and does not represent actually break-off distance)

The next molecule to be measured was [Co(pyterpy)2](PFs)2. The complex was
measured using the conditions described previously, the data are presented in
Figure 3.12. The conductance was calculated to be (3.54 + 1.1) nS. The average
experimental break off value was 0.83 nm (Figure 3.12(c)) and the calculated
d(Inl)/d(s) value was 6.25 nm-1 which led to s, being 1.12 nm. This gives a total
break off distance of (1.95 * 0.25) nm which was compared to the gold
separation distance calculated using Spartan®, which was 2.2 nm for the fully

extended molecule.
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Figure 3.12: Data for [Co(pyterpy)z](PFs)z in ambient conditions Vbias = 0.6 V and Io = 40 nA (a)
Histogram of 508 I(s) scans (b) 2D histogram showing conductance relative to total break-off
distance (c) Histogram of the experimental break-off distances (d) example I(s) traces (distance is

relative and does not represent actually break-off distance)

As discussed in Chapter 2 the conductance of the [Co(pyterpy)2](PF¢)2 complex
is similar to that of the [Ru(pyterpy)z] (PFe¢)2 complex. It can clearly be seen that
the conductance once again decreases linearly with length (Figure 3.13(a)).
When compared to the ruthenium pyridyl complexes it can be seen that a
similar decrease in conductance is followed (Figure 3.13(a) although not

enough points are present for the [Co(pyterpy)z](PFs)2 complex to calculate an

accurate f(-value.
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Figure 3.13: (a) Plot showing conductance vs. distance for the cobalt series. (b) plot of

In(conductance) vs. distance for both the cobalt and ruthenium series.

3.4.1.2 Methyl Sulphide Anchoring Group Analogues.
[Ru(TT)2](PFs)2 was measured in ambient conditions with a set point of 40 nA

and a bias of 0.6 V. the data are presented in Figure 3.14. The conductance was
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calculated to be (7.35 * 1.78) nS. The average experimental break off value was
calculated to be 1.5 nm, d(/nl)/d(s) was 7.08 nm-! which gave a s, value of 1.0
nm. This gives an estimated total break off distance of (2.5 * 0.5) nm which
corresponds to the gold separation distance calculated using Spartan®, which

was 1.55 nm for the fully extended molecule.
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Figure 3.14: Data for [Ru(TT)z] (PFs)2z in ambient conditions Vbias = 0.6 V and Ip = 40 nA (a)
Histogram of 542 I(s) scans (b) 2D histogram showing conductance relative to total break-off
distance (c) Histogram of the experimental break-off distances (d) example I(s) traces (distance is

relative and does not represent actually break-off distance)
The same conditions were used to measure the conductance of
[Ru(TPT)z](PFs)2 the data are presented in Figure 3.15. The conductance was
calculated to be (4.03 + 1.48) nS. The average experimental break off value was
1.2 nm and d(Inl)/d(s) was 6.99 nm-! so s, was calculated 1.0 nm respectively.
This gives an estimated total break off distance of (2.2 + 0.4) nm which

corresponds to the gold separation distance calculated using Spartan®, which

was 2.39 nm for the molecule.
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Figure 3.15: Data for [Ru(TPT)z](PFs)z in ambient conditions Vbias = 0.6 and Ip = 40 nA (a) Histogram
of 528 I(s) scans (b) 2D histogram showing conductance relative to total break-off distance (c)
Histogram of the experimental break-off distances (d) example I(s) traces (distance is relative and

does not represent actually break-off distance)

The conductance recorded for the methyl sulphide complex was slightly higher
than that of the pyridyl head group. This could be due to the sulphur forming a
strong bond with the gold substrate. It was then interesting to see if this

increase continued for molecules of different length.

The final molecule to be measured was [Ru(TPPT)z](PFe)2. It was measured in
the same conditions as previously described but with a set point of 20 nA to
account for the longer length of the molecule, the data are presented in Figure
3.16. The conductance was calculated to be (1.14 * 0.40) nS. The average
experimental break off value was 1.0 nm, d(I/nl)/d(s) was 3.59 nm1 and s, was
calculated to be 2.2 nm. This gives an estimated total break off distance of (3.2 *
0.3) nm which corresponds to the gold separation distance calculated using

Spartan®, which was 3.27 nm.
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Figure 3.16: Data for [Ru(TPPT)z](PFs)z in ambient conditions Vbias = 0.6 V and Io= 20 nA (a)

Histogram of 550 I(s) scans (b) 2D histogram showing conductance relative to total break-off

distance (c) Histogram of the experimental break-off distances (d) example I(s) traces (distance is

relative and does not represent actually break-off distance)

The conductance results show a lower conductance for the longer methyl

sulphide complex than the shorter analogues. This result confirms again for the

methyl sulphide series that as the length of the molecule is increased the

conductance decreases, the data are presented in Figure 3.17.
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Figure 3.17: (a) plot of conductance vs. distance for the methyl sulphide series. (b) plot of In(c) vs.

distance for the methyl sulphide series.

The attenuation factor for the methyl sulphide series was calculated to using

Figure 3.17(b) to be 1.09 nm-L This is comparable to the value calculated for the

ruthenium pyridyl complexes, the data can be seen in Figure 3.18.
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Figure 3.18: (a) Plot of conductance vs. distance for both ruthenium pyridyl and methyl sulphide

series. (b) plot of In(o) vs. distance for the two series.

Both series show a clear decrease in conductance as the length of the molecule

increases and exhibit similar §-values (Figure 3.18).

3.5 Discussion
All of the collected conductance, break-off data and calculated attenuation

factors are presented in Table 3.2.

Table 3.2: Estimate of the total break-of distance for all the measured complexes compared to the

length of the molecule sandwiched between two gold electrodes.

Complex Conductance Au-Au Break-off Attenuation
/ nS separation distance / Factor 8 /
calculated in nm nm-1
Spartan® / nm?! | A1
nm
[Ru(2,6-di(pyridin-2- (6.60 = 1.5) 1.36 (2.10+0.4) 1.06 0.106
yl)pyrazine)2](PFs)
[Ru(pyterpy)2](PFs)- (3.70 £ 0.54) 2.22 (2.20+0.3)

[Ru(PPT)2](PFe)2 (1.05+0.22) 3.08 (3.00+0.4)
[Co(2,6-di(pyridin-2- (7.05 £ 1.34) 1.35 (2.30£0.4) n/a
yl)pyrazine);](BF4)2 n/a
[Co(pyterpy)2](PF¢)2 (3.54+£1.1) 2.22 (1.95 £ 0.25)

[Ru(TT)2](PFe) (7.35+1.78) 1.55 (2.50+0.5) 1.09 0.109

[Ru(TPT)2](PFe): (4.03+£1.48) 2.39 (2.20+0.4)

[Ru(TPPT)2](PFe) (1.14 £ 0.40) 3.27 (3.20+0.3)
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The total break-off distances generally correspond well to the Au-Au distance
calculated in Spartan® and provide further evidence that successful molecular
junctions are being formed. The conductance values for the methyl sulphide
series are increased than the pyridyl series, this change in conductance was
expected due to the pyridyl anchoring group being LUMO driven and the
thioether anchoring group being HOMO orientated. However, both series follow
a distinct pattern in their conductance results. This suggests that changing the
anchoring group will have an effect on the conductance but when the length of

the molecule is increased the conductance will follow a set pattern.

The attenuation factors for the two series, pyridyl and thioether are close in
value, 8 = 0.106 and 0.109 A-! respectively. The series shows a shallow length
dependence of the conductance. The calculated attenuation factors for the two
series correspond to the attenuation factor for conjugated systems. The similar
attenuation factor suggests that changing the anchoring group as well as the
length does not have an effect on the attenuation factor for transition metal
complexes. The low attenuation factor is usually characteristic of a hopping
charge transport regime further investigations into the temperature

dependence of the series would allow this to be explored.

Sedghi et al. presented an attenuation factor of f = 0.04 Al for pyridyl
terminated oligo-porphyrins.7?t This is evidenced by the shallow length
dependence of the conductance. This behaviour was also seen in analogous
compounds, however, with a thiol end group and an attenuation factor of § =
0.04 A-L. This reported result provides evidence that the attenuation factor does
not change with anchoring group which agrees with the experimental results
for the terpyridine based complexes studied here. The reported attenuation
factor for the pyridyl and thioether terpyridine series is higher than the
attenuation factors reported for the porphyrin system however the porphyrins
studied have multiple metal centres, yet the terpyridine transition metal
complexes only have one centre. This could be further explored by investigating
multiple metal centred transition metal complexes and provide a direct

comparison.
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This result is also comparable to the one recorded by Kim et al. for a series with
multiple ruthenium metal centres (Figure 3.5) which was found to have a
attenuation factor of 0.9 nm-1.90 Once again, it would be of interest to study
multiple transition metal terpyridine based complexes to see if that has an

effect on the attenuation factor.

3.6 Conclusion and Future Work
The conductance data in this study presented two low attenuation factors for

the pyridyl and thioether series; the values found to be 0.106 and 0.109 A-
respectively. This suggests a hopping mediated charge transport in these
systems. To further investigate a temperature dependence study could be
completed. A series of multiple transition metal centred terpyridine based
complexes could also be investigated to see how the attenuation factor is

affected by the addition of further transition metal centres.

The conductance of different anchoring groups was investigated with an
evident change in conductance between the two anchoring groups. For both the
methyl sulphide and pyridyl series length dependence is observed with a 3-
factor calculated for the methyl sulphide series and pyridyl series. Future work
would be to complete the cobalt series, investigate different anchoring groups,

different environments.
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Chapter 4

Conductance of
transition metal based
molecular wires under
electrochemical control
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4.1 General Introduction
Much attention in molecular electronics has focused on utilizing different

backbones and anchoring groups to maximise the conductance properties of a
molecular wire.”” However, it has now become of interest to investigate
molecules with properties that can be switched reversibly.10¢ 34b, 61 The
electrochemical gating of two transition metal complexes is investigated in this

chapter.

4.1.1 Introduction
The control of single molecule conductance using electrochemical gating is of

great interest. The use of a bipotentiostat and an electrolyte solution in
conjunction with the STM allows these measurements to take place, see Chapter
1 for detailed description of EC-STM. Using this technique, a range of varied
redox molecules (e.g. functionalised viologens,10c 61 98 functionalised
pyrrolotetrathiafulvalene34b. 61 and oligoanilines®®) have been studied as a

function of electrochemical potential.

The molecules so far studied results exhibit two types of typical behaviour, as
shown in Figure 4.1. In the first case the conductance changes in an off-on
behaviour as the redox potential is passed, Figure 4.1(a).10¢ 100 The second type
of behaviour exhibits an off conductance as the redox potential is approached at
which it peaks into an on conductance and then falls back to the off conductance

as the redox potential is passed, Figure 4.1(b).34b, 61,99
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Figure 4.1 Schematic of the conductance behaviours exhibited when redox active
molecules are measured as a function of potential (a) on-off type behaviour. (b) off-on-off

type behaviour.

Structure property relationships are still not fully understood and there is
currently no understanding of the structural factors that result in a certain
behaviour. This makes further investigations into the conductance behaviour

under potential control of particular interest.

There have so far been few investigations into the single molecule conductance
measurements of metal terpyridine complexes. Osario et al. have demonstrated
the ability to control the spin state (high-spin to low-spin) by using a three-
terminal device incorporating a Mn?* ion coordinated by two terpyridine
ligands, chemical structure and schematic can be seen below in Figure 4.2.101
This result shows the potential for further manipulation of transition metal

complexes in molecular devices.
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Al,O; gate

Figure 4.2: (a) Schematic of the Mn2+ complex attached to gold electrodes. (b) Fabricated
three-terminal device. (c) Molecular structure of the Mn?* complex. Figure adapted from

reference 101

As briefly discussed in Chapter 1, Albrecht et al. have investigated the cyclic
voltammetry properties of an osmium bis-terpyridine complex monolayer
formed on Au(111) followed by investigations into the conductance as a
function of potential, Figure 4.3.33> The conductance was measured on a
monolayer of the osmium bis-terpyridine complex and was completed using

constant tip height mode.
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Figure 4.3: (a) Cyclic voltammetry results for the Osmium Bisterpyridine complex in
BMIM-PF¢ (red line) and aqueous HClO4 (black line). Scan Rate 0.1 V/s (b) Tunneling
current enhancement in ionic liquid measured using an EC-STM (c) Schematic of the Os

complex between the tip and substrate. Figure adapted from reference 33b.

The cyclic voltammetry on a monolayer show clear metal redox peaks for both
the aqueous and ionic liquid electrolyte, Figure 4.3(a). The CV measured in
BMIM-PFs shows broader signals with a larger peak separation; this result is
typical for an ionic liquid due to its lower diffusion coefficient. The EC-STM
results show that as the redox potential is reached, there is a clear increase in
the tunneling current observed, which decreases again as the redox potential is
passed, Figure 4.3(b). This increase from 0.05 nA to 2.3 nA at the maximum
shows an increase factor of ~ 50. Albrecht et al. have previously shown that
electron hopping most likely dominates at small Vpias,6% 7% which causes this

noticeable change in conductance.

Zhou et al. have studied the relationship between molecular conductance and
electrochemical rate constants for a set of redox active molecules.68 The

conductance of [Os(pyterpy)z](PFs)2 in aqueous 1 M NaClOs4 was studied as a
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function of potential using the break junction technique, shown below in Figure

4.4.
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Figure 4.4: (a) Molecular system investigated. (b) Conductance (blue dots) and cyclic
voltammetry (black line) for [Os(pyterpy)2(PF6)2] as recorded by Zhou et al.58 Figure

adapted from reference 68.

The [Os(pyterpy):](PFs)2 exhibits an on-off conductance switching, Figure
4.4(b). The clear change in switching can be seen with a conductance of 17.8 nS
at -0.3 V and a conductance of 2.1 nS at +0.3 V. The determined heterogeneous
rate constant (kger) for [Os(pyterpy)z(PFe)2] was calculated to be ket = (2.0 X 106
+ 0.5 X 106 s1). The group observe that fast electron transfer rate constants
correspond to high conductance. The conductance variation with potential
suggests that the charge transport mechanism for the investigated molecules is

superexchange, not electron hopping.

This makes the investigations into the two transition metal complexes here particularly
interesting. The two complexes to be studied are [Co(pyterpy):](PFs)2 and
[Fe(pyterpy)2](PFe)2 (Figure 4.5) these complexes were chosen due to their suitability
from the solution cyclic voltammetry in ionic liquid and their ability to form successful

molecular junctions in both ambient and ionic liquid medium.
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M= C02+/3+, Fe2+/3+

Figure 4.5: Schematic of the investigated complexes between two electrodes.

4.2 Aim
The aim of this study is to investigate the M(II)/M(III]) monolayer voltammetry

results of the two pyterpy complexes, [Co(pyterpy)z](PF¢)2 and
[Fe(pyterpy)z](PF¢)2 in ionic liquid. Conductance studies of two different
transition metal complex molecular junctions under electrochemical control in
ionic liquid were then undertaken with a view to investigating whether the
complexes showed ‘off-on’ (sigmoidal) or ‘off-on-off’ behaviour of the junction

conductance as a function of electrochemical potential.

4.3 Methods

4.3.1 Synthesis
The transition metal complexes were synthesised in the laboratory as

previously described in Chapter 2.

4.3.2 Conductance Measurements
The samples were prepared using commercial gold on glass slides (Arrandee®)

which were flame annealed using a Bunsen burner immediately prior to use.
The freshly annealed slide was then used immediately. A weak solution (1 mM)
of the appropriate transition metal complex was prepared in dry BMIM-TFSA
and immediately put into the STM cell utilising the environmental chamber
purged with nitrogen and left for 1 h. Au STM tips were prepared by cutting
0.25 mm Au wire (99.99 %, Goodfellow).
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Conductance measurements were completed using an Agilent 5500 STM
controller in conjunction with Agilent Picoscan 5.3.3 software. Measurements
were completed in both ambient and an ionic liquid medium. Ionic liquid was
dried for 12 h prior to use at 120 °C under high vacuum and was used in
conjunction with an environmental chamber fitted to the STM head which was
under a constant flow of N2. The I(s) method was utilised to measure the
conductance with a setpoint current (Ip) of 40 nA and a bias voltage (Vpias) of +
0.6 V. The tip was withdrawn 4 nm relative to the setpoint and the scan
duration was 0.1 s. The initial tip to sample distance (s,) was approximated
using the method described previously in Chapter 1 and, where appropriate,
was used in conjunction with the experimental break off (4S) to calculate the
total break off (Stwtar). Approximately 500 current-distance scans that exhibited
a clear current plateau, were plotted into a histogram from which the molecular

conductance was calculated.

4.3.3 Cyclic Voltammetry
Cyclic voltammetry experiments were completed using a Metrohm Autolab

potentiostat PGSTAT30 model utilizing the AutoLab GPES software. For all
experiments a three electrode set up was employed, with a Au(111) bead
working electrode and Pt Wire counter and reference electrodes, referencing
was completed to an internal standard of ferrocene. A sealable glass cell was
used which was cleaned in 20 % HNO3z and dried in the oven prior to use. All
chemicals were either synthesised in the laboratory or used as received. lonic
liquid was dried for 12 hours at 120 °C under vacuum prior to use. All solutions

and experiments were prepared in a glove box in an inert atmosphere.

4.4 Results

4.4.1 Cyclic Voltammetry
The experimental procedure was completed by forming a monolayer of the

transition metal complex on the Au(111) working electrode (WE). This was
completed by immersing the Au(111) WE into a 1 mM solution of the transition
metal complex in BMIM-TFSA solution for approximately 18 hours. The
Au(111) WE was then rinsed with BMIM-TFSA to remove any physisorbed

material and inserted into the sealable cell, containing clean BMIM-TFSA as the
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electrolyte. Pt Wire was used as reference (RE) and counter (CE) electrodes. At

the end of each experiment ferrocene was added to calibrate the potential scale.

4.4.1.1 Cyclic voltammetry of Fe(pyterpy)z(PFs)2
Initially monolayer investigations were completed on [Fe(pyterpy):z](PFs)2,

Figure 4.6. This involved forming a monolayer on the Au(111) working
electrode and inserting it into a clean glass cell with BMIM-TFSA present. Pt
Wire was the quasi-reference and counter electrode. Voltammograms were
taken at various scan rates (0.1 - 50 V/s'1) and once completed ferrocene was

added and the scale was calibrated to the Fc/Fc* reference.

1.5%10™-
1.0x10™*
5.0x10°{

0.0{ 4

1.

-5.0x10°%-
-1.0x10*

.04 00 04 08 12
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Figure 4.6: Cyclic voltammogram of [Fe(pyterpy):](PF¢): monolayer in BMIM-TFSA
electrolyte. The potential scale has been calibrated to the Fc/Fc* couple. Scan rates 0.1 Vs-

1to 50 Vs1

The determination of the electron transfer rate constant, kgr, was completed
using the Laviron method as described in Chapter 1. By applying the constraint
of n =0 to Equation 4.1, it can be reduced to Equation 4.2.2°

a(l—a)nFn

logk,pp = alog(l —a) + (1 —a)loga — log (%) apr Eauation 4.1
kegr = ar;ivc =(1-a) % Equation 4.2

Where F is Faradays constant (96485 C mol-1), R is the gas constant (8.314 ]
mol-1), T is temperature (298 K), a is the electron transfer coefficient (0.5) and
va and vc are the x values at which the anodic and cathodic branches intercept.
The determination of v, and v¢ is completed by plotting the peak potential Ej, vs.
In(v) scan rate. Ep2and Ey¢ are plotted separately. Figure 4.7 shows the plot of Ep

vs. In(v) scan rate and a close up of the area used to calculate v, and v,
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Figure 4.7: (A) Plot of E; (V) vs. In(v) for [Fe(pyterpy):](PF¢):z (B) The section utilised to

calculate v. Black is E,¢ and Red is Ep?,

The kgr was calculated to be 1.9 x 101 s-1, This is lower than the value calculated
for the [Os(pyterpy)z](PFs)2 complex measured by Zhou et al% and will be

discussed in further detail in Section 4.5.

4.4.1.2 Cyclic voltammetry of Co(pyterpy)2z(PFs)2
The monolayer of [Co(pyterpy):](PFs)2 was investigated using the same

technique as the [Fe(pyterpy)z](PFs)2 complex and calibrated to the Fc/Fc*

internal reference. The voltammogram can be seen in Figure 4.8.
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Figure 4.8: Cyclic Voltammogram of [Co(pyterpy):](PF¢): monolayer in BMIM-TFSA

electrolyte. The potential scale has been calibrated to the Fc/Fc* couple.

The determination of the electron transfer rate constant, kgr, was completed
using the Laviron method as shown above in Equation 4.1 and 4.2 using the

plots shown in Figure 4.9.

137



-0.054 (A) 0.1 (B)
.. n n" 0_0_
-0.104 .
> e L, = =0.15
W -0-15 w-0.2
0.20] T T el 03
Tea -0.4
-0.251 S — .
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 0 1 2
In(v) In(v)

Figure 4.9: Plot of Ep (V) vs. In(v) for [Co(pyterpy):](PF¢). (B) The section utilised to

calculate v. Black is E;¢ and Red is Ep2,

The kgr was calculated to be 1.2 x 10! s1. The rate constant for the
[Co(pyterpy)z](PFs)2 complex is lower than the [Fe(pyterpy)2](PFs)2the reasons

for this will be discussed in Section 4.5.

4.4.2: Conductance Measurements
The I(s) technique was used to measure the conductance of the two transition

metal complexes at different sample potentials. The measurements were
completed in an ionic liquid medium by rapidly withdrawing the tip at a
predetermined of 40 nA and a bias 0.6 V. Approximately 5 % of the I(s) scans
contained a plateaux characteristic of a molecule bridging the gap between the
tip and the substrate. The conductance was calculated via histogram analysis
using the I(s) scans that contained a plateau. The conductance was measured at

a bias of 0.6 V and a setpoint current of 40 nA.

4.4.3: Conductance Studies of [Fe(pyterpy):z](PFs)z under electrochemical
control
All I(s) scans that contained a plateau were used in the histogram analysis. The

histograms for sample potentials of 1, 0.95, 0.9, 0.85, 0.8, 0.75, 0.7 and 0.65 V vs.
Pt quasi reference at least 400 scans were included, and the histograms for
sample potentials 1.05, 0.6, 0.55 and 0.45 V vs. Pt quasi reference contained at
least 250 scans, Figure 4.10 and 4.11.
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Figure 4.10: Conductance histograms of [Fe(pyterpy):](PF¢): using sample potentials of
(@) 1.05V,(b)1V,(c) 0.95V,(d) 0.9V, (e) 0.85V and (f) 0.8 V, obtained using the I(s)
method; Vpus=+0.6 V; Ip=40nA; 257,516, 533, 502, 535 and 501 scans were analysed

respectively. Sample potentials are with respect to the Pt quasi reference.

139



5 10 15 20 25 30
Conductance / n$

(i) 0.65 V

0 5 0 15 20 25 30
Conductance/ n$

20m (k) 0.55 V

1500

5 1000
o

500

l]l] 5 0 15 20 25 30

Conductance/ nS

(h) 0.7V

500

0
0 5

10 15 20 25
Conductance / nS

3000

2500 (jJoev

5200(]

3 1500
1000

10 15 20 25

Conductance/ nS

10 15 20 25 30
Conductance / nS

Figure 4.11: Conductance histograms of [Fe(pyterpy):](PF¢)2 using sample potentials of
(g) 0.75V,(h) 0.7V, (i) 0.65V, (j) 0.6 V, (k) 0.55 V and (1) 0.45 V, obtained using the I(s)
method; Vpus=+0.6V;1,=40nA;507,501,512,303, 253 and 255 scans were analysed

respectively. Sample potentials are with respect to the Pt quasi reference.

A summary of the conductance results obtained for [Fe(pyterpy):](PFs)2 is presented

below in Table 4.1.

Table 4.1: Summary of the conductance data

Sample Potential, V vs. Pt quasi

Conductance / nS

1.05 (2.25 * 0.59)
1 (2.1+0.67)
0.95 (3.3+0.59)
0.9 (3.7 + 0.86)
0.85 (4.5 + 0.90)
0.8 (6.75 + 1.95)
0.75 (5.85 + 1.050
0.7 (3.7 £0.96)
0.65 (345 + 1.1)
0.6 (2.7 +0.71)
0.55 (1.65 * 0.89)
0.45 (2.55 *0.78)
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The break off distance was calculated as described in Chapter 1 for each sample

potential for [Fe(pyterpy):](PFs)2. This value was compared to the gold

separation distance calculated in Spartan® which was 2.2 nm. A summary of the

data can be seen in Table 4.2.

Table 4.2: Summary of break off distance

Sample Potential, V | Experimental Break d(Inl)/d(s), So» Total break
vs. Pt quasi off - AS, nm nm-1! nm off, nm

1.05 1.04 6.772 1 (2.04£0.5)

1 1.41 3.816 1.8 (3.21+0.5)

0.95 1.04 5.461 1.3 (234+04)

0.9 1.55 3.174 2.2 (3.75%0.3)
0.85 1.80 5.168 1.4 (3.20+0.7)

0.8 1.33 3.351 2.1 (343 +0.44)
0.75 1.61 3.202 2.2 (3.81+0.3)

0.7 1.37 3.4729 2 (3.37£0.25)
0.65 1.22 9.195 0.8 (2.02+0.4)

0.6 1.19 4.165 1.7 (2.89+04)
0.55 1.20 6.738 1.0 (2.20+0.4)
0.45 1.3 4.69 1.5 (28+0.4)

2D histograms were plotted relative to the break off distance and can be seen

below in Figure 4.12 and 4.13.
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Figure 4.12: 2D Conductance histograms of [Fe (pyterpy):](PF¢): relative to break off
distance using sample potentials of (a) 1.05V, (b) 1V, (c) 0.95V, (d) 0.9V, (e) 0.85V and

(f) 0.8 V. Sample potentials are with respect to the Pt quasi reference.
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(1) 0.45 V. Sample potentials are with respect to the Pt quasi reference.

The conductance is plotted as a function of sample potential. The result for

[Fe(pyterpy)2](PF¢)2 is shown below in Figure 4.14.
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Figure 4.14: Conductance of [Fe(pyterpy):](PFs)2 vs. Sample potential, V vs. Fc/Fc*. Redox

potential given by red line.

A clear off-on-off profile is exhibited as the conductance passes the redox
potential. The conductance increases from ~2 nS in the off state to 6.75 nS in

the on state. This threefold increase in conductance and then drop back off after
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the redox potential has passed is interesting as it contradicts the results
reported by Zhou et al. where the [Os(pyterpy)z](PFs)2 exhibits an on-off

profile.t8 This will be discussed further in Section 4.5.

4.4.4: Conductance Studies of Co(pyterpy):z(PFe)2 under electrochemical
control

The conductance of [Co(pyterpy):z](PFs)2 was now investigated as a function of
potential. Sample potentials of -0.35, -0.25, -0.15, -0.05, 0, 0.05, 0.15 and 0.25 V
vs. Pt quasi reference at least 400 scans were included in the histogram, and the
histograms for sample potentials -0.8, -0.6, -0.4, 0.4, 0.6 and 0.8 V vs. Pt quasi

reference contained at least 250 scans. The 1D histograms can be seen below in

Figure 4.15 and 4.16.
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Figure 4.15: Conductance histograms of [Co(pyterpy):](PFs): using sample potentials of
(a)-0.8V, (b)-0.6V, (c)-0.4V,(d)-0.35V, (e) -0.25 V and (f) -0.15 V, obtained using the
I(s) method; Vgjas=+0.6 V; Iy =40 nA; 258, 309, 265, 510, 508 and 562 scans were

analysed respectively. Sample potentials are with respect to the Pt quasi reference.
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Figure 4.16: Conductance histograms of [Co(pyterpy):](PFs): using sample potentials of
(g)-0.05V,(h) 0V, (i) 0.05V,(j) 0.15V, (k) 0.25V,(1) 0.4V, (m) 0.6 Vand (n) 0.8V,
obtained using the I(s) method; Vgus=+0.6 V; Ip =40 nA ; 491, 540, 502, 425, 421, 365,

323 and 329 scans were analysed respectively. Sample potentials are with respect to the

Pt quasi reference

A summary of the conductance data for [Co(pyterpy)z](PFe)2 under potential

control has been recorded in Table 4.3.
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Table 4.3: Summary of the conductance data

Sample Potential, V vs. Pt quasi Conductance / nS
-0.8 (3.3+£0.62)
-0.6 (2.6 £0.82)
-0.4 (2.85 % 0.63)
-0.35 (4.05 £ 0.39)
-0.25 (4.95 £ 0.95)
-0.15 (5.8+1.1)
-0.05 (7.65 +1.32)
0 (5.3+1.31)
0.05 (3.75 £ 0.66)
0.15 (2.3+0.72)
0.25 (3.15+£0.83)
0.4 (29 +0.61)
0.6 (2.25 £ 0.54)
0.8 (2.55 £ 0.65)

The break off distance was calculated for each conductance set at different
sample potentials and compared to the gold separation distance calculated in

Spartan® to be 2.2nm. The data are summarised in Table 4.4.

Table 4.4: Summary of the break off distance data calculated.

Sample Potential, V | Experimental Break d(Inl)/d(s), So» Total break
vs. Pt quasi off - A4S, nm nm-1 nm off, nm
-0.8 1.45 4.33 1.6 (3.05+0.5)
-0.6 1.30 3.41 2.1 (3404)
-0.4 1.30 3.99 1.8 (31+0.9)
-0.35 2.01 4.46 1.6 (3.61+£0.7)
-0.25 1.30 4.85 1.5 (2.80 £ 0.5)
-0.15 1.00 6.44 1.1 (21+£04)
-0.05 1.21 7.67 0.9 (2.11 £ 0.4)
0 1.59 3.97 1.8 (3.39£0.5)
0.05 1.43 543 1.3 (2.73£0.6)
0.15 1.3 6.20 1.1 (24£0.3)
0.25 1.22 6.17 1.2 (242+0.3)
0.4 1.15 2.72 2.6 (3.75+0.4)
0.6 1.3 4.14 1.7 (3.0+0.5)
0.8 1.18 3.47 2.0 (3.18+0.4)

2D histograms relative to the break off distance were plotted for each measured

sample potential for [Co(pyterpy)z] (PFs)2, Figure 4.17 and 4.18.
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Figure 4.17: 2D Conductance histograms of [Co(pyterpy):](PFs): relative to break off
distance using sample potentials of (a) -0.8V, (b) -0.6 V, (c) -0.4 V, (d) -0.35V, (e) -0.25 V,
(f) -0.15V, (g) -0.05V, (h) 0V, (i) 0.05V, (j) 0.15 V and (k) 0.25 V. Sample potentials are
with respect to the Pt quasi reference.
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Figure 4.18: 2D Conductance histograms of [Co(pyterpy):](PFs): relative to break off
distance using sample potentials of (1) 0.4 V, (m) 0.6 V and (n) 0.8 V. Sample potentials

are with respect to the Pt quasi reference.

The conductance of [Co(pyterpy):z](PFe¢)2 can now be plotted as a function of

sample potential. This can be seen below in Figure 4.19.
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Figure 4.19: Conductance of [Co(pyterpy):](PF¢)2 vs. Sample potential, V vs. Fc/Fc*. Redox

potential position given by the red line.

The conductance shows a clear off-on-off profile, with the conductance
increasing threefold from ~2.5 nS in the off-state to ~7.5 in the on-state. This
behaviour is the same as exhibited by the [Fe(pyterpy):](PFs)2 this result is

discussed in further detail in Section 4.5.

4.5: Discussion

The cyclic voltammograms of the monolayer formation of the two transition
metal complexes exhibit a redox peak assigned as M(II)/M(III) in each case by
analogy with the literature on terpy complexes (see Chapter 2). The redox
potential for both complexes has shifted to less positive potentials compared to

solution voltammetry, as seen in Table 4.5.
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Table 4.5: The recorded redox potentials E1,, for M(pyterpy):(PFs)2 complexes in BMIM-

TFSA for solution and monolayer voltammetry results calibrated to ferrocene reference.

Solution Voltammetry Monolayer
E1/2 / Vvs.Fc/Fc* Voltammetry
E1/2 / Vvs.Fc/Fc*
[Fe(pyterpy)z](PFs)2 0.78V 0.61V
[Co(pyterpy)z](PFs): -0.04V -0.30V

This is due to the different environments felt by the complexes when they are in

a SAM compared to when they are ‘free’ in a solution.

The calculated rate constants for [Fe(pyterpy)2](PFs)2 and [Co(pyterpy)2](PFs)2
were found to be 1.9 x 101 s1 and 1.2 x 101 s-1 respectively. Both the calculated
rate constants for [Co(pyterpy)z](PFs)2 and [Fe(pyterpy)z](PFs)2 are lower than
the rate constant calculated by Zhou et al. for [Os(pyterpy)2](PFe)2 which was
reported to be 2.0 x 106 s-1, in 0.1 M NaClO4 aqueous solution.®® This low rate
constant can be attributed to the ionic liquid medium. The ionic liquid is highly
viscous which results in a lower diffusion coefficient which will result in a lower

rate constant. Also a higher reorganisation energy is report for ionic liquids.34>

The conductance measurements for both [Co(pyterpy):z](PFs)2 and
[Fe(pyterpy)z](PFs)2 exhibit a clear off-on-off profile as the redox potential is
passed. The conductance for both complexes is found to increase threefold from
the off-state to the on-state. This behaviour is similar to that recorded for
6pTTF6 by Kay et al. in ionic liquid, BMIM-OTf.34b They reported a similar off-
on-off profile in the ionic liquid medium, with the conductance going from ~0.5
nS in the off state to ~2 nS in the on state similarly Leary et al. report for an
aqueous electrolyte an increase in conductance from ~0.5 nS in the off state to
~2.5 nS in the on state.®! The recorded result for [Fe(pyterpy)z](PFe)2 and
[Co(pyterpy)z](PFs)2 however contradicts the result recorded by Zhou et al. for
[Os(pyterpy)z](PFs)2 which was found to exhibit an on-off conductance profile
in 0.1 M NaClO4 aqueous solution but the rate constant calculated for the

[Os(pyterpy)z](PFs)2 was much greater, which could suggest the off-on-off
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profile is exhibited at low rate constants for the transition metal complexes in
ionic liquid. This would need to be further investigated by studying the

conductance of [Os(pyterpy)z](PFs)z in ionic liquid to confirm the reason.

4.6 Conclusions and Future work
It has been successfully shown that [Co(pyterpy)z](PFs)2 and

[Fe(pyterpy)2](PFe)2 form stable monolayers on Au(111) substrate which can
be investigated with cyclic voltammetry successfully up to a scan rate of up to
50 Vs, The rate constant kgr was calculated for both complexes and was found
to be lower than a [Os(pyterpy)z](PFs)2 recorded in the literature, this can be

attributed to the ionic liquid solvent.

The conductance results as a function of sample potential exhibited an off-on-
off profile as the redox potential is passed. This was exhibited in both the
[Fe(pyterpy)2](PFe)2 and [Co(pyterpy)z](PFs)2 complexes. This result showed a
profile similar to that recorded by Kay et al. for an organic molecule in ionic
liquid.3#* This result shows the promise of using transition metal complexes in
single molecule electronics. However, Zhou et al. have shown
[Os(pyterpy)z](PFs)2 to have an on-off conductance profile in an aqueous
solvent. This result could be due to the differing rate constants and the medium.
To clarify further investigations are necessary to see how the
[Os(pyterpy):z](PFs)2 behaves in ionic liquid and the [Fe(pyterpy):](PFs)2 and
[Co(pyterpy):] (PFs)2 behave in aqueous solvent.

In this study, the successful use of transition metal complexes in single molecule
electronics has been shown and the stability of the complexes under

electrochemical control has been confirmed.
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Chapter 5

Conductance of
Porphyrin Nanoring
Based Molecular
Nanowires
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5.1 General Introduction
As the interest in charge transport through a molecular junction increases, the

ability to manipulate the system has been developed.57.97 Quantum interference
is of great interest to molecular electronics because it can be used to control the
molecular devices. This can be achieved through manipulation of the chemical
structure or by electrostatic gating via a third electrode.’® 102 Here, a
preliminary investigation into chemical design of porphyrin based nanorings is

presented with the aim of investigating possible quantum interference effects.

5.1.1 Introduction
Porphyrin complexes are of particular interest for molecular electronics.

Porphyrin macrocycles are highly conjugated and the basic structure (Figure
5.1) is composed of four pyrrole units linked by =CH- connections; the structure
is able to coordinate with various metal ions such as iron, magnesium and zinc
in the central cavity to form a stable structure where the ligands can be further
functionalised. These characteristics make porphyrins an attractive molecule

for single molecule conductance investigations.

Figure 5.1: Molecular structure of the simplest porphyrin, porphine.

The charge transport properties of (oligo-)porphyrin molecules can be
investigated by direct electrical measurements.”? 103 This is where the molecule
is attached to two electrodes and the charge flow through the molecule is
measured. The oligo-porphyrins have been found to be capable of efficient long-

range charge transport.

Sedghi et al. have shown that a series of oligo-porphyrin molecules can be
trapped between two electrodes and the charge flow through the porphyrin

molecule can be measured, Figure 5.2.7%
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Figure 5.2: (a) Chemical structure of the oligo-porphyrin (1-3) and reference (5)
molecules to be investigated. (b) In(conductance) vs. calculated sulfur-sulfur distance of

the molecule. Figure adapted from reference 79a.

The chemical structure of the investigated oligo-porphyrins and reference
molecule can be seen in Figure 5.2 (a). The results show clear length
dependence for the oligo-porphyrin molecules with a very low calculated
attenuation factor of 8 = (0.04 + 0.006) A-.. Similar behaviour has been recorded
for analogous compounds with a pyridyl anchoring group rather than a thiol
anchoring group.’?® The summary of the conductance and length data are

shown in Table 5.1

Table 5.1: Conductance results and calculated length for the oligo-porphyrin and

reference molecules investigated by Sedghi et al. Data taken from reference 79b.

Molecule Conductance / nS Length / nm
1 (2.1+0.3) 2.47
2 (1.2 +£0.3) 3.82
3 (0.6 £0.2) 5.10
4 (3.0 0.6) 1.65

The results in Table 1 confirm the capability of the oligo-porphyrin molecule to
exhibit efficient charge transport for both shorter and longer porphyrins with a
sulfur-sulfur distance of 5.10 nm. This result shows the potential of oligo-

porphyrins for investigation into their interesting properties.
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Ferreira et al. have shown that molecular wires with a length of up to 14 nm can

exhibit efficient electrical charge transport, Figure 5.3.103d

9yydeud

/.

Figure 5.3: Scheme of 14 nm long porphyrin based molecular wire. Figure adapted from

reference 103d.

The self-assembled molecular wires were prepared stepwise in situ by alternate
binding of 4,4’-bipyridine and the zinc porphyrin with the longest molecular
wire containing a total of 13 porphyrins separated by 12 bipyridine units. The
conductance was investigated using scanning tunneling spectroscopy (tip
height remains constant). From the conductance, an attenuation factor of f =
(0.015 + 0.006) A was calculated for molecules with a length of up to 6.5 nm,
even lower than the one reported by Sedghi et al. This could be due to the
porphyrins being linked via metal centre axial coordination, rather than via
positions in the porphyrin rings as reported by Sedghi et al”? This result once
again confirms the suitability of larger porphyrins for investigations into

quantum interference.

Sprafke et al. have developed a synthetic strategy for preparing fully -
conjugated six-porphyrin nanorings.1% The Anderson group have further
functionalised a six-porphyrin nanoring suitable for connection to metal

contacts (Figure 5.4).
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Figure 5.4: Chemical structure of six-porphyrin nanoring bound to gold electrode.

The complex has been developed with sulfur atoms ortho to the porphyrin
moieties to ensure that the oligoporphyrin ring stands up rather than binding
on its side (Figure 5.4). The thioester straps hold the sulfur atoms in place and
are then removed in situ on the gold surface during single molecule
conductance measurements. With these sulfur contacts, the conductance

properties of these complexes could be investigated.

There is great interest in developing a single molecule switch that can operate
at room temperature with a very high ON/OFF ratio. One possible way to
achieve this, is to exploit quantum mechanical interference within the molecule
so that the electron pathway from the source to drain is effectively broken.
Quantum interference can be simply described by imagining a molecule which
can allow charge transport between two points, A and B, by two different

pathways, route 1 and 2 (Figure 5.5).57
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Constructive interference occurs when the wavefunctions for the two pathways
are in phase, resulting in efficient transport and the system having a high
conductance. Destructive interference occurs if the wavefunctions are out of
phase so transport is blocked. Interference will only occur if the wavefunction
simultaneously explores both routes, i.e. coherent transport. If the transport is

incoherent hopping, then interference will not occur.

Investigations into charge transport are required to optimise this effect. In
Figure 5.5, if the external environment is changed and effects the phase of
wavefunction in route 1, relative to route 2 then route 2 will change whether
interference is constructive or destructive. This phase shift could be created by
changing the energy levels in one route, by the electric field of a nearby

molecule or by the presence of a gate electrode.

Aradhya et al. have shown the effect of interference in molecular junctions by
investigating para-stilbene and its meta-counterpart capped with thiol

anchoring groups, Figure 5.6.105
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Figure 5.6: Schematic of the para-stilbene and meta-counterpart as reported by Aradhya

et al.105

The para-stilbene showed a conductance two orders of magnitude larger than
the meta-stilbene. The meta-stilbene was expected to show a low transmission
due to interference effects. Several other investigations into quantum
interference effects have been completed.5”. 102 Guédon et al. have investigated
the conductance of linearly and cross conjugated molecules.1¢ The conductance
of the cross conjugated molecule was found to be two orders of magnitude
lower than the linear conjugated molecule. Quantum interference effects have
been found to be the cause for decreased conductance in a meta-coupled
benzene compared to a para-coupled benzene.l97 Conductance measurements
on a meta-oligo(3)-phenylenevinylene derivative was found to be an order of
magnitude smaller than the corresponding para-oligo(3)-phenylenevinylene

derivative.108

These quantum interference investigations provide motivation for studying
larger molecules such as the porphyrin based nanoring systems investigated in
this study. Initially two nanorings will be investigated, the complete nanoring
(Figure 5.7(A)) and the broken nanoring (Figure 5.7(B)). The conductance
results will allow further development in the structure to further investigate

quantum interference effects using the porphyrin based nanoring structure.
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Figure 5.7: Chemical structure of the porphyrin based nanorings to be studied. (A) The
complete nanoring (B) The broken nanoring, with the two breaks being signalled by the

red arrows.

5.2 Aim

Conductance studies of these nanorings systems have not been previously been
completed. The aim of this study is to demonstrate the conductance of two
different nanorings can be measured using an STM in ambient and a mesitylene
environment. This study acts as a preliminary investigation with the wider aim
of developing the structure and performing conductance measurements on a

range of nanorings to investigate the effect of quantum interference.

5.3 Methods

The nanorings were used as received from the group of Professor Harry
Anderson of the University of Oxford, UK. The samples were prepared using
commercial gold on glass slides (Arrandee®) which was flame annealed using a
Bunsen burner immediately prior to use. The freshly annealed slide was
immersed into a 6.9 x 10-¢ M chloroform solution of the required nanoring for 2
min to allow the molecules to adsorb to the surface. The slide was then rinsed
with EtOH and dried with N; to remove any physisorbed material. Au STM tips
were prepared by cutting 0.25 mm Au wire (99.99 %, Goodfellow).

Conductance measurements were completed using an Agilent 5500 STM
controller in conjunction with Agilent Picoscan 5.3.3 software. Measurements
were completed in both ambient and a mesitylene environment. Mesitylene was
distilled from sodium prior to use and was used in conjunction with an

environmental chamber fitted to the STM head which was purged with Nz. The
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I(s) method was utilised to measure the conductance with a setpoint currents
(Io) of 8, 20 and 60 nA and a bias voltage (Vhias) of + 0.6 V. The tip was
withdrawn 4 nm relative to the setpoint and the scan duration was 0.1 s. The
initial tip to sample distance (s,) was approximated using the method described
previously in Chapter 1 and, where appropriate, was used in conjunction with
the experimental break off (4S) to calculate the total break off (Stotal).
Approximately 500 current-distance scans that exhibited a clear current
plateau, were plotted into a histogram from which the molecular conductance

was calculated.

5.4 Results

5.4.1 Conductance Measurements
The I(s) technique was used to measure the conductance of the transition metal

complexes. The measurements were completed in either an ambient
environment or an mesitylene medium by rapidly withdrawing the tip at a
predetermined setpoint of 8, 20 or 60 nA and a bias 0.6 V. Approximately 7 % of
the I(s) scans contained a plateaux characteristic of a molecule bridging the gap
between the tip and the substrate. The conductance was calculated via

histogram analysis using the I(s) scans that contained a plateau.

5.4.1.1: Complete Nanoring
The complete nanoring was the first complex to be studied. The compound was

tested in two different environments, in air and in mesitylene and at three

different setpoints 8, 20 and 60 nA.

In ambient conditions a conductance of (0.55 + 0.11) nS was recorded at a bias
of 0.6 V and a setpoint current of 8 nA. The average experimental break off
value (Figure 5.8(c)) was calculated to be 1.6 nm and the calculated d(Inl)/d(s)
value was 3.14 nm-! which led to s, being 2.8 nm. This gives a total break off
distance of (4.4 + 0.54) nm which was compared to the gold separation distance
calculated using Spartan®, which was 3.6 nm for the fully extended molecule.

The data are shown in Figure 5.8.
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The complete nanoring was then measured with a set point of 20 nA and a tip
bias of 0.6 V in an ambient environment. The data are shown in Figure 5.9. The
measured conductance was calculated to be (2.45 * 0.72) nS using the 1D
histogram shown in Figure (a). The average experimental break off value
(Figure 5.9(c)) was calculated to be 1.5 nm and the calculated d(/nl)/d(s) nm-!
value was 3.24 which led to sy being 2.4 nm. This gives a total break off distance
of (3.9 * 0.6) nm which was once again compared to the calculated gold

separation distance of 3.6 nm for the fully extended molecule.
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Finally the complete nanoring was measured in an ambient environment with a
set point of 60 nA and a tip bias of 0.6 V, the data are presented in Figure 5.10.
The measured conductance was (5.25 * 1.15) nS calculated using the 1D
histogram shown in Figure 5.10(a). The average experimental break off value
(Figure 5.10(c)) was calculated to be 1.5 nm and the calculated d(Inl)/d(s) value
was 4.07 nm-! which led to sy being 1.6 nm. This gives a total break off distance
of (3.1 £ 0.5) nm which was compared to the gold separation distance value for
the fully extended molecule, 3.6 nm. This value corresponded well to the
measured total break off distance; providing good evidence that nanoring

molecular junctions were being formed.
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A summary of the data for the complete nanoring in ambient conditions can be

seen below in Table

5.2.

It can be seen that there are three different

conductance values measured and although the d(Inl)/d(s) values are low, the

estimated total break off distance is in good agreement with the gold separation

distance as calculated in Spartan®.

Table 5.2: Summary of the complete nanoring in ambient environment conductance data

and estimated break off distance.

Set | Conductance | d(Inl)/d(s) | s, | Break | Estimated Gold
Point / nS off / total separation
/ nA nm Break off as
distance / | calculated
nm by
Spartan® /
nm
8 (0.55+0.11) | 3.14 28 | 1.6 (44+0.5) |36
20 (2.45+£0.72) | 3.24 24 |15 (3.9+£0.6)
60 (5.25+1.15) | 4.07 1.6 |15 (3.1+0.5)
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The complex was then measured in mesitylene to see if this affected the

conductance and the estimated total break off distance.

The complete nanoring was measured in an mesitylene environment with a set
point of 8 nA and a tip bias of 0.6 V, the data are presented in Figure 5.11. The
conductance was calculated to be (0.65 * 0.15) nS using the 1D histogram
shown in Figure 5.11(a). The average experimental break off value (Figure 5.11
(c)) was calculated to be 1.6 nm and the calculated d(I/nl)/d(s) value was 7.39
nm-1 which led to sy being 1.2 nm. This gives a total break off distance of (2.8 =
0.54) nm, compared to the gold separation distance for the fully extended

molecule calculated using Spartan®, of 3.6 nm.
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Figure 5.11: Data for Complete Nanoring in mesitylene conditions Viiss = 0.6 and Iy = 8 nA
(a) Histogram of 502 I(s) scans (b) 2D histogram showing conductance relative to total
break-off distance (c) Histogram of the experimental break-off distances (d) example I(s)

traces (distance is relative and does not represent actually break-off distance)

The nanoring was then measured in mesitylene at a set point of 20 nA and a tip
bias of 0.6 V, the data can be seen in Figure 5.12. The measured conductance
was (1.35 = 0.29) nS, calculated using the 1D histogram shown in Figure
5.12(a). The average experimental break off value (Figure 5.12(c)) was
calculated to be 1.5 nm and the calculated d(Inl)/d(s) value was 7.04 nm-! which

165



led to sy being 1.1 nm. This gives a total break off distance of (2.6 + 0.56) nm
which was then compared to the gold separation distance of 3.6 nm for the fully

extended molecule.
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Figure 5.12: Data for Complete Nanoring in mesitylene conditions Vyias = 0.6 and Iy = 20
nA (a) Histogram of 467 I(s) scans (b) 2D histogram showing conductance relative to
total break-off distance (c) Histogram of the experimental break-off distances (d)
example I(s) traces (distance is relative and does not represent actually break-off

distance)

Finally the complete nanoring was measured in mesitylene with a set point of
60 nA and a tip bias of 0.6 V, the can be seen in Figure 5.13. Using the 1D
histogram shown in Figure 5.13(a) the conductance was calculated to be (3.75 *
1.2) nS. The average experimental break off value (Figure 1 5.13(c)) was
calculated to be 1.5 nm and the calculated d(Inl)/d(s) value was 5.91 nm-1which
led to sy being 1.1 nm. This gives a total break off distance of (2.6 * 0.59) nm
which was compared to the gold separation distance calculated using Spartan®,

which was 3.6 nm for the fully extended molecule.
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A summary of the data recorded for the complete nanoring in ambient and a
mesitylene environment can be seen below in Table 5.3. The break off distance
is lower for the mesitylene environment which is due to higher d(Inl)/d(s)

values being recorded.

Table 5.3: Summary of the complete nanoring data, including conductance and estimated

break off distance.
Set Point / Conductance / nS Estimated Break off Gold
nA Distance / nm separation
Ambient Mesitylene Ambient Mesitylene as calculated
by Spartan®
/ nm
8 (0.55+0.11) | (0.65+0.15) (44 +0.5) (2.8+0.54) 3.6
20 (245+0.72) | (1.35+0.29) (3.9+0.6) (2.6 £0.56)
60 (525+1.15) | (3.751.2) (3.1+0.5) (2.6 £0.59)

5.4.1.2: Broken Nanoring
The broken nanoring was initially measured in ambient environment with a set

point of 8 nA and a tip bias of 0.6 V, the results can be seen in Figure 5.14. The
conductance was calculated using the 1D histogram (Figure 5.14(a)) to be (0.27
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+ 0.09) nS. The average experimental break off value (Figure 5.14(c)) was
calculated to be 1.4 nm and the calculated d(Inl)/d(s) value was 3.3 nm! which
led to s, being 2.6 nm. This gives a total break off distance of (4.0 £ 0.55) nm
which was compared to the gold separation distance calculated using Spartan®,

which was 3.6 nm for the fully extended molecule.
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Figure 5.14: Data for Broken Nanoring in ambient conditions Vy;,s = 0.6 and I, = 8 nA (a)
Histogram of 571 I(s) scans (b) 2D histogram showing conductance relative to total
break-off distance (c) Histogram of the experimental break-off distances (d) example I(s)

traces (distance is relative and does not represent actually break-off distance)

The broken nanoring was then measured in ambient environment with a set
point of 20 nA and a tip bias of 0.6 V. The conductance was calculated to be (1.5
+ 0.56) nS using the 1D histogram (Figure 5.15(a)). The average experimental
break off value (Figure 5.15(c)) was calculated to be 1.2 nm and the calculated
d(Inl)/d(s) value was 2.85 nm- which led to s, being 2.7 nm. A total break off
distance of (3.9 + 0.45) nm was calculated which was then compared to the gold
separation distance calculated using Spartan®, which was 3.6 nm for the fully

extended molecule.
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The broken nanoring was measured in ambient environment with a set point of
60 nA and a tip bias of 0.6 V, the data can be seen in Figure 5.16. The
conductance was calculated using the 1D histogram (Figure 5.16(a)) to be (4.35
+ 1.05) nS. The average experimental break off value (Figure 5.16(c)) was
calculated to be 1.1 nm and the d(Inl)/d(s) value was 3.3 nm-1 giving a s, of 2.0
nm. This gives a total break off distance of (3.1 + 0.4) nm which was compared
to the gold separation distance calculated using Spartan®, which was 3.6 nm for

the fully extended molecule.
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Figure 5.16: Data for broken Nanoring in ambient conditions Vpiss = 0.6 and Iy = 60 nA (a)
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A summary of the data recorded for the broken nanoring in ambient conditions
is presented in Table 5.4. Three conductance values are observed. The total

break off distance corresponds to the Au-Au separation in Spartan®.

Table 5.4: Summary of the broken nanoring in ambient environment conductance data

and estimated break off distance.

Set Point / nA Conductance / nS Estimated total Gold separation as
Break off distance / calculated by
nm Spartan® / nm
8 (0.27 £ 0.09) (4.0 £ 0.55) 3.6
20 (1.5+0.56) (3.9 £0.45)
60 (4.35+1.05) (3.1+04)

The broken nanoring was now measured in mesitylene environment with a set
point of 8 nA and a tip bias of 0.6 V, the data are shown in Figure 5.17. The
conductance was calculated using the 1D histogram (Figure 5.17(a)) to be (0.31
+ 0.08) nS. The average experimental break off value (Figure 5.17(c)) was
calculated to be 1.5 nm and the calculated d(Inl)/d(s) value was 4.57 nm-1 giving

a sy of 1.9 nm. This gives a total break off distance of (3.4 + 0.54) nm which was

170




compared to the gold separation distance calculated using Spartan®, which was

3.6 nm for the fully extended molecule.
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Figure 5.17: Data for Broken Nanoring in mesitylene conditions Vyiss = 0.6 and Iy = 8 nA
(a) Histogram of 399 I(s) scans (b) 2D histogram showing conductance relative to total
break-off distance (c) Histogram of the experimental break-off distances (d) example I(s)

traces (distance is relative and does not represent actually break-off distance)

The broken nanoring was now measured in mesitylene environment with a set
point of 20 nA and a tip bias of 0.6 V; the data are shown in Figure 5.18. The
conductance was calculated using the 1D histogram (Figure 5.18(a)) to be (1.25
+ 0.31) nS. The average experimental break off value (Figure 5.18(c)) was
calculated to be 1.6 nm and the calculated d(Inl)/d(s) value was 3.99 nm-1giving
a s of 1.9 nm. This gives a total break off distance of (3.5 * 0.46) nm which was

compared to the gold separation distance calculated using Spartan®, which was

3.6 nm for the fully extended molecule.
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Figure 5.18: Data for broken Nanoring in mesitylene conditions Vyiss = 0.6 and Iy = 20 nA
(a) Histogram of 452 I(s) scans (b) 2D histogram showing conductance relative to total
break-off distance (c) Histogram of the experimental break-off distances (d) example I(s)

traces (distance is relative and does not represent actually break-off distance)

The broken nanoring was now measured in mesitylene environment with a set
point of 60 nA and a tip bias of 0.6 V, as shown in Figure 5.19. The conductance
was calculated using the 1D histogram (Figure 5.19(a)) to be (3.68 * 0.94) nS.
The average experimental break off value (Figure 5.19(c)) was calculated to be
2.0 nm and the calculated d(Inl)/d(s) value was 3.76 nm-1 giving an s, of 1.8 nm.
This translates to a total break off distance of (3.8 + 0.53) nm, compared to the

gold separation distance calculated using Spartan® of, 3.6 nm for the fully

extended molecule.

172



[y~
[=]

Count

10

Conductance / nS

10 15 20 25
Conductance / nS D|stance I nm

L T (0| g
60 § =
N\ 3 40/
£ \Q\ c 40
0 I &%&. AR AR A 0
05 10 15 20 25 30 3.5 2 3 4 5 6 7 8
Distance / nm Distance / nm

Figure 5.19: Data for broken Nanoring in mesitylene conditions Vs = 0.6 and Ip = 60 nA
(a) Histogram of 486 I(s) scans (b) 2D histogram showing conductance relative to total
break-off distance (c) Histogram of the experimental break-off distances (d) example I(s)

traces (distance is relative and does not represent actually break-off distance)

A summary of the broken nanoring data in ambient and a mesitylene

environment is presented in Table 5.5.

Table 5.5: Summary of the broken nanoring data, including conductance and estimated

break off distance.

Set Conductance / nS Total Break off Distance / nm Gold
Point / | Ambient Mesitylene Ambient Mesitylene separation as

nA calculated by

Spartan® / nm

8 (0.27+0.09) | (0.31+£0.08) | (4.0+0.55) | (3.4+0.54) 3.6
20 (1.5+0.56) (1.25+0.31) | (3.9+0.45) | (3.5+0.46)
60 (435+1.05) | (3.68+094) |(3.1+04) (3.8+0.53)

5.5: Discussion
A summary of the recorded single molecule conductance results can be seen in
Table 5.6.

The results show that despite the porphyrin nanorings size (3.6 nm) and
complex structure they have both proven successful at forming gold-molecule-

gold junctions in two different environments. Both nanorings exhibited a low,
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medium and high conductance group in the different environments. This result
was unexpected as with four sulfur anchoring groups being able to bind in one
of two ways (step edge or flat) several different conductance values would be
expected if the system behaved as described in Chapter 1. It would be of
interest to investigate how a differing amount of anchoring groups influences

the conductance.

The low conductance results (set point 8 nA) correspond to the conductance
result recorded for the oligo-porphyrins as seen in Table by Sedghi et al.7°b
Although the two oligo-porphyrin is closer in length to the porphyrin ring, the
three oligoporphyrin exhibits a conductance, 0.6 nS comparable to the low
conductance recorded for the nanoring. This could be due to the oligoporphyrin
having a direct straight pathway were as the nanoring has a circular porphyrin

nanoring.

Table 5.6: Summary of the conductance data for porphyrin based Nanoring complexes.

Setpoint I(o) / Conductance / nS
nA Ambient Environment Mesitylene Environment
Complete Broken Complete Broken
8 (0.55+0.11) (0.27 £ 0.09) (0.65+0.15) (0.31+0.08)
20 (2.45+0.72) (1.5+0.56) (1.35+0.29) (1.25+0.31)
60 (5.25+1.15) (4.35+1.05) (3.75+1.2) (3.68+0.94)

The conductance of the histograms for the measurements completed in
mesitylene showed a clearer conductance peak than those recorded in ambient
conditions. Previous literature investigations have shown mesitylene to be a
good solvent for single molecule conductance measurements, and to remove
any contamination that may be recorded in ambient conditions.®® Both sets of

conductance results are within experimental error of each other.

It can be seen from Table 5.6 that while the conductance of the complete
nanoring is slightly higher than the broken nanoring under ambient conditions.
This was not as great a difference as was expected from breaking two pathways
through the molecule. The reason for this decrease in conductance has not yet

been fully established but three possible ideas are:
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1. The majority of charge transport flows through the template in the
middle of the system for both nanorings resulting in the little change in
conductance The presence of the template could influence charge
transport by holding the whole structure in a regular geometry, or by
providing extra coupling pathways, however the m-n* gap of the
template is much larger than that of the porphyrin oligomer perimeter,
so it is not expected to contribute directly to charge transport.

2. The broken nanoring is in fact binding to the gold surface through the
broken acetylene moieties rather than the sulfur which would result in a
conductance similar to the complete nanoring.

3. The “broken” acetylenes are close enough in proximity, so that the
charge still flows, resulting in a similar conductance to the complete

nanoring.

To establish whether the template is participating in the charge transport going
through the nanoring, the template could be removed to see how this would

affect the measured conductance.

Acetylene has been shown to be an effective anchoring group for single
molecule conductance measurements.1%? The coordination of acetylene to metal
atoms is well-known!10 and they have a rich surface chemistry.lll By
developing the structure of the nanoring, the acetylene group could be

eliminated and further investigations could occur.

A summary of the break off data are shown in Table 5.7.

Table 5.7: Summary of the estimated total break off distances for both nanorings.

SetpointI(o) / nA Calculated Total Break-off / nm Gold
Ambient Environment Mesitylene Environment separation
Complete Broken Complete Broken distance as
calculated by
Spartan® /
nm
8 (44+054) | (40+£0.55 | (2.8+0.54) | (3.4+0.54) 3.6
20 (3.9+0.6) (39+0.45 | (2.6+0.56) | (3.5+0.46)
60 (3.1+0.5) (31+04) | (26%0.59) | (3.8+0.53)
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The calculated total break off distance corresponds to the length of both
nanorings sandwiched between two gold atoms. The results in mesitylene are
lower than the ambient measurements, this is due to the d(/nl)/d(s) value being

higher in mesitylene resulting in a lower s, value.

The recorded results provide good evidence that it is the nanorings that are
being measured and provide a basis to further investigate their transport

properties.

5.6 Conclusions and Future Work
The single molecule conductance data has successfully shown that both

nanorings can form molecular junctions. These result are the first conductance
measurements of porphyrin nanorings and it has shown efficient charge

transport through the system.

It is still not known what the electron pathway is through the molecule.
Although the effects of quantum interference cannot be clearly defined with
these preliminary investigation measurements on porphyrin based nanoring
systems, the knowledge developed will assist in the development of the
nanoring structure to allow quantum interference effects to be investigated
which will help to contribute to the understanding of electronic transmission

through single molecule devices.

Future work would be to develop the structure of the nanoring and then
investigate the single molecule conductance. The structure could be changed by
removing the template in the middle of the nanoring and comparing it to the
complete nanoring system. The conductance of a half of a nanoring could be
compared to the complete nanoring. The resulting acetylene could be changed
to remove any chances of it interfering in the recorded result. The metal centre

could also be varied from zinc to see if it also had any effect on the conductance.

This knowledge can eventually be used to assist the design and synthesis of
other molecules where substituents added to the molecular structure enhance
the operation of single molecule devices based on physical phenomena other

than quantum interference.
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There is a huge amount of interest in the synthesis and electrical
characterisation of molecules that have the potential for use in electronic
devices. In order for this technology to move forward it is necessary to gain
insights into structure-property relationships at the nanoscale, as well as a
basic understanding of the charge transport through various molecular
architectures. The main focus of this research project was to investigate the
application of transition metal complexes for application in molecular

electronics.

The conductance of bipyridine was initially investigated and the conductance
was found to be the same in ambient and ionic liquid environment. The result
corresponded to some literature values but a wide range has been reported due
to different techniques and sample preparation. The investigation of the
conductance of a series of [M(pyterpy)z](PFs)n where n = 2 with M = Co, Fe, Ru
and n = 3 for M = Cr sought to investigate the variation of transition metal
centre and the effect on the single molecule conductance. These results showed
the successful formation of a molecular junction. However, the results showed a
remarkably small change of conductance upon variation of the transition metal
centre. This was investigated in a different medium, ionic liquid BMIM-TFSA to
explore whether this had any effect on the recorded conductance and to assess
the suitability for conductance measurements as a function of potential. The
conductance of the transition metal complexes was found to decrease slightly
but did not change dramatically. The So value was much higher in ionic liquid
this could be due to the molecule also being measured, to counteract this just
the experimentally measured break off distance could be used. Due to the
pyridyl anchoring group having LUMO based transport resonance it is
essentially ligand localised, confirming the result of the data presented here
that the metal centre does not play a part in the conductance being dominated
by hopping mechanism. This could be investigated by investigating a series of

HOMO based transport molecules.

The electrochemistry of the series of [M(pyterpy)z](PFe¢)n was investigated to
establish the suitability for conductance measurements under potential control.

This was done by locating the M(II)-M(III) redox potentials. The molecules were
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measured in an acetonitrile solvent first and compared to literature values. The

complexes were then investigated in ionic liquid.

The effect of the anchoring group on the conductance of transition metal
complexes was investigated by measuring the single molecule conductance of
pyridyl and methyl sulphide terminated bis-terpyridine transition metal
complexes. The single molecule conductance of the methyl sulphide anchoring
group complex was found to be higher than the pyridyl anchoring group, the
anchoring group did not have as much of an effect as expected because the
ligands are the limiting factor in the tranport. The relationship between length
and conductance was then probed by adjusting the structure of the ligand to
incorporate more phenyl rings as the systems length increased. The data
presented an attenuation factor of 8 = 0.106 and 0.109 A-! for the pyridyl and
thioether anchoring group respectively. This result is in the range reported for
conjugated systems and infers a hopping transport mechanism.4% This needs to
be further investigated with a temperature controlled study. The difference in
results reported for the multiple metal-terpyridine molecular wires reported by
Kim et al. can be explained by the higher metal to ligand ratio, which allows the

metallic properties to have a stronger influence on the charge transport.?0

The next study detailed the conductance results of [M(pyterpy)z](PFs)n with M
= Co and Fe, under potential control. The first part was the study of the
electrochemical behaviour of a monolayer of each of the complexes formed on
an Au(111) surface. M(II)-M(III) redox peaks where seen and the rate constants
were calculated. The single molecule conductance measurements were
investigated as a function of potential control, and showed a clear increase in
potential at the redox potential of the [M(pyterpy)z](PFs)n complex. This
behaviour is somewhat unexpected due to the behaviour previously reported in
the literature by Zhou et al.?8 but could be due to the much slower rate constant
of the [M(pyterpy)z](PFs)n complexes in ionic liquid or could be due to the
differing sample preparation. Due to this experiment being completed in
different medium, direct comparisons cannot be made. Further investigation is
required to see how the cobalt and iron complexes behave in 1 M NaClO4 and

how the osmium complex behaves in ionic liquid. Another variation between
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the two results is the sample preparation, Zhou et al. use a acetonitrile
adsorbate solution which has been shown to form molecular bridges.112 A
dichloromethane solution is used in this study, experiments with different

sample preparations could be performed to eliminate any difference.

Porphyrins have been shown to form molecular junctions and exhibit efficient
charge transport.’? Two 6-porphyrin nanoring have been investigated, one
complete and one with two breaks in the 6-porphyrin ring with the aim of
investigating quantum interference effects. This preliminary investigation
showed the ability of the nanoring to form successful molecular junctions, but
surprisingly the broken 6-porphyrin nanoring did not exhibit a conductance
significantly different from the complete 6-porphyrin nanoring. This result
showed the capability of the procedure to measure complex molecules and
allowed the idea of the development of the structure to investigate quantum

interference effects.

The result of the research in this thesis shows that transition metal complexes
are an interesting molecule for single molecule conductance measurements and
it is expected the study of these complexes will continue to grow substantially

with the ease of synthesis, accessible redox potential and ligand variability.
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7.1 General Experimental Procedures

7.1.1 Purification

All compounds and solvents were used as received unless described otherwise.
If required, purification was completed to standard procedures according to
Armarego and Perrin.113 Experiments required anhydrous conditions were
performed using glassware that had been dried in the oven for 12 hrs, and

solvent was degassed by bubbling with Ar for at least 15 minutes.

Acetonitrile was dried over 3A molecular sieves followed by distillation under

nitrogen atmosphere from calcium hydride.

2-acetylpyridine was freshly distilled under reduced pressure and used

immediately.
Mesitylene was freshly distilled from Na under reduced pressure.

Tetrahydrofuran was freshly distilled under a nitrogen atmosphere from

sodium/benzophenone ketyl radical anion.

Ionic Liquid was dried according to literature procedures by heating to 120 °C

under a high-vacuum.114

7.1.2 Chromatography
Flash chromatography was completed using various solvents on Sigma-Aldrich

technical grade silica gel used with an airline to apply pressure. Thin layer
chromatography was completed on Merck silica gel 60 F-254 plates and the
separation was visualised using UV light where possible. UV inactive

compounds were visualised by staining with KMnOa.

7.1.3 Analytical Data
NMR spectra were obtained using a Bruker AMX 400 (1H, 400 MHz; 13C, 100

MHz) and referenced to an internal standard, tetramethylsilane.

Mass spectra were recorded on a Fisons Trio-1000 spectrometer using

electrospray, electron or chemical ionization, dependent on the compound.

CHN analyses were recorded on a Fisons elemental analyser for fluorinated

samples and an Isoprime Elemental Analyser for non-fluorinated samples.
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UV-Vis spectra were recorded in acetonitrile using a Perkin Elmer UV/Vis
Lambda 5 spectrometer utilising UV WinLab software with a 1 cm path length
in the range of 200-1100 nm.

IR was completed neat using a Bruker FTIR in the range of 4000 - 400 cm-1.

Melting points were determined using Griffin melting point apparatus.

7.4 Syntheses
Preparation of 4'-(pyridin-4-yl)-2,2":6',2"-terpyridine.’! (3)

A solution of 4-pyridinecarboxaldehyde (5.76 g, 53.80 mmol) in MeOH (40 mL)
was cooled to -15 °C, and solutions of 2-acetylpyridine (12.6 g, 104.7 mmol) in
MeOH (20 mL) and 20 % aq NaOH (40 mL) were added simultaneously over a
period of 20 minutes. The reaction mixture was then further stirred for 3 h at -
10 °C. The solution was warmed to room temperature and filtered. The filtrate
was then treated with NH40Ac (1.0 g, 12.97 mmol) and heated to reflux for 4 h.
The resulting solution was filtered and washed several times with hot water
and hot ethanol. The title compound was recovered as a white solid (2.66 g,
15.9 %); m.p: 212-215 °C; 1H-NMR (400 MHz, CDCl3): 8.73 (d, ] = 4.0 Hz, 4H,
aromatic), 8.76 (dd, ] = 5.0, 2.0 Hz, 2H, aromatic), 8.66 (d, ] = 7.9 Hz, 2H,
aromatic), 7.88 (td, ] = 7.6, 1.76 Hz, 2H, aromatic), 7.78 (dd, ] = 4.4, 1.6 Hz, 2H,
aromatic), 7.37 (ddd, ] = 7.3, 4.8, 1.0 Hz, 2H, aromatic); 13C-NMR (100 MHz,
CDClz): 156.7, 156.1, 150.9, 149.6, 147.8, 146.3, 137.3, 124.5, 122.0, 121.7,
119.0; MS (ES+): m/z: 311 [M]*; Anal. Calc. C20H14N4 (310.35): C, 77.40 %; H,
4.55 %; N, 18.05 %. Found: C, 76.48 %; H, 4.59 %; N, 18.04 %; UV/Vis (CH3CN,
1.2 x 10> mol dm3) Amax/nM (€max/103 dm3 mol! cm1): 316 (sh), 278 (67.1),
239 (104.5).

Preparation of Ru(4'-(pyridin-4-yl)-2,2":6',2"'-terpyridine)z(PF¢)2.7% (4)
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A solution of RuCl3-:3H20 (0.019g, 0.120 mmol) and 4'-(pyridin-4-yl)-2,2":6',2"'-
terpyridine (0.098 g, 0.316 mmol) in ethane-1,2-diol (10 mL) was heated to
reflux for 3 h, The solution was allowed to cool, and water (10 mL) and an
excess of methanolic [NH4][PFs] were added. The resulting dark brown
precipitate was collected on Celite by filtration and then redissolved in CH3CN.
The CH3CN was evaporated to minimum volume, and purification was by flash
column chromatography (SiO:, eluting with acetonitrile: saturated potassium
nitrate: water (7:1:0.5)). The first major orange fraction was collected, an
excess of methanolic [NH4][PFs] was added, and the solution reduced in volume
to  precipitate = [Ru(4'-(pyridin-4-yl)-2,2":6',2"-terpyridine)z][PF¢]..  The
compound was filtered and dried in air to yield the title compound as a red solid
(0.05 g, 40 %).1H-NMR (CD3CN), 400 MHz): 9.06 (s, 4H), 8.97 (dd, ]= 4.4, 1.7 Hz,
4H), 8.66 (d, ] = 8.1 Hz, 4H), 8.13 (dd, ] = 1.6, 4.4 Hz, 4H), 7.97 (td,] = 7.8, 1.4 Hz,
4H), 7.42 (d, ] = 4.8 Hz, 4H), 7.19 (m, 4H); 13C-NMR (100 MHz, CD3CN): 158.4,
156.3, 153.1, 151.3, 138.8, 128.2, 125.3, 124.7, 122.6, 122.4; MS (ES+, CH30H):
m/z: 722 [M - 2PFs]*, 868 [M - PFe]*; UV/Vis (CH3CN, 1.2 x 10> mol dm-3)
Amax/NM (Emax/103 dm3 mol-! cm1): 490 (25.1), 313 (56), 275 (84.3).

Preparation of Fe(4'-(pyridin-4-yl)-2,2":6',2"-terpyridine)z(PFs)2.5°" (5)

A solution of FeClz-4H20 (0.064g, 0.32 mmol) and 4'-(pyridin-4-yl)-2,2":6',2"-
terpyridine (0.20 g, 0.64 mmol) in methanol (30 mL) was stirred at room

temperature for 30 minutes. Excess aqueous [NH4][PF¢] was added. The
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resulting purple precipitate was collected on celite by filtration, washed with
H20, EtOH and Et;0 and redissolved in CH3CN. The solvent was removed in
vacuo to yield the title compound as a purple solid. (0.2 g, 64 %); 'H-NMR
(CD3CN), 400 MHz): 9.24 (s, 4H), 9.02 (dd, ]J= 4.5, 1.5 Hz, 4H), 8.63 (d, ] = 8.0 Hz,
4H), 8.24 (dd, ] = 4.4, 1.5 Hz, 4H), 7.91 (td, ] = 7.8, 1.2 Hz, 4H), 7.18 (d, ] = 5.1 Hz,
4H), 7.10 (td, ] = 6.2, 1.1 Hz, 4H); 13C-NMR (100 MHz, CD3CN): 161.24, 158.30,
153.67, 151.77, 139.51, 128.06, 124.65, 122.58, 122.32; MS (ES+, CH30H): m/z:
821.2 (-PFs¢), 695.2 (-P2F11); UV/Vis (CH3CN, 1.2 x 10-> mol dm3) Amax/nm
(€max/103dm3 mol-! cm1): 569 (14.6), 324 (29.2), 284 (59.6), 276 (sh).

Preparation of Co(4'-(pyridin-4-yl)-2,2":6',2"-terpyridine)2(PFs)273 (6)

4'-(Pyridin-4-yl)-2,2":6',2"-terpyridine (0.093 g , 0.3 mmol) was partially
dissolved in acetone (15 mL). In a separate flask, an excess of CoCl2:6H20
(0.142g, 0.597 mmol) was completely dissolved in water (20 mL). The two
solutions were combined resulting in an immediate colour change to reddish-
orange. The reaction mixture was allowed to stand in open air at room
temperature for 1 h. Water (80 mL) was next added to the reaction mixture to
dilute the acetone. The solution was filtered to remove any insolubles such as
free ligand. The remaining filtrate was collected and an excess of NH4PF¢ (0.30
g, 1.84 mmol) was added resulting in the precipitation of the desired product.
The isolated solid was washed with water, and washed/dried with diethyl-ether
yielding the product as a red solid. (0.148 g, 50 %); MS (ES+, CH30H): m/z:
824.2 (-PFs), 698.2 (-P2F11); UV/Vis (CH3CN, 1.2 x 10> mol dm3) Amax/nm
(€max/103 dm3 mol-! cm1): 323 (60.8), 283 (sh), 276 (145.1).

Preparation of Co(4'-(pyridin-4-yl)-2,2":6',2"-terpyridine)z(PFs)3.73 (7)
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Co(4'-(pyridin-4-yl)-2,2":6',2"-terpyridine)2(PFs)> (0.01 g, 0.010 mmol) was
suspended in H20 (1 mL) and a saturated solution of aqueous Brz (1 drop neat
Brz in 1 mL H20) was added to give a bright orange suspension. The reaction
mixture was stirred at room temperature for 20 h, whereupon an excess of
aqueous NH4PFs was added. The orange precipitate that formed was collected
by filtration through celite, washed well with H0, EtOH and Et;0, and then
redissolved in CH3CN. The solvent was removed in vacuo and Co(4'-(pyridin-4-
yl)-2,2":6',2"-terpyridine)z(PFs)3 was isolated. 1H-NMR (CD3CN), 400 MHz): § =
9.31 (s, 4H), 9.11 (d, ] = 6.33 Hz, 4H), 8.71 (d, ] = 8.63 Hz, 4H), 8.40 (d, ] = 6.29,
4H), 8.29 (td, ] = 7.82, 1.07 Hz, 4H), 7.48 (td, ] = 5.97, 1.24 Hz, 4H), 7.39 (d, ] =
5.227, 4H).

Preparation of Cr(4'-(pyridin-4-
yD)-2,2":6',2"-
terpyridine)2(PF¢)3.74b, 115 (8)

To degassed water (30 mL) was added 4'-(py;idin-4-yl)-2,2':6',2"-terpyridine
(0.67 g, 2.19 mmol) and CrClz (0.135 g, 1.10 mmol). The solution was stirred at
room temperature for 20 h during which time the colour changed from light
blue to dark brown. A degassed solution of aqueous NH4PF¢ (5 mL; 0.44 M, 2.20
mmol) was added and a precipitate formed. The solid was filtered through a
Schlenk frit and the solid was washed with 50 mL of degassed water. The solid
was dried under vacuum, reconstituted in dry CH3CN and filtered. Cr(4'-

(pyridin-4-yl)-2,2":6',2"-terpyridine)2(PFs)2 was dissolved in CH3CN (2 mL).
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Separately AgPFs (30 mg, 0.12 mmol) was dissolved in CH3CN (1 mL) and this
solution was added over 20 s to the stirring solution. After 15 minutes the
CH3CN was removed under vacuum to afford a brown residue. The product was
reconstituted in CH3CN and filtered through Celite, and the solvent was
removed under vacuum. The residue was triturated, then washed with THF, and
dried under vacuum to give the title compound as an orange solid. (0.45 g, 37
%); UV /Vis (CH3CN, 1.2 x 10-> mol dm-3) Amax/nm (€max/103 dm3 mol-! cm1): 368
(21), 318 (sh), 282 (89.2).

Preparation of 3,3-bis(methylthio)-1-(pyridin-2-yl)prop-2-en-1-one.?3
(14)

2-Acetylpyridine (4.97 g, 41.0 mmol) was added dropwise over a period of 5-10
minutes to a stirring solution of potassium tert-butoxide (9.65 g, 85.9 mmol) in
anhydrous THF (100 mL) under N2 at room temperature. Carbon disulfide (3.17
g, 41.6 mmol) was added to the stirring solution over a period of 3 minutes.
Once the addition was complete methyl iodide (12.31 g, 86.7 mmol) was added
over a period of 10 minutes. The mixture was stirred for a further 12 h. The
reaction mixture was cooled in an ice bath for 4 h after which time a yellow
precipitate had formed. The precipitate was collected by filtration, dried and
recrystallised from EtOH to yield the title compound as yellow crystals (4.61 g,
50 %); m.p: 100-104 °C; TH NMR (400 MHz, CDCI3) 6 = 8.63 (m, 1H), 8.18 (dt, ] =
7.8, 1.1 Hz, 1H), 7.83 (dt, ] = 7.6, 1.7 Hz, 1H), 7.64 (s, 1H, C-H), 7.39 (ddd, ] = 7.5,
4.76, 1.2 Hz, 1H), 2.64 (s, 3H, S-CH3), 2.56 (s, 3H, S-CH3); 13C NMR (100MHz,
CDCl3) 6 =184.77 (C=0), 168.2 (HC=C-S), 155.4, 148.9, 137.4, 126.3, 123.0, 109.2
(HC=C-Sz), 17.9 (H3C-S), 15.5 (H3C-S); MS (CI+ (NH3)): m/z 226 [M]*; Anal. Calc.
for C1o0H11NOS2 (225.33): C, 53.30 %; H, 4.92 %; N, 6.22 %; Found: C, 53.19 %; H,
4.84 %; N, 6.07 %; IR (neat) vmax cm1: 1619.91 (C=0).

Preparation of 4'-(methylthio)-2,2":6',2"-terpyridine.?3 (16)

190



Added to a solution of potassium tert-butoxide (0.1 g, 0.89 mmol) in anhydrous
THF (10 mL) under N; at room temperature was 2-acetylpyridine (0.54 g, 4.4
mmol). The resultant solution was stirred for 10 minutes prior to the addition
of 3,3-bis(methylthio)-1-(pyridin-2-yl)prop-2-en-1-one (1.0 g, 4.4 mmol). The
reaction mixture was stirred for 12 h at room temperature during which time a
red solid precipitated. The mixture was treated with ammonium acetate (3.42 g,
44.37 mmol) and glacial acetic acid (11.1 mL). The THF was removed by
distillation. The remaining grey solution was chilled to 15 °C and allowed to
stand for 3 h. A grey material precipitated and was collected by filtration,
washed with cold water and dried in air. The crude product was taken up in
boiling EtOH, filtered and the filter cake rinsed with hot EtOH. The combined
filtrated were diluted with water and allowed to cool to room temperature. The
resulting precipitate was the collected by filtration, washed with 50 % aqueous
EtOH and dried in vacuo to yield the title compound as grey crystals (0.64 g, 52
%); m.p: 105-110 °C; 'H NMR (400 MHz, CDCl3) 6 = 8.61 (m, 4H), 8.32 (s, 2H, C-
H),7.85 (dt,] = 7.8, 1.8 Hz, 2H), 7.34 (ddd, ] = 7.4, 4.8, 1.2 Hz, 2H), 2.66 (s, 3H, S-
CH3); 13C NMR (100 MHz, CDCl3) 6 = 156.4, 155.3, 152.9 (C-S-CH3), 149.5, 137.3,
124.3, 121.8, 117.3, 14.4 (S-CH3); MS (CI+ (NH3)): m/z: 280 [M]*; Anal. Calc.
C16H13N3S (279.36): C, 68.79 %; H, 4.69 %; N, 15.04 %; Found: C, 69.03 %; H,
4.21 %; N, 14.55 %; IR (neat) vmax cm1: 1558, 1392; UV/Vis (CH3CN, 9 x 10-¢
mol dm-3) Amax/nM (€max/103 dm3 mol-1 cm-1): 277 (103.7)

Preparation of Ru(4'-(methylthio)-2,2":6',2"-terpyridine)z(PF¢)2 (24)

Ru; 2PFg
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A solution of RuClz-3H20 (0.19g, 1.20 mmol) and 4'-(methylthio)-2,2":6",2"-
terpyridine (0.66 g, 2.4 mmol) in ethane-1,2-diol (100 mL) was heated to reflux
for 12 h, The solution was allowed to cool, and water (10 mL) and an excess of
methanolic [NH4][PFs] were added. The resulting dark brown precipitate was
collected on Celite by filtration and then redissolved in CH3CN. The CH3CN was
evaporated to minimum volume, and purification was by flash column
chromatography (SiOz, eluting with acetonitrile: saturated potassium nitrate:
water (7:1:0.5)). The first major orange fraction was collected, an excess of
methanolic [NH4][PF¢] were added, and the solution reduced in volume to
precipitate [Ru(4'-(methylthio)-2,2":6',2"-terpyridine)z][PF¢]2. The compound
was filtered and dried in air to yield the title compound as a red solid (0.21 g, 20
%); TH-NMR (CD3CN), 400 MHz): 8.54 (s, 4H), 8.51 (d, J= 8.0 Hz, 4H), 7.90 (td, ] =
9.1, 1.3 Hz, 4H), 7.38 (d, ] = 5.0 Hz, 4H), 7.16-7.14 (m, ] = 14.3 Hz, 4H), 2.93 (s, $-
CH3, 6H); 13C-NMR (100 MHz, CD3CN): 158.41, 155.09, 153.08, 138.43, 128.03,
124.98, 120.14, 14.84 (S-CH3); MS (ES+, CH30H): m/z: 805.0 (-PFs), 679.1 (-
P2F11); UV/Vis (CH3CN, 9 x 10-°® mol dm3) Amax/nm (€max/103 dm3 mol-! cm-1):
491 (11.2), 301 (sh), 281 (115.6).

Synthesis of 4'-(4-(methylthio)phenyl)-2,2":6',2""-terpyridine (18)

To a solution of tBuOK (3.70 g, 33 mmol) in dry THF (50 mL) added was 2-
acetylpyridine (2.66 g, 22 mmol). The reaction mixture was stirred for 2 h
under argon. After this time a solution of 4-(methylthio)benzaldehyde (1.52 g,
10 mmol) in dry THF (10 mL) was added and the reaction mixture was stirred
overnight. During this time a dark red colour developed. Ammonium acetate
(26 g, 337 mmol) and ethanol (180 mL) were added and the reaction mixture
was heated to reflux for 4 h. The solvent was reduced in vacuo to 30 % to
precipitate the crude yellow product. Recrystallisation from EtOH yielded the
title compound as yellow crystals (1.63 g, 46 %); m.p: 165-170 °C; 'TH-NMR
(CDCl3), 400 MHz): 8.84 (s, 2H), 8.79 (d, ]= 4.51 Hz, 4H), 8.00 (t, ] = 7.54 Hz, 2H),
7.93 (d, ] = 8.39 Hz, 2H), 7.46 (t,] = 6.58 Hz, 2H), 7.37 (d, ] = 8.45 Hz, 2H), 2.55
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(s, S-CH3, 3H); 13C-NMR (100 MHz, CDCl3): 148.5, 127.6, 126.5, 124.0, 121.7,
118.9, 15.5 (S-CH3); MS (CI+ (CH4)): m/z: 356; UV /Vis (CH3CN, 9 x 10-¢ mol dm-
3) Amax/NM (€max/103 dm3 mol-1 cm-1): 280 (244.3), 231 (135.1).

Preparation of Ru(4'-(4-(methylthio)phenyl)-2,2":6',2"-
terpyridine)2(PFs)2 (25)

2PFg

A solution of RuCl3-:3H20 (0.019g, 0.120 mmol) and 4'-(4-(methylthio)phenyl)-
2,2":6',2"-terpyridine ( 0.085 g, 0.240 mmol) in ethane-1,2-diol (10 mL) was
heated to reflux for 3 h, The solution was allowed to cool, and water (10 mL)
and an excess of methanolic [NH4][PFs] were added. The resulting dark brown
precipitate was collected on celite by filtration and then redissolved in CH3CN.
The CH3CN was reduced to minimum volume, and purification was by flash
column chromatography (SiO2, eluting with acetonitrile: saturated potassium
nitrate: water (7:1:0.5). The first major orange fraction was collected, an excess
of methanolic [NH4][PF¢] were added, and the solution reduced in volume to
precipitate  [Ru(4-(methylthio)phenyl)-2,2":6',2"-terpyridine):][PFs]2.  The
compound was filtered and dried in air to yield the title compound as a red solid
(0.049 g, 37.5 %); 1H-NMR (CD3CN), 400 MHz): (s, 2H), (dd, J= 4.4, 1.7 Hz, H), (d,
] =8.1 Hz, H), (dd, ] = 1.6, 4.4 Hz, H), (td, ] = 7.8, 1.4 Hz, H), (d, ] = 4.8 Hz, H), (m,
H); 13C-NMR (100 MHz, CD3CN): 158.82, 156.00, 153.02, 148.23, 143.22, 138.58,
133.40, 128.64, 128.02, 127.01, 125.07, 121.65, 14.80 (S-CH3); MS (ES+,
CH30H): m/z: 813 (-2PFs), 957 (-PFs); UV/Vis (CH3CN, 9 x 10-¢ mol dm3)
Amax/NM (€max/103 dm3 mol! cm1): 494 (76.3), 308 (169.7), 283 (137.3), 275
(sh).

Synthesis of 4'-(4-bromophenyl)-2,2":6',2"-terpyridine (19)
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To 4-bromobenzaldehyde (1.0 g, 5.40 mmol) in 120 mL CH30H was added 2-
acetylpyridine (1.3 g, 10.80 mmol), NaOH (0.22g, 5.4 mmol) and 30 mL
concentrated NH4OH. The reaction mixture was refluxed for 72 h, and then
stirred at room temperature for another 3 h. The formed slight yellow
precipitate was filtered and washed sequentially with H20 and CH3zOH. White
powder could be obtained after recrystallization from EtOH (0.783 g, 37.2 %);
m.p: 109-113 °C; TH-NMR (CDCls), 400 MHz): 8.76 (s, 2H), 8.75 (d, J= 0.81 Hz,
2H),8.71 (d,] = 7.9 Hz, 2H), 7.94 (td, ] = 7.7, 1.5 Hz, 2H), 7.82 (dd, ] = 6.7, 1.8 Hz,
2H), 7.65 (dd, ] = 6.6, 1.9 Hz, 2H), 7.42-7.39 (m, ] = 12.2 Hz, 2H); 13C-NMR (100
MHz, CDCl3): 155.77, 149.22, 148.87, 137.33, 132.16, 128.95, 124.08, 123.6,
121.59, 118.82; MS (EI+): m/z: 387 (7?Br), 389 (81Br).

4'-(4'-(methylthio)-[1,1'-biphenyl]-4-yl)-2,2":6',2"-terpyridine (20)

Added to a solution of 4'-(4-bromophenyl)-2,2":6',2"-terpyridine (0.23 g, 0.59
mmol) in toluene:i-PrOH (50:50, 4 mL) was (4-(methylthio)phenyl)boronic acid
(0.1 g, mmol) and 2 M aqueous K2CO3 (2.6 mL). After degassing the solution for
15 mins with Ar, Pd(PPhs)4 (0.016 g, mmol) was added and the mixture was
refluxed for 7 h under Ar. After this time the reaction mixture was diluted with
water and extracted with EtOAc. The combined organic layers were dried with
MgS04 and the solvent evaporated. Recrystallisation from EtOAc yielded the
title compound as white needles (0.025 g, 0.058 mmol, 9.8 %); m.p: 190-195°C;
1H-NMR (CDCls), 400 MHz): 8.817 (s, 2H), 8.71 (d, J= 3.74 Hz, 4H), 7.99 (d, ] =
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8.27 Hz, 2H), 7.92 (t,] = 7.73 Hz, 2H), 7.65 (d, ] = 8.32 Hz, 2H), 7.53 (d, ] = 8.38
Hz, 2H), 7.37 (t, ] = 5.6 Hz, 2H), 7.29 (d, ] = 8.38 Hz, 2H), 2.47 (s, 3H); 13C-NMR
(100 MHz, CDCls): 148.39, 141.33, 138.23, 137.04, 127.85, 127.42, 127.30,
126.95,124.12,121.87, 119.20, 14.77 (S-CH3); MS (CI+ (CH4)): m/z: 432; UV/Vis
(CH3CN, 9 x 10-* mol dm3) Amax/nm (€max/103 dm3 mol-! cm1): 279 (163.2).

Ru(4'-(4'-(methylthio)-[1,1'-biphenyl]-4-y1)-2,2":6',2"-terpyridine)2(PFs)2
(26)

2PFs

A solution of RuCl3:3H20 (0.007g, 0.03 mmol) and 4'-(4'-(methylthio)-[1,1'-
biphenyl]-4-yl)-2,2":6',2"-terpyridine (0.025 g, 0.06 mmol) in ethane-1,2-diol
(2.5 mL) was heated to reflux for 3 h, The solution was allowed to cool, and
water (2.5 mL) and an excess of methanolic [NH4][PFs] were added. The
resulting dark brown precipitate was collected on celite by filtration and then
redissolved in CH3CN. The CH3CN was reduced to minimum volume, and
purification was by flash column chromatography (SiO2, eluting with
acetonitrile: saturated potassium nitrate: water (7:1:0.5)). The first major
orange fraction was collected, an excess of methanolic [NH4][PFs] were added,
and the solution reduced in volume to precipitate [Ru(4'-(4'-(methylthio)-[1,1'-
biphenyl]-4-yl)-2,2":6',2"-terpyridine)2][PF¢]2. The compound was filtered and
dried in air to yield the title compound as a red solid (0.012 g, 33 %); 1H-NMR
(CD3CN), 400 MHz): 9.07 (s, 4H), 8.68 (d, J= 7.99 Hz, 3H), 8.34 (d, ] = 8.39 Hz,
3H), 8.10 (d, ] = 8.12 Hz, 4H), 8.03 (d, ] = 8.37 Hz, 4H), 7.96 (t,] = 7.31 Hz, 6H),
7.85 (d, ] = 8.2 Hz, 4H), 7.45 (d, ] = 4.58 Hz, 4H), 7.19 (t, ] = 6.06 Hz, 4H), 2.76 (s,
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S-CH3, 6H); 13C-NMR (100 MHz, CD3CN): (aromatic), (aromatic), (aromatic),
(aromatic), (aromatic), (aromatic), (aromatic), (aromatic), (aromatic),
(aromatic); MS (ES+, CH30H): m/z: 995 (-PF12), 1141 (-F¢); UV/Vis (CH3CN, 9 x
10-¢ mol dm3) Amax/nm (€max/103 dm3 mol! cm1): 494 (9.9), 311 (38.9), 287
(sh).

Synthesis of 4-(pyridin-4-yl)benzaldehyde (10)

Added to a solution of 4-bromopyridine hydrochloride (0.2 g, 1.34 mmol) in
toluene:i-PrOH (50:50, 4 mL) was (4-formylphenyl)boronic acid (0.16 g, 1.06
mmol) and 2 M aqueous K2CO3 (2.6 mL). After degassing the solution for 15
mins using Ar, Pd(PPh3)s (0.036g, 0.030 mmol) was added and the mixture was
refluxed for 7 h under Ar. After this time the reaction mixture was diluted with
water and extracted with EtOAc. The combined organic layers were dried with
MgS04 and the solvent evaporated. Recrystallisation from EtOAc yielded the
title compound as white needles (0.116 g, 47 %); m.p: 85-88 °C; TH-NMR (400
MHz, CDCI3): 10.11 (s, 1H, 0-H), 8.75 (dd, J= 4.6, 1.6 Hz, 2H), 8.03 (dd, ] = 6.5, 1.7
Hz, 2H), 7.83 (dd, ] = 7.2, 1.6 Hz, 2H), 7.65 (dd, ] = 4.65, 1.6 Hz, 2H); 13C-NMR
(100 MHz, CDCl3): 191.47 (C=0), 148.94, 143.25, 136.83, 130.52, 127.88,
122.27; MS (CI+ (NH3)): m/z: 184.3.

Synthesis of 4’-[4-(pyridin-4-yl)phenyl]-2,2’:6’,2"-terpyridine (12)

A solution of 4-(pyridin-4-yl)benzaldehyde (0.05 g, 0.273 mmol) in methanol (4
mL) was cooled to -15°C. Solutions of 2-acetylpyridine (0.066 g, 0.54 mmol) in
MeOH (2 mL) and 20 % aq NaOH (4 mL) were added simultaneously over a
period of 20 minutes. The reaction mixture was then further stirred for 3 h at -
10 °C. The solution was warmed to room temperature and filtered. The filtrate

was then treated with NH40Ac (0.1 g, 1.297 mmol) and heated to reflux for 4 h.
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The resulting solution was filtered and washed several times with hot water
and hot ethanol. The title compound was recovered as a white solid (0.036 g, 34
%); m.p: 220-225 °C; TH-NMR (400 MHz, CDCl3): 8.82 (s, 2H), 8.76-8.70 (m, J=
26.0 Hz, 6H), 8.09 (d, ] = 8.3 Hz, 2H), 7.92 (td, ] = 7.7, 1.55 Hz, 2H), 7.84 (d, ] =
8.3 Hz, 2H), 7.75 (d, ] = 6.2 Hz, 2H), 7.41-7.38 (m, ] = 12.1 Hz, 2H); 13C-NMR
(100 MHz, CDCl3): 156.08, 156.04, 149.21, 149.13, 149.12, 139.64, 138.14,
137.04, 128.21, 127.64, 124.01, 121.89, 121.46, 118.80; MS (EI+): m/z: 386.5;
UV/Vis (CH3CN, 1.2 x 10> mol dm=3) Amax/nMm (€max/103 dm3 mol! cm-1): 285
(209.4).

Preparation of Ru(4’-[4-(pyridin-4-yl)phenyl]-2,2’:6’,2"-
terpyridine)z(PFs)2 (23)

2PFg-

A solution of RuClz-3H20 (0.019g, 0.120 mmol) and 4’-[4-(pyridin-4-yl)phenyl]-
2,2":6’,2"-terpyridine (0.092 g, 0.240 mmol) in ethane-1,2-diol (10 mL) was
heated to reflux for 3 h. The solution was allowed to cool, and water (10 mL)
and an excess of methanolic [NH4][PFs] were added. The resulting dark brown
precipitate was collected on Celite by filtration and then redissolved in CH3CN.
The CH3CN was reduced to minimum volume in vacuo, and purification was by
flash column chromatography (SiO;, eluting with acetonitrile: saturated
potassium nitrate: water (7:1:0.5). The first major orange fraction was
collected, an excess of methanolic [NH4][PFs] was added, and the solution was
evaporated to low volume to precipitate [Ru(4’-[4-(pyridin-4-yl)phenyl]-
2,2":6’,2"-terpyridine);][PFs]2. The compound was filtered and dried in air to
yield the title compound as a red solid (0.048 g, 46 %); TH-NMR (CD3CN), 400
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MHz): 9.08 (s, 4H), 8.77 (dd, J= 4.7, 1.5 Hz, 4H), 8.68 (d, ] = 7.95 Hz, 4H), 8.38 (d,
] = 8.43 Hz, 4H), 8.18 (d, ] = 8.45 Hz, 4H), 7.99-7.94 (m, ] = 19.6 Hz, 8H), 7.45 (d, ]
= 5.5 Hz, 4H) , 7.22-7.94 (m, ] = 14.3 Hz, H); 13C-NMR (100 MHz, CD3CN): ; MS
(ES+, CH30H): m/z: 873 (-2PF¢), 1019 (-PFs); UV/Vis (CH3CN, 1.2 x 10-> mol dm-
3) Amax/nm (€max/103 dm3 mol-! cm-1): 493 (24.3), 310 (60.8), 287 (sh).

Ru(2,6-di(pyridin-2-yl)pyrazine):(PFe)2 (22)

_ \ s
-
|
/N\R'U/N A | 2PFg
= N/ | \N/ |
\l N\ X
.
N

A solution of RuCl3:3H,0 (0.027 g 0.105 mmol) and 2,6-di(pyridin-2-
yl)pyrazine (0.05 g, 0.214 mmol) in ethane-1,2-diol (10 mL) was heated to
reflux for 3 h. The solution was allowed to cool, and water (10 mL) and an
excess of methanolic [NH4][PFs] were added. The resulting dark brown
precipitate was collected on Celite by filtration and then redissolved in CH3CN.
The CH3CN was evaporated to minimum volume, and purification was by flash
column chromatography (SiO:, eluting with acetonitrile: saturated potassium
nitrate: water (7:1:0.5)). The first major orange fraction was collected, an
excess of methanolic [NH4][PFs] was added, and the solution reduced in volume
to precipitate [Ru(2,6-di(pyridin-2-yl)pyrazine)z][PFs]2. The compound was
filtered and dried in air to yield the title compound as a red solid (0.04 g, 47 %);
1H-NMR (CD3CN), 400 MHz): 9.86 (s, 1H), 8.62 (d, ]= 8.09 Hz, 1H), 7.99 (td, ] =
7.93,1.32 Hz, 1H), 7.36 (d, ] = 5.51 Hz, 1H), 7.20 (td, ] = 5.66, 1.13 Hz, 1H); 13C-
NMR (100 MHz, CD3CN): 153.76, 150.44, 144.39, 139.41, 128.56, 125.62; MS
(ES+, CH30H): m/z: 569 (-2PFs), 715 (-PF¢); UV/Vis (CH3CN, 1.2 x 10-> mol dm-
3) Amax/NM (Emax/103 dm3 mol! cm1): 469 (9.5), 340 (sh), 308 (26.8), 269
(23.5).

7.5 Scanning Tunneling Microscopy Measurements
Measurements were completed using an Agilent 2500 or 5500 controller

utilizing Agilent PicoScan 5.3.3 software. Gold on glass substrates (Arrandee®)
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were flame annealed prior to use for approximately 2 minutes. Gold tips for use
in the STM were prepared by cutting 0.25 mm gold wire (99.99%, Goodfellows).
A monolayer of the required substrate was formed by immersing the gold
substrate into a solution of the required molecule for a set amount of time. The
substrate was then washed with ethanol and dried with nitrogen. For
conductance measurements in solution an environmental chamber was used
and for measurements under electrochemical control Pt quasi reference and
counter electrodes were employed. Once the ionic liquid was added to the cell

the system was purged with nitrogen for 1 h prior to use.

The I(s) method was used throughout these measurements with a constant bias
of + 0.6 V and various set point currents. The scans were performed with
duration of 0.1 second and from 0 - 4 nm relative to the set point current. For
each molecule set around 500 scans were taken and the data plotted into a
histogram to calculate the conductance. The total break off distance was

calculated using the method described in chapter 1.

7.6 Cyclic Voltammetry
Cyclic voltammetry experiments were completed using an EcoChemie Autolab

potentiostat PGSTAT30 model utilizing the AutoLab GPES software. For all

experiments a three electrode set up was employed.

The gold working electrodes were tested prior to use following standard
literature procedures.26 3%2 The resulting voltammograms can be seen in Figure

7.1 and 7.2.

The quality of the Au(111) working electrode was tested following literature
procedures.3%2 The Au(111) electrode was tested in 0.1 M H2SO4 using a
saturated calomel electrode as the reference electrode and a Pt wire counter

electrode. The butterfly peak occurs due to sulfate anion adsorption, Figure 7.1.
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Figure 7.1: Cyclic Voltammogram of Au(111) surface in a 0.1 M H2S0. electrolyte referenced to SCE.
Scan Rate 0.1V/s

The electrochemical surface area of the Au polycrystalline working electrode

was calculated following literature procedures.?6 The Au(111) electrode was

tested in 0.1 M phosphate buffer (pH 7.4) using a saturated calomel electrode as

the reference electrode and a Pt wire counter electrode at a scan rate of 0.05

V/s. The voltammogram can be seen in Figure 7.2.
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Figure 7.2: Cyclic voltammogram of Au polycrystalline electrode in 0.1 M phosphate buffer
referenced to SCE. Scan rate 0.05 V/s.
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The area of the gold oxide reduction peak is then calculated. This is then divided
by the standard adsorption charge associated with the polycrystalline gold, 390

uC cm-2
Aec = QAd/Qm Equation 7.1

Where A is the electrochemical surface area, Quq is the adsorption charge of a
known adsorbate on the electrode surface and Qn is the charge associated with

the monolayer coverage of the adsorbate from the experiment.

Solution voltammetry experiments of the transition metal complexes were
completed using a sealed cell prepared in the glove box using either dried ionic
liquid BMIM-TFSA or dry acetonitrile, which contained 0.1 M TBATFB as the
electrolyte. The electrodes used for all experiments were gold polycrystalline
working electrode, Pt Wire counter and reference. The experiments were

referenced to an internal standard, ferrocene.

Monolayer voltammetry experiments were completed using a sealed cell
prepared in the glove box using dried ionic liquid BMIM-TFSA. The electrodes
used for all experiments were gold (111) working electrode, Pt Wire counter
and reference. The experiments were referenced to an internal standard,

ferrocene.
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