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Abstract 
 

Single-molecule electronics is a field of nanoelectronics in which the 

electronic components are single molecules. It combines engineering, 

physics, and chemistry expertise to realise circuit parts at the limit of 

miniaturisation. A number of approaches for measuring the charge transport 

characteristics of single molecules have been developed since a single 

molecule may behave as an effective electronic component. Mechanically 

controllable break junctions and scanning tunnelling microscopes have been 

used to study the electronic transport properties of single-molecule junctions. 

The most common method for studying the electronic characteristics of 

single-molecule junctions is the scanning tunnelling microscope-based break-

junction (STM-BJ) technique. 

In the first part, various pyrrolodipyridines (carbazole-like) molecular wires 

were studied and modified. By chemically controlling the bridging nitrogen 

atom in the tricyclic ring structure, it is possible to vary the electrical 

conductance and quantum interference patterns. Eight distinct N-substituted 

pyrrolodipyridines were produced and tested utilising an STM break junction 

for single-molecule electrical characterisation. The importance of the pyrrolic 

nitrogen in enabling conductance over the chemical bridge and managing 

quantum interference is shown by correlations of these experimental results 

with theoretical calculations. The considerable chemical modulation seen in 

the meta-connected series is absent in the para-series, indicating a rivalry 

between (a) meta-connectivity quantum interference processes and (b) the 
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pyrrolic nitrogen's ability to assist conductance, which can be regulated by 

chemical substitution.   

In the second part, charge transport in an oligophenyleneethynylene 

molecular junction mediated by host-guest interactions with pillar[5]arenes 

was studied. For oligophenyleneethynylene, intermolecular conductance 

pathways arises in the junction due to 𝜋 stacking between molecules. The 

pillar[5]arene can be used to form a "molecular sheath" around the OPE, 

preventing dimeric connections from forming by separating and restricting 

the interaction between single-molecule wires. Excellent performance of 

pillar[5]arene  in hosting molecules in their cavity can help the development 

of single-molecule supramolecule studies, as well as inspire a variety of 

creative designs of molecular electronic systems around intermolecular 

interactions. 

In the last part, molecular junctions were formed with the organic 6-oxo-

verdazyl radical using the scanning tunnelling microscope break-junction 

process. Even at ambient temperature, the verdazyl moiety remained 

stable within the junction, and electrochemical gating allowed in-situ 

reduction of the verdazyl radical to its the anionic state in a single-molecule 

transistor design. Due to bias adjustment, changes in the resonances of the 

radical molecule with regard to the Fermi levels of the metallic electrodes was 

observed. At room temperature, single molecules of verdazyl were able to 

sustain their radical behaviour, exhibit transistor-like switching behaviour, 

and rectification. These characteristics open the path for more research into 

the electrical and magnetic properties of radical in molecular junction. 
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1.1. Molecular Electronics 
 
 

A primary focus of molecular electronics is the study of the electrical 

properties of materials at the molecular level, especially their charge transport 

behaviour and quantum effects. In recent years this has included electrical 

characterisation of single molecules and single nanostructures. In the case of 

single molecules this has provided a platform to quantify the energy gap 

between the molecular orbitals and the Fermi level of the metallic electrodes, 

the molecule-electrode coupling, charge transport mechanisms in the 

molecules and thermoelectric properties. Such measurements can help in the 

design of organic and inorganic molecular targets with multifarious electrical 

properties when contacted in electrode junctions. 1,2. Organic electronics, on 

the other hand, is a more established field of contemporary electronics that 

deploys and studies organic materials such as conducting polymers and bulk 

molecular and nanostructured materials 3. Here organic electronics 

contributes to the design of electrical and optoelectrical devices that take 

advantage of the macroscopic features of organic materials 4. So far, the most 

successful commercial products in this field include organic photovoltaic 

(PV) devices, organic light-emitting displays, light-emitting diode displays 

(LED), liquid crystal displays (LCD), organic transistors, 2 infrared imaging, 

and biochemical sensors 5. On the other hand, applications of molecular 

electronics are early stage, but sensors which can electrically detect single 

molecules are a promising avenue. There are various developments in this 

respect including carbon nanotube sensor devices which have been deployed 
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to analyse the activity of a single enzyme molecule connected to a nanotube 

in real-time 4.  

Although organic electronics has had very great technological success the 

replacement of traditional semiconductor device electronics with molecule 

electronics is very far from reality. However, the importance of molecular 

electronics can be seen by its contribution to the understanding of charge 

transport through molecules and across interfaces. These advances in 

understanding have been facilitated by the use of techniques such as break 

junction STM or large area junctions. Experimental and theoretical advances 

have ensured that this field has emerged as a rapidly developing area of 

nanoscience, demonstrating the interdisciplinarity of the topic 2.  

Understanding charge transport in single-molecule has important applications 

across a wide variety of academic fields including in chemistry, materials 

science, physics, and biology. An example of the latter is the detection of 

DNA, proteins, and antibodies binding, which can be used to observe the 

activity of enzymes significant in biology 4. In chemistry one application area 

has been the application of single-molecule electrical methods in 

electrochemistry. Single molecule techniques can detect, manipulate, and 2 

characterise the faradaic response of individual redox molecules 6, as well as 

to regulate molecular conduction via gate electrodes in single-molecule 

experiments employing electrochemical control 7. Single molecule 

measurements can be performed over a wide range or environments (UHV, 

ambient, solution, electrolyte, ionic liquids etc) and temperature (from ultra-

low to over ambient). However, it should be noted that single-molecule 
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conductance measurements are a challenge in terms of reproducibility. 

Forming a reliable single molecule in the junction between the metallic 

electrodes is not straightforward and doing it consistently is considerably 

more challenging 8. However, the insights afforded by such methods into 

charge transport is very significant and single-molecule electrical 

measurements and associated theory are growing areas of research. 

 
1.2. History of Molecular Electronics 
 

The innovation of the transistor and the introduction of subsequent circuits in 

the 1950s revolutionised electronics. In 1956 a German scientist, Arthur von 

Hippel, initiated a basic molecular engineering approach 9. This concept 

introduced by Hippel lead initiated the first steps into molecular electronics 

10. Molecular electronics, as is studied today, can be traced back to the end of 

the 1960s and early 1970s, when various groups started studying electronic 

transport through molecular monolayers.  For example, Hans Kuhn 

discovered a novel method to fabricate Langmuir-Blodgett (LB) films for 

molecular electronics measurements. This approach placed these LB 

monolayer films in a sandwich configuration between metal electrodes, 

enabling measurement of the junctions' electrical conductivity [3]. Later, Ari 

Aviram studied molecules designed with the aim of conferring rectifying 

properties to molecular electronic junctions. Here the target molecule featured 

an electron donor (tetrathiafulvalene) and an electron-accepting group 

(tetracyanoquinodimethane), with these two groups being separated by an 

insulating bridge to prevent coupling between their p levels 11. This was a 
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major advance in the theoretical development of molecular electronics 

concepts, although Aviram's idea remained a hypothetical concept for many 

years until it could be demonstrated experimentally.  

The innovation of scanning tunnelling microscope (STM) by Gerd Binnig and 

Heinrich Rohrer in 1981 opened new doors for many subject areas, including 

surface chemistry and physics, nanoscience, catalysis, and eventually also 

molecular electronics, where it provided the realistic opportunity to study 

single molecules and their electronic transport properties. Atomic-sized 

metallic contacts were an important development in nanoscience in the late 

1980s12,13, and this was to latter play an essential role in nanoelectronics. Such 

atomic scale metallic wires provided the platform for contacting molecules 

for electrical characterisation down to the single molecule level.  The 

connection between the quantum properties of single atoms and molecules 

and macroscopic current-voltage (I-V) response of the electrical circuits is a 

vital aspect of molecular electronics 14.  

In 1988 Aviram and collaborators used a scanning tunnelling microscope to 

measure the I-V characteristics of an hemiquinone-catechol molecule. They 

studied switching and rectifying features of the molecule by preparing self-

assembled monolayers (SAMs) on gold substates and performed the 

measurement using a platinum tip to collect I-V scans in different substrate 

areas. In very flat areas of the substrate, only asymmetric Au-Pt junctions 

were recorded, while in the rough areas where the molecules are adsorbed, 

considerably different junction responses were seen. Their results featured a 

current peak at -200 mV as the bias voltage was scanned in the negative 
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direction. This only occurred in the negative scans which was taken as 

evidence of a rectifying behaviour, akin to that predicted in 1974. They 

concluded that the catechol moiety behaves as an electron donor, and 

hemiquinone behaves as an acceptor and this conveys the rectification to the 

molecular junction 14.  

The earliest charge transport experiment in single-molecule junctions was 

conducted in 1997. Reed, used a mechanically controlled break junction 

(MCBJ) technique to make a junction of benzene-dithiol between gold 

electrodes. They prepared a SAM of benzene-dithiol on gold by putting a gold 

wire in a solution of benzene-dithiol in tetrahydrofuran until breakage took 

place, and as a consequence, two tips of atomic sharpness covered with the 

benzene-dithiol monolayer were formed. They left the solvent to evaporate in 

an argon atmosphere, and a piezo controlled bendable substrate was used to 

bring the tips together to run I-V scans 14. Other important innovative work 

was performed by Reed, who developed a nanopore technique for fabricating 

metal SAM heterojunctions. These nanopore devices were used to study the 

rectifying behaviour of the molecule junctions 15. Molecular junctions also 

exhibiting negative differential resistance (NDR) electrical signature also 

came into focus.  In this time period, Stoddart. showed that rotaxane and 

catenane junctions could behave as reconfigurable switches 16,17 in crossbar 

junctions. In these junctions the molecular material is sandwiched at the 

crossing point of overlaid metallic leads, giving a platform for direct electrical 

characterisation. However, it was not until the next decade that the STM and 
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conducting AFM were developed for making electrical measurements on 

single molecules. 

1.3. Scanning Tunnelling Microscope  
 

A scanning tunnelling microscope (STM) is one of the most advanced 

instruments available for forming contacts and junctions at the atomic and 

molecular scale 18. In the standard operation of an STM the tip is held at a 

very close distance to the metallic substrate and a small tunnelling current 

flows between tip and surface on application of a bias potential. For an empty 

tunnelling junction, the current decreases exponentially as the tip is 

withdrawn away from the sample surface. Alternatively, the metallic tip can 

be driven into the metallic substrate and then withdrawn to make atomic size 

contacts. Repeating the indentation of the metallic tip into the surface can 

“anneal” and clean the metallic contacts even under ambient conditions and 

can help in the formation of good quantity atomic junctions.  

High speed and versatility are the most significant advantages of the STM. 

However, as the atomic size contact is formed while withdrawing the tip from 

the substrate, measurement of the exact atomic configuration of the contact is 

not possible 19. Compromised stability when changing external variables such 

as temperature, magnetic field and electrochemical potential, and the short 

lifetime of the contacts due to the sensitivity of the STM to the vibrations are 

the main disadvantages of the instrument. Recently ultra-high vacuum STMs 

that work with high stability at very low temperatures and strong magnetic 

fields are widely available 19. However, these have disadvantages that they 
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cannot be applied under ambient or solution conditions or with 

electrochemical control.  

In the STM, the tip is typically manually approached to the substrate using 

some form of stepper motor 20.  A bias is applied between the tip and the 

substrate and the z-piezo is expanded to approach the tip to within electron 

tunnelling distances of the substrate. The piezo approach stops when the 

desired set-point current is obtained. At this stage, the separation of the tip 

and substrate is typically between 5 to 15 Å 21. To control the movement of 

the tip precisely, the piezo drive is used to control the tip on the three axes in 

the tunnelling regime. Constant current mode and constant height mode are 

the two methods of imaging a surface using STM. In the former method, the 

feedback loop keeps the current constant during scanning, and the outcome is 

a plot of tip movement with respect to the substrate 21. In the latter method, 

which is suitable for very flat surfaces, the feedback loop keeps the height of 

the tip constant during scanning, and the outcome is a plot of current 21.  

 

1.4. Charge Transport Properties in a Single Molecule  
 

Energy levels (molecular orbitals (MOs)) are quantised in molecules, while 

energy-band dispersion of bulk materials is continuous and condensed. 22. 

There is an energy gap between the highest occupied (HOMO), and the 

lowest-unoccupied molecular orbital (LUMO) called the HOMO-LUMO 

gap. The HOMO-LUMO gap differs from molecule to molecule, just as the 

Fermi level of bulk electrodes differs from metal to metal 22. While 
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establishing a reliable molecule-electrode attachment is challenging, the 

successful formation of the molecular junction between two metallic 

electrodes can lead to the transition from discrete molecular states to more 

continuous states, resulting from hybridisation between molecular orbitals 

and electronic states of the substrate 23.  

Different mechanisms for the current flow through molecules have been 

recognised, including coherent and incoherent tunnelling, hopping, and 

Fowler-Nordheim tunnelling 24–29. Understanding and controlling the physics 

of charge and energy flow at the molecular level are fundamental challenges 

in molecular electronics. A molecule contacted to two metallic electrodes 

provides an excellent platform to study charge dynamics on the nano-scale 30–

33. A single orbital connected to two metallic leads is a simple model for 

capturing the crucial physics of charge transfer across a single-molecule 

junction (Figure 1.1) 30.  

A single-level model contains a molecular orbital contacted to the two 

metallic electrodes. Figure 1.1 shows a molecular orbital coupled with leads 

on the left and right, and there is no direct coupling between the electrodes. 

By applying a bias voltage, electrons transfer from the Fermi level of the left 

lead to the molecular orbital and then transfer to the drain (right lead).  
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Figure 1.1. Here there is no direct coupling between the leads in this single-level 
model for a molecular orbital coupled to two leads. EF is the lead Fermi energy, 𝜀! 
is the orbital energy, and ГL is the coupling between the molecular orbital and left 
electrode and ГR is the coupling between the molecular orbital and right electrode. 
 

In Figure 1.1, EF is the Fermi level of the metallic contacts, 𝜀!  is the orbital 

energy and ГL and ГR are the coupling between the molecular orbital and left 

and right lead, respectively. If the coupling is symmetric Г= ГL= ГR, the 

conductance is: 

𝐺 = 𝐺!
Г!

(#"$𝜀#)!&Г!
                                                                 Equation 1 

Here EF is the junction Fermi energy, and G0 is the quantum conductance. 

Charge transport takes place through the highest occupied molecular orbital 

(HOMO) when EF - 𝜀! > 0 or the lowest unoccupied molecular orbital 

(LUMO) when EF - 𝜀! < 0. This basic model gives a reasonable understanding 

of the actual transmission mechanism in the junction 30. In asymmetric 

coupling, ГL≠ ГR, the molecule is coupled more robustly to either the left or 
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right contact. Assuming that the left contact is coupled more to the LUMO of 

the molecule (ГL> ГR), the current I and the LUMO occupancy n can be found 

using the equations 2.  

𝐼 = $%!Г"Г#
&(Г"(Г#)

:𝑎𝑟𝑐𝑡𝑎𝑛 $*!(&+
Г"(Г#

− 𝑎𝑟𝑐𝑡𝑎𝑛 $*!,&+
Г"(Г#

?                        Equation 2 

 

Here, e is the elementary charge. Contributions from the substrate and the tip 

play an essential role in the LUMO occupancy n of the molecule in a biased 

junction 34. In equation 2, Г- and Г. represents the coupling of the molecule 

to the substrate and the tip. Asymmetric coupling of the molecule to the 

electrode can impart rectifying properties, so the conductance at a given 

positive voltage would be different from the conductance at the same, but 

negative voltage. Quantification of the asymmetric coupling originating from 

measurements of transport is not necessarily straightforward, but the single 

level model provides a basic theoretical framework. 

In metal-molecule-metal junctions, the Fermi level alignment is an essential 

factor in defining the charge transport mechanism. 35. At thermal equilibrium, 

when a metal is in contact with a molecule, the Fermi levels in the 

two materials must be equal. The HOMO-LUMO gap is usually several 

electron volts 36. Typically, at least for tunnelling transport, the Fermi level of 

the metallic electrodes locates close to the centre of the HOMO-LUMO gap 

and does not energetically align with them at zero bias 37. The difference in 

the energy level results in a contact barrier, and depending on the height of 

this barrier, charge transport in the junction shows different behaviours 38. The 
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gap between the metal work function, Φm, (the energy difference between the 

metal Fermi level and the vacuum level) and the electron affinity, X, of the 

molecule (the energy difference between the molecule conduction band edge 

and the vacuum level) is the barrier height, ΦBn. (Figure 1.2). 

 

Figure 1.2. Under thermal non-equilibrium conditions, the energy band diagram of 
metal close to the molecule. 

 

At the nanoscale, an electrical circuit does not follow Ohm's law, and this is 

most simply illustrated by considering chain of single metal atoms, such as 

those formed in mechanically-controlled break-junction (MCBJ) experiments 

with gold contacts. In systems with macroscopic dimensions, the resistance 

has a linear correlation with the length of the wire. On the other hand, at nano-

scale limits, for example, a chain of single metal atoms, the resistance is 

unaffected by the length of the wire, since the resistance is quantised in units 

of h/2e2. In a typical measurement using scanning tunnelling microscope 

(STM), when a metallic contact with a single or few metal atom widths is 

broken, the conductance can be observed to be quantised. By slow retraction 

of two metallic electrodes in contact, the whole contact area experiences 

structural rearrangement until it ends up with its final stages with only a few 

bridging atoms 39. The conductance of a single chain of metal atoms with one 
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conductance channel is close to 2e2/h. This value is referred to as one quantum 

unit of conductance. Yanson, presented an example of a conductance 

histogram from data that involved stretching a gold nano-contact using a 

mechanically controlled break-junction (Figure 1.3). The conductance drops 

in a series of marked vertically descending steps. Rearrangement of the 

atomic structure causes these steps 40,41. The conductance of the last plateau 

for monovalent metals (e.g. lithium, sodium, potassium) is close to 1G0, and 

this plateau originates from a single atom contact. This is also the case for 

other metals such as gold (Figure 1.3). The contact can be stretched to form a 

chain of single atoms over distances of up to 20 Å (Figure 1.3).  

 

Figure 1.3. In an MCBJ, conductance is a function of the separation of the two gold 
electrodes. The traces begin at higher conductance values, and then following a jump 
that opens a tunnelling gap, a prolonged plateau with a conductance close to 1 G0 is 
seen. Figure is taken from A. I. Yanson, Formation and manipulation of a metallic 
wire of single gold atoms, NATURE, VOL 395, 1998. 

 
 
 
 
 



 

 

14 

 
 
 

1.4.1. Quantum Tunnelling  
 

Electron tunnelling is a quantum mechanical phenomenon involving a 

particle going through a barrier that is classically considered the forbidden 

area 42. A straightforward example of classical mechanics would be a ball with 

kinetic energy (the energy it possesses due to its motion) of 100 J rolling on 

a flat surface. The ball now faces a hill and acquires potential energy of 10 J 

at the top of the hill. In this case, the ball can rollover the hill without any 

difficulty. In classical mechanics, the possibility of the ball rolling over the 

hill in this circumstance is 100%. On the other hand, if the ball encounters a 

higher hill and the ball's potential energy on top of that hill is 200 J, the ball 

will roll partially up the hill, stop, and then return down. In this case, the 

possibility of having the ball surmounting the hill is 0 %. Since, in this case, 

the ball cannot progress beyond the hill, this is classed as energetically 

forbidden. Now consider the quantum mechanical situation where a wave 

function now describes the ball. This wavefunction might be localised, but it 

would be suddenly observed on the other side of the hill if it encounters the 

hill. When the wavefunction of a bound state with energy E meets a barrier 

with potential energy Vx, the wavefunction extends beyond the limits of 

classical motion into the region where Vx > E. This phenomenon by which the 

quantum particle can be found in the classically forbidden area is called 

quantum tunnelling. Quantum mechanics allows the particle to penetrate the 

barrier and then come out from the other side. This procedure relies on the 

probability of a quantum object, for example, an electron, to tunnel through a 
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barrier since the particle also has wave characteristics 43. By such means, 

tunnelling electrons can travel between two metallic electrodes when they are 

sufficiently close. An effective insulating medium between the electrodes 

raises the height of the potential barrier between the electrodes. If the 

insulation thickness is small enough, the current can still flow from one 

electrode to another 44,45. The height of the barrier (f), the barrier width (s), 

and the decay of the wave function within the barrier are essential parameters 

in the tunnelling.  

Simmons suggested a theory in which an electrical current can pass through 

an insulating barrier between two metallic electrodes under two conditions: 

1) electrons of the metallic electrodes have adequate energy to overcome the 

potential barrier and pass between two conduction bands and 2) the barrier 

must be small enough to let electrons travel through it 46,47. The Simmons' 

model has been widely used in molecular electronics due to its relative 

simplicity. This model, and it has been widely used in the analysis of tunnel 

barriers 28,48. Here, the voltage and current density in a junction is: 

Equation 3 

𝐽 = !"
#$!%&!

#f− '(
)
% . 𝑒𝑥𝑝 *−	)&√)+

%
,f− '(

)
- − #f+	!(

)
% . 𝑒𝑥𝑝 *− )&√)+

%
,f+ '(

)
-                        

 

Where s is the width of the barrier, A is the junction area, m is the mass of 

electron, f is the height of barrier, e is the electron charge and V is the applied 

bias 4746. 
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Imagine two metal electrodes separated by an insulator with a layer thickness 

s between them. When the two electrodes are subjected to the same potential, 

the system is said to be in thermodynamic equilibrium, and their Fermi levels 

are the same, i.e., f 1 = f 2 in Figure 1.4 46,47.  

 

 

Figure 1.4. Potential barrier in the metal-insulator-metal of system with a 
rectangular shape of the barrier between the electrodes when the system is at 
equilibrium. 
 

In case of very small voltages where f	A  ≫ eV, where the averaged barrier is 

f	A  = f	$(f	%
$

, it is possible to assume f	A  is independent of V, so the tunnelling 

current is linearly proportional to the voltage (Figure 1.4) 47, 46.  
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However, if the potentials of the electrodes are different, current flow 

between them is possible. Figure 1.5 depicts the energy diagram of electrodes 

with a bias energy of eV applied to them. In case of intermediate bias voltages 

where eV ≤ f 2 and the average barrier height is f	A  = f	$(f	%,&+
$

 , the potential 

barrier between the metallic electrodes has a trapezoidal shape showing the 

asymmetry of the barriers 46,47. 

 

 

Figure 1.5. Potential barrier in the metal-insulator-metal of system with trapezoidal 
shape of the barrier between the electrodes when eV ≤ f 2. 
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At high voltages (field emission mode) eV > f 2 the average barrier height is 

	f$
$

. Under this condition, the barrier between metallic electrodes is triangular 

(Figure 1.6) 47, 46.  

 

Figure 1.6. Potential barrier in a metal-insulator-metal system with a triangular 
shape of the barrier between the electrodes when V ≫ f". 

In case of very high voltages where eV ≫ f$, the Fermi energy of electrode 

2 is located very far beneath the conduction band of electrode 1. Under this 

circumstance, tunnelling of the electrons from electrode 2 to 1 is impossible 

as every available level in metallic electrode 2 is empty, so this situation is 

similar to the field emission from a metallic electrode, and equation 3 can be 
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written in a shorter form of the well-known Fowler-Nordheim tunnelling 

equation (explained in Section 1.3.2.5) form 46,47: 

𝐽 ∝ 𝑉$	exp G− 01√$3ɸ
&
%

567+
H                                                          Equation 4 

In some circumstances, this model may not be appropriate since it gives a 

simple description of tunnelling, and it also ignores hopping and 

superexchange processes 46,47,49. When applying the model, it is crucial to 

define different conditions under which it can be used and its constraints. Two 

main limitations of the Simmons' model are: 1- The potential is spatially 

averaged and 2- A linear relation between applied voltage and potential 

change. 

The Simmons' model relies on averaging the potential-thickness profile of the 

barrier ɸ(V,x), which leads to a distinctive parameter known as an averaged 

barrier potential f	A(V). Simmons considers the potential barrier should be 

averaged when the junction is introduced to a bias, and one considerable 

drawback of this assumption is that the model neglects the asymmetry 

present between the barrier heights at the two electrodes. Regardless of the 

restrictions of Simmons model, it has the advantage of simplicity in 

comparison to other models with more complicated mathematical structures 

50.  

Having established that tunnelling is one of the main conduction mechanisms 

in molecular electronics, it is feasible to obtain current density, barrier height 

and other transport parameters for direct tunnelling when V < ɸ2/e from the 

Simmons model using the equation 4 46,48,49. 
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1.4.2. Charge Transport Mechanisms  
 
1.4.2.1. Coherent Tunnelling 
 

Coherent tunnelling is a process in which electrons are transmitted through a 

structure without any phase-coherence breaking events. The term "coherent" 

refers to the absence of interactions with the environment 51. In a molecular 

wire with no or negligible scattering, coherent tunnelling can take place. 

 A wire with no scattering is called ballistic, and a length of a ballistic 

conductor is shorter than the mean free path of the electrons. In the case of 

equilibrium, when no voltage is applied through the junction, no current flows 

due to the symmetry of the device. The Fermi level of the left electrode is 

raised when a bias is applied to it, and an electron from an occupied state on 

the left electrode tunnels to an unoccupied state on the right metallic 

electrode, and during this procedure, the energy of the molecule is preserved. 

In coherent tunnelling, the current rises linearly with the applied slight bias.  

 

1.4.2.2. Incoherent Tunnelling   
 

Incoherent tunnelling is the case of electron tunnelling through a series of 

barriers, and the electron residence is long enough to experience phase change 

52. In this case, the barrier can be taken to have a vibrational mode with a 

frequency ν. The applied bias is strong enough to cause the electron lose an 

energy quantum of hν to excite a vibrational mode of the barrier and tunnel 

into a different empty state. The process is then inelastic tunnelling, and the 
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applied bias voltage determines the overall tunnelling current. 53. Qian, used 

a system to increase and record the light generation, which resulted from 

enhancing inelastic tunnelling. Inelastic electron tunnelling leads to a 

transformation of electrons to higher energy levels, leading to light generation 

on their way back to the lower states. However, emission efficiency from 

inelastic tunnelling is very low since most of the tunnelling happens 

coherently. Qian, used a set of nanocrystals assembled into metal-insulator-

metal junctions to show efficient light generation resulting from enhanced 

inelastic tunnelling. The ability of the inelastic tunnelling to produce photons 

can be enhanced by making a plasmonic structure with a considerable local 

density of optical states. Single-crystalline silver nanocrystals have been used 

to make a tunnel junction with a gap distance of about 1.5 nm. A layer of 

polyvinylpyrrolidone was used to encapsulate two ordered silver single-

crystal cuboids to make the junction 54. The polymer works as an insulating 

barrier 55 and the length of the polymer used to encapsulate cuboid silver 

electrodes can control the gap distance of the tunnel junction. A powerful 

plasmonic field was generated by the plasmonic mode inside the nano 

tunnelling gap, which results in a massive boost of the emission efficiency by 

inelastic tunnelling 54.   

 

1.4.2.3. Coulomb Blockade 
 

A Coulomb blockade is characterised by the existence of a small charge island 

between two metallic electrodes. If the charge island is small enough and 
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contains N electrons, an energy gap exists between the energy of the final 

(Nth) electron and the energy of the first unoccupied electron state (N + 1) 56. 

This gap is equal to: 

Ec =
&%

8'(#
                                                                                          Equation 5 

Here, Cdot is the total capacitance and e is the elementary charge. As a result, 

if the the energy gap is greater than the thermal energy in the system (kBT, 

where kB is Boltzmann's constant and T is the temperature), quantum 

mechanical tunnelling of electrons will be impossible in this situation because 

the only free orbitals into which electrons can tunnel to the molecule are those 

with higher energies than the electrons in the electrodes (Figure 1.7a) 56. Now 

assume that a gate is utilised to electrostatically modify the energy levels of 

the molecular orbitals in relation to the electrodes. In that situation, the N+1 

unoccupied orbital may be shifted beneath the left electrode, giving electrons 

possibility to tunnel through the molecule one at a time. (Figure 1.7b) 56,57.  

 

Figure 1.7.  a) The energy gap between the last (Nth) electron energy and the first 
empty electron state (N + 1). b) Showing tunnelling of single electrons after 
pushing the empty state below Fermi energy of the left electrode. The Figure is 
used from reference [48] with the permission of the publisher (Elsevier Science 
Ltd). 
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Coulomb blockading can be observed for small metallic or semiconducting 

nanoparticles when the energy of charging exceeds the thermal energy (kBT). 

Sometimes the redox charging of molecules such as phthalocyanines with a 

single metal ion core and an "organic shell" has been referred to as Coulomb 

blockading 58–61. For such molecular junctions, this is strictly speaking better 

referred to as redox charging, with the electron (hole) going through the 

organometallic structure and residing on the single metal ion core. If the 

capacitance is small enough, Coulomb blockading leads to a relatively large 

charging energy that can exceed the thermal energy 58–60.  

 

 

Figure 1.8. Tunnel junctions in series with tunnelling resistances and capacitances, 
shown as R1, R2, C1 and C2. 

 

As a simple single-electron device, it is possible to consider a small quantum 

dot connected to the reservoir through a tunnelling junction 62. Here, Cdot is 

the total capacitance (Cdot = C1 + C2), and e is the elementary charge. The 

system has two tunnel junctions in series with tunnelling resistances R1 and 

R2. For such a system, the total capacitance of the dot comprises two 

capacitances C1 and C2, which are related to each junction (Figure 1.8) 52.  By 

adjusting the bias voltage of the gate electrode, one electron can tunnel onto 

the dot. If the total capacitance is small, and EC exceeds the thermal energy, 
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no electron can tunnel through the dot unless an external bias is applied to 

conquer the Coulomb blockade 52. 

Lee, reported on the analysis of MoS2 monolayer behaving as a single electron 

transistor with the use of low work function metal electrodes 63. The single-

electron tunnelling through a quantum dot showed Coulomb blockading at 

low temperature. Zinc was chosen since it has a small work function close to 

the electron affinity of bulk MoS2; hence it leads to a minimal barrier at the 

metal-semiconductor junction. In the case of kBT << EC (here EC is the 

charging energy corresponding to a total capacitance of the MoS2 single-

electron transistor), the conductance versus back-gate voltage curve showed 

periodic conductance oscillations as a function of gate voltage and suppressed 

conductance regions separate the conductance peaks. These features are 

characteristic to single-electron charging related to the Coulomb blockade 

phenomena 63. 

 

1.4.2.4. Hopping  
 

The relative alignment between the energies of the Fermi levels of the metal 

contacts and those of the molecular orbitals of the bridge can play a crucial 

role in determining the charge transport mechanism for M-SAM-M junctions, 

where M = metal contact and SAM = self-assembled monolayer  35. The 

highest occupied molecular orbital (HOMO) and lowest occupied molecular 

orbital (LUMO) play a vital role in conduction through SAMs sandwiched 

between metal contacts. This role can be viewed as being analogous the that 
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of conduction and valance bands in semiconductors. The energy difference 

between the LUMO and HOMO is usually several electron volts depending 

on the electronic structure of the molecular bridge 52. The Fermi level of the 

metallic contact often sits around the centre of the HOMO-LUMO gap, and 

it may not coordinate with either HOMO or LUMO of the molecule 64. This 

misalignment in the energy levels results in a contact barrier, and charge 

transport through the molecule relies on the height and thickness of the barrier 

65–68. If conduction is by hopping, then charge transport is thermally activated 

38. Hopping is generally the predominant charge transport mechanism in long 

molecular wires. The current density of the hopping conductance is given by 

24: 

𝐽 ∝ 𝑉𝑒𝑥 𝑝 L− f
9:
M                                                                             Equation 6 

Where f is the barrier height, V is the applied bias, and T is the temperature. 

Thus, electrons hop from one isolated state to another in the molecule in a 

thermally activated mechanism, depending on the temperature.   

In single-molecule junctions, the transition from tunnelling to hopping was 

studied by Hines, using scanning tunnelling microscopy while they used the 

break junction technique to investigate the emergence of these long molecular 

wire junctions throughout the pulling process. Four conjugated molecular 

“wires” with different length values from 3.1 to 9.4 nm were used in the 

junction (molecule 1 was the shortest and 4 the longest). Conductance 

decreased upon moving from molecule 1 to molecule 2, while the 

conductance showed no dependence on the temperature. By contrast, the 
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conductance of molecules 3 and 4 showed no length dependence, but their 

conductance was highly dependent on temperature. This trend is in line with 

conduction occurring by two various mechanisms in the molecular wires 

depending on their length: a coherent tunnelling mechanism in the shorter 

molecules and by an incoherent charge hopping process in the longer 

molecules. For the single conductance determinations at 40 ˚C the 

conductance value of molecule 1, with the length of 3.1 nm, was 9.8 × 10-6 

G0, while this value shows a large drop to 4.6 × 10-8 G0 for molecule 4, which 

is 9.4 nm long. G0 is the quantum conductance given by 2e2/h, where e is the 

electron charge, and h is Planck's constant. 24. Similar deductions were made 

for SAM molecular junctions in an earlier study by Choi, 69. In this case, the 

conducting AFM technique was used to form Au-SAM-Au junctions by 

pressing the gold-coated c-AFM tip on the top of a SAM. SAMs of conjugated 

oligophenyleneimine (OPI) wires were formed, ranging in length from 1.5 to 

7.3 nm. Analysis of I-V data and temperature dependence showed a change 

in transport mechanism from tunnelling to hopping at around 4 nm for this 

series of OPI SAMs. These and other studies, at both the single-molecule and 

large area junction level, supports the notion of tunnelling charge transport 

mechanisms in shorter molecules and thermally activated hopping in the 

longer ones 69. 
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1.4.2.5. Fowler-Nordheim Tunnelling 
 

When electrons injected from a metal pass through a barrier under an applied 

voltage, a form of electron tunnelling known as Fowler Nordheim (FN) 

tunnelling can occur 70. In FN tunnelling, current J can be calculated 

quantitatively using equation 7. FN tunnelling is a charge transport 

mechanism that, like coherent tunnelling, is independent of the temperature 

and shows a strong dependence of the tunnelling current on film thickness 

and the applied bias voltage 67: 

𝐽 ∝ 𝑉$	𝑒𝑥𝑝	 G− 0-√$3ɸ
&
%

5&7+
H                                                           Equation 7 

 

Here, e is the electron charge, s is the tunnelling distance, m is the effective 

mass of the electron, h is Planck’s constant, and 𝜙 is the tunnelling barrier 

height. FN tunnelling occurs when the applied voltage surpasses the barrier 

height; hence, the charge transport mechanism switches from quantum 

tunnelling (which takes place at low-bias voltages) to field emission or FN 

tunnelling (at the high-bias regime). The transition voltage is an experimental 

estimate of the energy gap at the transmission point between the Fermi level 

and the LUMO orbital (the barrier height, 𝜙) 52. Field emission is defined as 

the process of electrons escaping from a material's surface in the presence of 

a sufficiently large electric field 71. When a highly positively charged metal is 

placed near a substance, the positive charges within the conductor draw the 

free electrons out of the material. The restrictive forces will be overcome if 
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the positive potential on the conductor is strong enough, and free electrons 

will be released from the material's surface 72.  

FN tunnelling is unmistakably quantum-mechanical, with no classical 

analogue. As a result of the applied voltage, the rectangular barrier alters to a 

trapezoidal shape, enabling electrons to tunnel more easily 43, 38,52. If the 

applied bias voltage exceeds the barrier height, the barrier shape changes 

again from trapezoidal (Figure 1.5) (direct tunnelling) to a triangular (FN 

tunnelling) form (Figure 1.6) 38, and the transport mechanism shifts from 

quantum mechanical tunnelling at low bias voltage to field emission at high 

bias voltage values 52.  

Noghuchi and colleagues studied the I-V characteristics of a Co(II) complex 

of a tetraphenylporphyrin derivative 73. Based on their I-V measurements, they 

calculated a barrier height of 0.5 eV. They observed the shift from direct to 

FN tunnelling by measuring the molecule in the bias range of ∓1. They 

display their data in a FN plot L𝑙𝑛 ;
+%
∝ <

+
M, and their results demonstrate a 

slope change around applied bias values greater than 0.3 V, when FN 

tunnelling becomes dominant. However, for bias levels smaller than 0.3 V, a 

logarithmic of current dependence is seen, indicating that direct tunnelling is 

occurring in the junction (Figure 1.9) 73. 
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Figure 1.9. An example of a Fowler–Nordheim plot. The FN plot with enlarged 
scales is shown in the inset. The direct tunnelling to FN tunnelling transition voltage 
(Vtrans) is 0.12V. The plot is taken from reference 73 with the permission of the 
publisher. (Copyright (2007) The Japan Society of Applied Physics). 

 

Wang and colleagues investigated the electrical conduction mechanism of an 

alkanethiol self-assembled monolayer. They selected this system because it 

is well-characterised and has an excellent metal-molecule-metal connection. 

A tunnel junction was formed between the metallic electrodes due to the large 

HOMO-LUMO gap of about 8 eV in the molecule [66]. The thiolate group's 

bonding to the gold surface is robust, with a bonding energy of 1.7 eV [68]. 

The molecule was already examined using STM and AFM by other groups in 

the past, and it was claimed direct tunnelling was the primary charge transport 

mechanism [68]. However, Wang, found those studies insufficient in 

determining the transport mechanism because they were all done at ambient 

temperature. Hence, they measured I-V characteristics in a sufficiently broad 

temperature range to identify the charge transport mechanism of the self-

assembled alkanethiol molecular systems [67]. Over the temperature range of 
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300 to 80 K, they observed no substantial temperature dependence of the 

SAM (from V = 0 to 1 V), and as a result, they concluded that the alkanethiol 

conduction mechanism is direct tunnelling in that range of bias voltage. 

Tunnelling in a junction can be classified as either direct (V < 𝜙 /e) or Fowler-

Nordheim (V > 𝜙 /e), depending on the bias applied in comparison to the 

barrier height (𝜙). Because of their unique voltage dependency, these two 

tunnelling procedures could be differentiated experimentally 74. Wang, 

showed the FN plot exhibits no significant voltage dependency, confirming 

no apparent FN tunnelling in the bias range of 0 to 1 eV, which means the 

barrier height is greater than the applied bias. They showed electrons 

tunnelled through a trapezoidal barrier by direct tunnelling when the applied 

voltage was less than the barrier height (𝜙 /e < 1.39 eV) [67], [69]. When the 

applied voltage was more than 1.39 eV, electrons tunnelled through a 

triangular barrier by Fowler–Nordheim tunnelling 74, [69]. 

 

1.5. STM Based Single-Molecule Conductance Techniques 
 

The invention of scanning tunnelling microscope and techniques based on 

this instrument initiated a new era in measuring and understanding electron 

flow through single molecules. In 2000, a review paper by Aviram, described 

molecular structures that might be suited as molecular rectifiers, switches, 

and storage. Later in the early 2000s, a sequence of papers elucidated 

measurements on such molecular devices might be performed in a defined 
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way and even down to the level of single molecules, and this has subsequently 

led to a better understanding of charge transport characteristics of molecules.  

 

1.5.1. STM-Break Junction Technique  
 

In 2003 Xu and Tao developed the in-situ break-junction technique as a new 

method for repeatability forming and breaking single-molecule junctions 

using an STM 75. The break-junction technique is now the most common 

method for measuring the conductance of single molecules 52. Xu and Tao 

used a gold STM tip as one electrode and a gold substrate as the other 

electrode for forming molecular junctions. During the break-junction cycle, a 

fixed bias voltage is set between the metallic tip and the substrate. The tip is 

forced to engage into direct metallic contact with the substrate, either covered 

with pre-adsorbed sample molecules or with the target molecules dissolved 

in solution.  The tip is engaged with the surface using the piezoelectric control 

to achieve a pre-set upper current limit. The current limit is chosen to 

correspond to the formation of metal-metal contact (typically >> G0). As the 

tip is retracted, the metal filament between tip and substrate narrows to the 

point where there are a defined number of gold atomic filaments (channels) 

connecting between the two leads. After this point, steps are seen in the 

conductance of the junction versus retraction trace as single metal atomic 

contacts sequentially break at the gold neck between the tip and substrate. 

These conductance steps correspond to integers of conductance of single 

metal atomic contacts. Each “quantised” step can be predicted for metal 
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junctions such as gold, with ideal single channels, to show conductance of N 

´ G0 (where is G0 = 2e2/h and N is an integer, h is Planck’s constant, and e is 

the electron charge) 76.  

As the STM tip continues to withdraw from the substrate at a given rate, the 

gold-gold neck thins to a single gold atom wide filament, which then itself 

breaks. This then opens a nanogap between the tip and the substrate followed 

by the relaxation of the gold contact atoms. This very rapid relaxation is called 

“snap back” and gives rise to the snapback calibration distance used to 

estimate junction stretching length. For Au-Au junctions in typical STM-BJ 

experiments, this snapback adjustment has been estimated to be around 0.5-

0.6 nm 77.  Depending on the molecular size, this initial size may be large 

enough to host a target molecule in-between significantly if it is tilted, but in 

any case, the tip continues to retract, and the gap opens up further. Stepwise 

features may then be seen in the conductance versus retraction distance traces, 

and these conductance steps with values smaller than the G0 may be related 

to an integer number of molecules trapped in the junctions (Figure 1.10b). 

Finally, the molecular junction breaks following further tip withdrawal, and 

the break-junction cycle ends (Figure 1,10c). 

Due to the stochastic nature of the junction making and breaking process, 

there is expected to be variability in the traces and steps corresponding to 

junction breaking. For this reason, it is imperative to repeat the process of 

engaging and retracting the tip thousands of times to collect a considerable 

number of traces. Statistical analysis in 1D conductance and 2D conductance-

distance histograms is then used to affirm the most probable conductance and 
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junction break-off values. This statistical method gives reliable, most 

probable conductance values for a wide range of molecular targets.  In 

addition, recent advances have been made in data collection and analysis with 

unsupervised classification algorithms, which are able to sort data into 

different classes (e.g. different conductance values or junction stretching 

characteristics) sometimes with no prior assumptions 78–80. Machine learning 

is also being applied to such recognition and sorting of single-molecule data 

81–85.  

 

Figure 1.10. As the tip is moved away from the substrate, the conductance of a gold 
contact established between a gold STM tip and a substrate drops in quantum steps 
approaching multiples of G0 (= 2e2/h). (B) In (A), a conductance histogram generated 
from 1000 conductance curves reveals explicit peaks near 1 G0, 2 G0, and 
3 G0 because of conductance quantisation. (C) If molecules like 4,4′ bipyridine are 
available in the solution, a new sequence of conductance steps arise after the contact 
is shown in (A) is entirely broken, related to the breakdown of the final quantum 
step. The stable molecular junction here between tip and substrate electrodes is 
responsible for these stages. (D) As shown in (C), a conductance histogram 
generated from 1000 measurements indicates peaks around 1 ×, 2 ×, and 3 × 0.01 G0 
attributed to one, two, and three molecules, respectively. (E and F) There are no such 
steps or peaks in the same conductance region when molecules are absent. Used with 
permission from reference 70. Copyright (2003) by the American Association for 
the Advancement of Science.  
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1.5.2. Current-Time Technique 
 

Nichols and Haiss used the STM to establish a fixed-gap junction between 

the tip and the substrate. In this technique, the distance of the junction can be 

altered by changing the set-point currents. Formation and deformation of the 

single-molecule junction cause fluctuations in the current 43. The amplitude 

of the current pulse can be used to obtain the conductance of the single-

molecule. The current-time or I(t) technique is an attractive alternative 

method when direct contact or crashing of the electrodes with each other is 

not favourable. This is the case, for example, when the tip and substrate are 

different materials such as GaAs substrates and gold tips 86. A primary 

requirement when using this technique to determine a single molecule is 

finding an optimal gap distance that corresponds with the length of the target 

molecule or somewhat shorter. In this respect, the separation of the metallic 

tip from the substrate should be shorter than the length of the fully stretched 

molecule 52.  

 

1.5.3. Current-Voltage Technique 
 

It is possible to collect large numbers of I-V scans during molecular junction 

formation as the tip is retracted and the junction stretched. The retraction may 

be done in a stepwise manner to yield I(V;z) data. This method has now been 

applied to a great deal of molecular junction systems, and good examples 

included the study by Pires, of alkanedithiol molecular conductance under 
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ultra-high vacuum 87 and the study of the bias dependent conductance of 

porphyrin tapes by Leary, 88. The I-V curves will be very sensitive to the 

electronic structure of the molecular bridge, including both the molecule 

electronic structure, the contacts and the coupling between the molecule and 

leads. Analysis of I-V curves can help determine the relative energy gap 

between the Fermi level of the metallic electrode and the molecular 

conduction orbital in a junction and the coupling, using suitable models such 

as the single-channel transport model described below.  

On the other hand, I-V measurements do not directly inform whether the 

charge is transported predominantly by either the HOMO or LUMO of the 

molecular junction 89. Here thermopower measurements can help in 

determining the weather transport is HOMO or LUMO mediated. The I-V 

behaviour of a single molecule can also help in determining any rectifying or 

negative differential resistance behaviour 90.  

Two models for the analysis of the I-V curves are the single-channel transport 

model and the Simmons model. Both models use assumptions and have 

limitations.  The Simmons model has been used rather widely to analyse the 

I-V measurements, but its applicability for the molecular junctions may not 

be so justified as for thin insulating oxide films 91. In the presence of highly 

insulating oxide tunnel junctions, the approximation of the energy barrier 

similar in height to the offset between the Fermi level and the oxide valence 

band works well for a square barrier. Through a tunnel junction consisting of 

molecules, however, there is a rather sizeable electronic coupling. 

Consequently, using the three-parameter Simmons equation (A (junction 
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area), s (width of the barrier) and f (barrier height)) parameters for molecular 

junction data becomes challenging due to the possibility of physically unreal 

values for the fit parameters. For example, it is not easy for the Simmons 

model to make a correct relationship between the A (junction area), s (width 

of the barrier) and f (barrier height) parameters, which means the value of s 

would increase with molecular length, but the model comes with a dramatic 

increase in A and a slight raise in f. In molecular junctions, there is a 

comparably robust electronic coupling between molecules and metals. As a 

consequence, it is challenging to relate molecular junction data to the 

Simmons model. 

The single-channel transport model describes the transmission through a 

single-molecule junction. In theory, electron transport can occur in many 

molecular orbitals at the same time. However, in many cases, HOMO or 

LUMO is closest to the metal's Fermi level and dominates transport in a 

particular voltage range. The single-channel transport model can be used to 

explain such a circumstance 92. The molecular orbital is measured with 

regards to the electrodes' Fermi energy, which is set to zero 92. The voltage 

supplied across the junction determines this location at finite bias. The 

scattering rates ГR, L, which characterise the coupling strength to the metal 

electrodes, are also essential elements in this model. The I-V characteristics 

of this model can be determined using the Landauer approach where, the 

transmission probability is crucial. This model reasonably explains the 

exponential decrease of the low-bias conductance as a function of the distance 

between the electrodes in all types of tunnel barriers since the transmission 
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controls the conductance 92. This model can be considered for a single-

molecule if the coupling of the metal-molecule is considerable enough and 

direct tunnelling is the charge transport mechanism 89,91. 

 

 

1.6. Structure-Property Relationship of Single-Molecule Junctions 
 

The relationship between the structure and properties of the single-molecule 

junctions can be devolved into two parts: the anchoring group and the 

electrode material 93.  

 

1.6.1. Anchor Group 
 

The anchoring groups link the electrodes to the molecular wire, and the 

chemical attachment can be through either covalent or non-covalent bonds. 

To make a molecular bridge, anchor groups are required at each end of the 

molecule. The nature of the interaction between the anchoring group and the 

metallic electrode, in addition to the type of the anchor groups, have essential 

influence in the conductance of a molecule 93,94. A wide range of anchoring 

groups have been used to link molecules to the metallic electrodes, such as 

thiol (R-SH), sulphide (R-S-R), disulphide (R-S-S-R), thiocyanate (R-SCN), 

alcohols (R-OH), amines (R-NH2), alkene (R-CH=CH2), phosphide (R-PR2) 

and selenide (R-Se-R) 95. Dative interactions or covalent bonding are 

generally most suited for effectively binding the anchor groups to the metallic 
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electrodes. Gold is by far the most commonly used metallic electrode in single 

molecule electronics, and the molecular bridge can be formed with electron 

donation to a Lewis acidic gold atom from a lone pair or a donor. Some of the 

predominantly used anchor groups to gold may be classed as s-donors, such 

as amines and thiomethyl. Such dative contacts are considered as well suited 

since they minimise the conductance distribution and limit the Au-linkers 

contact geometry distributions by binding with undercoordinated gold 

adatoms on the electrodes 94. p donors have also been deployed as anchoring 

groups, including fullerenes and p-conjugated hydrocarbons 96. 

Because of the variability in the electrode-anchor group geometry, 

discrepancies may arise between measurements, which may be influenced by 

the method for junction formation or other different experimental conditions. 

To ameliorate variability from one junction formation to the next and to 

achieve a statistical view of the most probable conductance value of the 

molecular target, thousands of measurement traces are collected to form the 

conductance histograms as previously explained.  As discussed in Section 1.3, 

the conductance is dominated by the molecular orbital closest in the energy 

to the Fermi level of the electrode. So, the conductance is highly dependent 

on the energy difference (DE) between the Fermi level and the conducting 

orbital and the electrode-molecule's coupling strength G 93. Computations, 

such as first principle DFT transport calculations, can also be helpful as a 

guide the nature of the carriers and the conducting orbital.  
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1.6.2. Electrode Material 
 

Gold has often been the contacting metal of choice for achieving reproducible 

and consistent determinations of molecular conductance by the break-

junction technique. Other metals have also been successfully used, such as 

silver, platinum, cobalt, and nickel 97–99. Some of these metals oxidise in air, 

and this has been overcome in the case of nickel by using careful 

electrochemical control 100.Single-molecule conductance determination has 

also been achieved with semiconductor contacts 101 and graphene 102. In the 

future, measurements under UHV conditions may also be used to overcome 

surface oxidation issues. 

One of the critical features that affect the conductance of the single-molecule 

junctions is the density of the state of the metal at the Fermi level 93. For 

example, alkanes terminated with isothiocyanate were measured separately 

using Pd and Pt electrodes 103. The measurements showed higher conductance 

of the junction when Pd electrodes were used. Palladium d- band provided 

better coupling with the anchor group p orbitals close to the Fermi level. 

Therefore, a better d character of Pd compared to Pt and Au offers improved 

d-p interaction of the metal-molecule 104.  

 

1.7. Thesis Outline 
 

Investigating how molecular structure influences electron transport through 

molecules remains an essentially academic pursuit, with relevance to many 
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diverse scientific areas, including electrochemistry, molecular photovoltaics, 

molecular and organic electronics, and electron transport in biology, 

including redox-active metalloenzymes and photosynthetic and respiratory 

pathways. Although this has been a very active area of science in recent years, 

there are still broad aspects under investigation, including the influence of the 

environment, charge transport mechanisms, charge transport in 

supramolecular systems, quantum interference and the influence of molecular 

structure on the molecular conductance. There are technological avenues that 

might be addressed as well, including molecular thermoelectrics, the 

integration of molecules within devices and how the coupling of light within 

molecular electrical devices might be deployed.  The research presented in 

this thesis uses modern and state-of-the-art methods to measure single-

molecule conductance, such as break-junction methods, current-voltage 

determination, and flicker noise analysis methods. Such measurements have 

been made at ambient temperatures in different environments, including 

organic solvents and air. In Chapter 3, the impact of quantum interference on 

the molecular conductance of a series of pyrrolodipyridines is presented. As 

an aromatic hydrocarbon composed of two benzene rings fused on either side 

of a five-membered ring, pyrrolodipyridine has a strong aromatic system with 

a bridge nitrogen atom in the centre of the five-membered ring.  The molecule 

shows fascinating delocalisation of electrons. A variety of pyrrolodipyridines 

(carbazole-like) molecular wires were investigated and modified. Chemically 

modulating the bridging nitrogen atom in the tricyclic ring structure allows to 

adjust the electrical conductivity and quantum interference patterns. This 
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Chapter shows how a phenyl ring can behave as an insulator or conductor 

depending on the substitution pattern around the ring. In the case of the 

substituent being on the para or ortho position of the ring, high conductance 

is obtained, while the ring with meta-connected substituent shows lower 

conductance because of the destructive quantum interference.  Chapter 4 

presents an approach to minimise the influence of intermolecular phenomena 

in the molecular junctions by encapsulating the molecular targets with a small 

molecular cage.  The encapsulation of the molecular wire within the host cage 

impedes the formation of multi-molecular junctions. 

Pillar[5]arene rings are deployed here as the cage with different lead 

molecules in order to investigate the effectiveness of the host molecules in 

reducing intermolecular interactions in the junction. Pillararenes are excellent 

hosts for molecules with electron-donating groups, and they are well suited 

to study host-guest chemistry at the single entity level. Chapter 5 presents a 

study of verdazyl radicals within gold break junctions. They are stable 

radicals even within ambient environments, and they maintain their radical 

character as molecular wire in the junction between gold electrodes. They 

show higher conductance than their closed-shell tetrazine counterparts. Other 

research groups have attempted to form stable radical single-molecule 

junctions at room temperature, but these studies resulted in the loss of open-

shell character 105. By contrast, the single-molecule junction conductance of 

verdazyl radicals was successfully measured. The radical molecule was 

electrochemically reduced while the molecular conductance was measured 

using the in-situ STM break-junction technique. 
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2.1. Introduction  
 

In this Chapter the materials and chemicals which were used for experiments 

and sample preparation will be discussed. Following that, experimental 

methods and data collecting are outlined.  The final part of this Chapter 

summarises the contributions made by colleagues and collaborators to the 

projects. 

 

2.2. Sample Preparation  
 

Hydrochloric acid, hydrogen peroxide, sulfuric acid, mesitylene, and 

tetrahydrofuran (THF) were purchased from commercial sources. For the 

break-junction studies in Chapter 3 and 5 as well as single-molecule-I-V and 

flicker-noise measurements in Chapter 5, 1 mM solution of the compounds 

were prepared in mesitylene if they were soluble enough. Some of compounds 

in Chapter 3 had low solubility in mesitylene so a mixture of mesitylene and 

THF (4:1) was used.  In Chapter 4, self-assembled monolayers were made 

form in acetone solutions (dry, analytical-grade acetone from Fisher 

Scientific was used). This was done by immersing substrates in a 1 x 10-4 M 

solutions containing the complex and leaving them at 20 °C for 24 hours.  

In Chapter 5, electrochemically controlled STM-BJ experiments were 

performed in 1 mM solutions of the target molecular wire in the ionic liquid 

1-butyl-3-methylimidazolium triflate (Merck), that was previously 

dehydrated by heating for >16 hours at 120 °C in vacuo (~8 mbar) in the 
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presence of 20% w/w 4 Å molecular sieves (Merck). Since just heating the 

ionic liquid under a vacuum may not be sufficient, molecular sieves were used 

to boost the efficiency of dehydration (water removal). Molecular sieves also 

help to keep the ionic liquid solution dry for a few days following the 

dehydration procedure. 

 

For all scanning tunnelling microscopy (STM) experiments, liquid sample 

cells made of polytetrafluoroethylene (Teflon) or polychlorotrifluoroethylene 

(PCTFE) were utilised. The cells were properly cleaned prior to each 

experiment by sonicating them in three different cleaning solutions for 15 

minutes each: first in piranha solution (in a 1:3 ratio, 30 w/w hydrogen 

peroxide was added to concentrated sulfuric acid to make piranha solution -  

note, handle piranha solution with great care), then in Milli-Q water, and 

finally in acetone. 

STM gold tips (99.99 % pure gold wire, 0.25 mm in diameter, bought from 

Goodfellow Cambridge Ltd,), were cut with cleaned scissors and used in all 

conductance studies. The tips were electrochemically etched for 

measurements in polar solvents like ionic liquid in Chapter 5, so gold wire is 

placed in a 1:1 combination of hydrochloric acid and ethanol solution for 

etching 106 then for electrochemical STM experiments, the tip was coated with 

insulating wax (Apiezon W40). A coiled platinum wire (Goodfellow 

99.99+%) was used as counter electrode and an electrochemically chloridised 

Ag wire (Goodfellow 99.999+%) was used as reference electrode 107.  
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All experiments were performed with Au tips and Au-on-mica (Advent 

Research Materials Au 99.99+% evaporated on freshly cleaved Agar 

Scientific muscovite mica using a Korvus Technology Tau e-beam 

evaporator) or Au-on-glass (Arrandee Metl GmbH) substrates.  

For UV-Vis measurements, pyrrolodipyridines compounds were dissolved in 

dry acetonitrile (Sigma-Aldrich spectrophotometric grade), and 

measurements were done in 1 cm quartz cells.  

Cyclic voltammetric measurements of the compounds in Chapter 5 were 

performed for 1 mM of target molecules dissolved in CH2Cl2 with 

tetrabutylammonium hexafluorophosphate as supporting electrolyte (Sigma-

Aldrich) and 20 mM of the target molecule (verdazyl) in ionic liquid (1-butyl-

3-methylimidazolium triflate) (Merck). 

For NMR characterisation of the compounds in Chapter 3, 4 and 5 DMSO-d6 

and D2O were used to prepare the solutions for the analysis.  

 

2.3. Experimental Setup 
 
 

The fabrication and characterisation of single-molecule connections were 

carried out using a modified Keysight 5500 scanning tunnelling microscope. 

It uses a custom 4-channel current amplifier based on the design by Meszaros,  

108 STM-BJ and electrochemical control-STM-BJ experiments were carried 

out. When it came to controlling the tip position and substrate bias, the 

Keysight N9610A electronics did the task, while the electrochemical 

potentials were applied by a bipotentiostat that was built into the STM 
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controller. A National Instruments NI9215 USB DAQ with custom Python 

software are used to record the 4-channel output of the preamplifier at a rate 

of 10 kSa/s. The STM was equipped with a Femto DLPCA-200 single-

channel preamplifier with a wide bandwidth for single-molecule I-V 

measurements. A dual-channel Keysight 33522B Arbitrary Waveform 

Generator (AWG) applies a bias to the substrate and controls the position of 

the tip, by applying a voltage ramp to the STM piezoelectric transducer via a 

Keysight N9447A breakout box. Substrate bias, position of the tip and current 

amplifier output are obtained at the same time at 20 kSa/s with a National 

Instruments PXI system (24-bit PXI-4464 DAQ, PXIe-1062Q chassis, PXIe-

PCIe8381 interface). A 10 kΩ resistor between the AWG and the substrate 

presents overload of the preamp when in contact during the high-voltage 

ramps. 

UV-Vis data was acquired on a Perkin Elmer λ25 spectrometer, in the region 

190-500 nm.  

Cyclic voltammetry measurements were conducted in a standard three-

electrode cell, with Pt disc working electrode, Pt wire counter and Pt wire 

pseudo-reference electrodes for the measurements in CH2Cl2 and with a Au 

disk working electrode, Pt wire counter and Pt wire pseudo-reference 

electrodes for the measurements in ionic liquid with data collected from an 

EmStat3+ potentiostat. The ferrocene/ ferrocenium (E1/2 = 0 V) and 

decamethyl ferrocene/ decamethyl ferrocenium couples (E1/2 = –0.55 V versus 

ferrocene / ferrocenium) were used as internal references for potential 

measurements. 
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NMR characterizations were performed in Bruker AV-500 for the molecules 

in Chapter 3, 4 and 5. The NMR characterisations of molecules in Chapters 

3, 4 and 5 were done by Dr Vezzoli at the University of Liverpool, 

collaborators at the University of Zaragoza and the University of Western 

Australia, respectively. 

 

2.4. Data Acquisition 
 

In the break-junction technique the formation of junctions is accomplished by 

repeatedly forcing Au tip into a gold substrate and then withdrawing it in a 

solution of the target molecular wire at a constant speed of 20 nm/s. 

Throughout the process, the current is measured at a constant tip-substrate 

bias of 200 mV. When the point contact is disrupted, end groups of the 

molecular target bind with undercoordinated Au atoms to produce Au-

molecule-Au junctions in the nanogap, which are subsequently stretched until 

they break. The conductance is calculated as G = I/V in units of the quantum 

function of conductance	(𝐺! =
$&%

7
≅ 77.48	µ𝑆). Thousands of conductance 

versus electrode separation traces are collected and combined into the 

conductance histograms for each indentation-withdrawal cycle. A typical 

break-junction trace displays a succession of plateaux at various integers of 

G0 caused by charge transport via one or a few Au atoms, as well as molecule-

dependent plateaux at considerably lower conductance values than the G0. 

During an STM-BJ experiment, the traces are aligned to the rupture of the 

metallic nano-contact. These are then used to create 2D conductance versus 
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electrode separation density plots, which illustrate the conductance 

development as the two electrodes are dragged apart. A Python script was 

used to transform raw STM-BJ data into conductance-distance traces. The 

approach data was eliminated, and only data from the withdrawal part of 

the experiment was used for analysis. For each molecule, thousands of traces 

were recorded and plotted as logarithmically binned conductance histograms 

without data selection. A detailed example of a break-junction experiments 

was described in Section 1.4.1.  

The tip is engaged with the surface using the piezoelectric control to achieve 

a pre-set upper current limit (Figure 2.1 a). As the tip is retracted, the metal 

filament between tip and substrate narrows to the point where there are a 

defined number of gold atomic filaments (channels) connecting between the 

two leads (Figure 2.1 b) 76. As the STM tip continues to withdraw from the 

substrate at a given rate, the gold-gold neck thins to a single gold atom wide 

filament (Figure 2.1 c), which then itself breaks (Figure 2.1 d). This then 

opens a nanogap between the tip and the substrate followed by the relaxation 

of the gold contact atoms (Figure 2.1 e). 
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Figure 2.1. Schematic illustration of single-molecule break junction technique. a) 
Au tip is engaged with Au substrate, and the upper limit current is achieved, and b) 
tip starts to retract. c) Upon further retraction, a single Au-Au channel remains 
between the tip and the substrate. d) Nanogap opens after more retraction, but the 
gap is too small to form a junction. e) Gap is wide enough for the target molecule 
to attach to the uncoordinated gold atoms and form a molecular junction. 

 

For the I-V technique a modified STM-BJ method is employed. The tip is 

pushed into the substrate, then withdrawn in steps related to the length of the 

molecule of interest (the length of the molecule was used in Chapter 5 was 

1.1 nm). In stage one, the tip-substrate bias is kept at a stable value (200 mV) 

for 25 mS, then in stage two, the voltage is ramped from +2 to -2 V for 50 mS 

to acquire the I-V characteristics, and in stage three, the bias is held stable at 

200 mV for another 25 mS.  To analyse the data, the software selects 50 data 

points from the beginning of stage one and 50 data points from the end of 

stage three and calculates the average for each group. The software keeps the 

data if the data range is between 10-2 G0 to 10-6 G0, this is to avoid any noisy 

data close to the noise level of the instrument and any gas molecules 

(molecules in the gap not properly connected) that show up just after the 1G0.  

All these traces are accumulated and shown in the final plot of the logarithm 

of current against voltage. 
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Flicker noise measurements were used to distinguish through-bond from 

through space tunnelling in the molecules in Chapter 4. Flicker noise 

measures the noise in the break-junction technique. At ambient temperature, 

the primary source of noise in the break-junction technique is due to the 

motion of the metallic atoms, which results in variations in the molecules and 

electrodes coupling, and Flicker noise is capable of separating the noise 

related to through-space coupling from the through-bond coupling. This 

technique expresses the number of available conductance channels and their 

transmission 109.  

In the flicker-noise (noise-power) technique, which analyses the current 

signal of molecular junctions in the frequency domain, the noise power is 

calculated by integrating the power spectral density between 100 Hz and 1 

kHz. The noise power examines the power-law dependence on conductance 

(NP ∝ Gn). The scaling exponent n is near to 1 when charge transport is 

entirely through-bond and this rises towards 2 when charge transport includes 

a through space contribution. Using terphenyl molecular wires as an example, 

it was found that the scaling component associated with the single-molecule 

junction was 1.16, rising to 1.78 for the stacked dimeric junction 109. A “pull 

and hold” STM-BJ experiment, in which the tip is withdrawn in a step-like 

manner, and its position relative to the substrate is maintained constant for 

100 milliseconds between each step was carried out. The junction current is 

measured at high speed (100000 Sa / s), sliced between steps, and sent for 

data selection using an automated algorithm to calculate average conductance 

and perform Fourier transform (FFT) analysis. The power spectral density is 
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calculated using the FFT algorithm throughout the whole frequency spectrum. 

The noise power in this region was plotted against GAVG (average of the 

conductance of the slice of interest) to produce the plots which were obtained 

via numerical integration between 100 Hz and 1 kHz. The 1 kHz and 100 Hz 

cut-offs were selected because they have been shown to be effective in 

minimising the contributions to noise power coming from thermal noise (> 1 

kHz) and mechanical vibrations (100 Hz). 

To determine the energy gap between HOMO and LUMO experimentally, a 

UV-Vis spectrometer was used in the region of 190-500 nm. The maximum 

wavelength, the peak related to the strongest photon absorption, was used to 

calculate the energy gap between resonance and anti-resonance orbitals in the 

molecules in Chapter 3. 

 

2.5. Contributions  
 

The study in Chapter 3 was in collaboration with Lancaster University where 

Dr Mohsen Al-Khaykanee performed the theoretical calculations, and at the 

University of Liverpool, Dr Andrea Vezzoli undertook the synthesis of the 

molecules in this Chapter. In Chapter 4, molecules were synthesised and 

characterised by the group of Professor Santiago Martin (Lucia Herrer, Ivan 

Martin, Jose M Bonastre, Jose Luis Serrano, and Pilar Cea) at the University 

of Zaragoza. The work in Chapter 5 was in collaboration with the University 

of Western Australia and the University of Warwick. The molecules were 

synthesised and characterised by the group of Professor Paul Low (Varshini 
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J Kumar, Jian-Zhong Wu, Martyna  M Judd, Elodie Rousset, Marcus Korb, 

Stephen A Moggach, Nicholas Cox) at the University of Western Australia 

and the calculations were done at the University of Warwick by Dr Sara 

Sangtarash and Dr Hatef Sadeghi. 
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3. N-SUBSTITUTED 
PYRROLODIPYRIDINES 
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3.1. Background and Scope 
 

Electron transport through a molecular junction is defined by an energy-

dependent transmission function. The transmission function takes account 

electrons tunnelling across molecular orbitals (MOs) with various phases, 

resulting in quantum interference (QI) phenomena 110. When a single 

molecule attached to two metallic electrodes, the charge transport can be 

represented by a Landauer-Buttiker zero bias transmission model 111: 

 

𝐺 = 𝐺!𝑇(𝐸=)                                                                                 Equation 1 

 

Where G0 denotes the quantum of conductance and T(EF) indicates the 

transmission coefficient at the Fermi level.  Transmission function is a 

function of the entire system, including the molecule, the leads and the lead-

molecule contact. If the metallic electrodes make a poor contact with the 

molecule, T(E) vs E will express the isolated molecule's energy-level 

structure 110. When an electron passes from one gold electrode to the next, it 

can maintain phase coherence and avoid inelastic scattering.  There is 

evidence that this is a realistic assumption for short molecules 112. However, 

when the molecular length increases, the likelihood of inelastic scattering 

(from phonons or other electrons) increases 113.  

On the nanoscale, charge transport is controlled by quantum effects and hence 

the phase of the tunnelling electrons is important 114. An electron can tunnel 

through various MOs when it enters a molecular junction 114. When an 
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electron wave travels across several conduction routes (molecular orbitals), 

phase differences can occur, resulting in quantum interference (QI). This 

effect can either raise (constructive QI) or decrease (destructive QI) the 

chance of electron tunnelling.  

In the case of an isolated molecule, the system can be considered as “closed”, 

and it consists of molecular orbitals and discrete energy levels derived by 

solving the Schrodinger equation 110. If the molecule is coupled to the 

electrodes the system is open, and electrons entering a molecule continuously 

flow between the two contacts under bias voltage. In this situation, figuring 

out the transmission coefficient T(E) of the molecule, which indicates how 

electronic waves of energy E enter the molecules through metallic electrodes 

will be the main focus 110. 

A Greens function can be used as a technical means for representing the 

pattern of interference. Greens function enables for visual analysis of the 

actions related to a source of force or to a charge concentrated at a point. As 

a basic example, consider a vocalist at the entry to an auditorium who sings a 

note with a constant frequency. If the note is maintained for long enough, the 

auditorium will experience a standing wave with a complicated pattern of 

nodes and antinodes. The magnitude of the standing wave at location j 

corresponds to the Greens function G(j,i) when the vocalist is at position i. If 

a window at location j is opened and its location corresponds with an antinode 

of the standing wave G(j,i), the window will emit a loud sound 110. This is a 

case of constructive interference in action. If the window is positioned near a 

node, however, no sound will escape, then It is believed that destructive 
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interference happens. The auditorium and the sound wave are analogous to a 

molecule and an electron wave in this analogy, and i and j designate atomic 

orbitals at certain places within a single molecule in a model based on atomic 

orbitals. G(j,i) is the amplitude of a wave at j because of a source at i.  

It is important to find new methods to regulate quantum interference, since 

this could lead to useful functional molecular devices like thermoelectric 

convertors 115 insulators 116. Introducing methods to control the quantum 

interference will open a new door for controlling the charge transport at the 

molecular level.  

 In linear conjugated or para-oriented systems, constructive interference can 

arise, whereas in cross-conjugated or meta oriented molecules, destructive 

interference can be found 117. Aradhya conducted an experiment on a stilbene 

compounds that included a higher-conductance para-terminated 4,4-di-

(methylthio)stilbene, and a lower-conductance meta terminated 3,3'-

di(methylthio)stilbene 110. At the Fermi level, the para molecule yields 

constructive interference, while meta leads destructive interference (Figure 

3.1) 117. The examples above shows how QI between several pathways can 

cause resonances (constructive QI) or anti-resonances (destructive QI) in the 

charge transport transmission curve. If this happens close to the electrode 

Fermi energy, conductance of the molecule can be particularly sensitive to 

adjustments in the environment, such as different in the surrounding 

atmosphere, temperature, gate voltage, or molecular conformation or 

electrode spacing 110. 
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The energies of molecular orbitals such as the HOMO and LUMO can be 

gained by solving the Schrodinger equation using DFT calculations. 

Changing the bias voltage adjusts the relative alignment of the molecular 

orbitals to Fermi level of the electrode, giving the opportunity of 

determination of energy dependence of the transmission 117. The impact of the 

inter-orbital coupling between the HOMO and LUMO on the QI is influenced 

by this change in the energy level relative to the Fermi energies of the 

contacts.  

Meta molecules (a molecule with substituents at the 1 and 3 positions of an 

aromatic ring) show an anti-resonance in the transmission function which is 

situated within the HOMO-LUMO gap, showing meta molecules have high 

energy dependence. However, there is no anti-resonance for para molecules 

(a molecule with substituents at the 1 and 4 positions of an aromatic ring) and 

hence less energy dependency is predicted for them (Figure 3.3) 117. 

 

Figure 3.1. Top: changing the gate voltage causes the molecular energy levels to 
vary in relation to the Fermi energy level of the electrode. Bottom: Resonance (black 
line) and anti-resonance (blue line) around Fermi energy. The black curve is showing 
the transmission functions of constructive, and the blue curve is illustrating the 
transmission function of destructive interference effects. This Figure is taken from 
reference 117 with permission of the publisher, Nature Materials. 
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The easiest illustration of constructive QI is provided by the Breit-Wigner 

formula for electrons with energy E travelling through an orbital of a single 

molecule 110:  

 

𝑇(𝐸) = 0>$>%
?@,*)A

%
((>$>%)%

                                                                  Equation 2 

 

𝜀B = 𝐸B − ∑, is the eigenenergy 𝐸B of the molecular orbital moved by a value 

of ∑ after coupling of the metallic electrodes to the orbital. 𝛤< and 𝛤$ are the 

couplings of the orbital to the metallic electrodes 1 and 2.  The Breit-Wigner 

formula demonstrates that electron transmission is greatest when the electron 

resonates with the orbital of the molecule, in other words when the energy of 

electron is equal with the energy of the orbital 110. 

In molecular electronics, and in particular single-molecular electronics, one 

of the key aims is understanding, employing, and manipulating the wave-like 

nature of the electrons 118,119. Understanding the relationship between the 

electronic structure of molecular junctions (as described by the molecular 

orbitals and their energies) and electrical current, as well as how it may be 

influenced by chemical design, is essential for understanding the impact of 

quantum interference. QI has been increasingly used in molecular electronics 

to control charge transport through molecular junctions and has been a topic 

of particular interest in single molecule electronics. 120–129. The ability to 

control QI allows the adjusting of charge transport through molecular 
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junctions by manipulating either the destructive or constructive interference 

of waves traversing a junction 114.  

In aromatic rings (molecules with ring planar, continuous unhybridized 𝜋 

orbitals, and odd number of delocalised electron pairs), any adjustment of the 

atom types inside the ring can affect the QI. Also, fused aromatic rings are 

excellent candidates for probing QI as they provide different ways to control 

their connectivity, including conjugation, substitutions, and 

heteroaromaticity. These features have provided the basis for chemically 

controlling the electrical properties of a molecular bridge, through the 

nitrogen heteroatom in the fused aromatic pyrrolodipyridine. This has 

presented an efficient method to tune QI and molecular conductance  130. The 

pyrrolodipyridine offers a locked coplanar geometry to its two aryl units, 

which provides a stable configuration with no change in the inter-ring 

dihedral angle. The tricyclic scaffold of these fluorene-like compounds offers 

a good platform for studying quantum interference through systematic 

changes. Different bridging atoms and functional groups can be substituted at 

positions X and R, respectively (Figure 3.2). Also, molecular bridges with 

meta or para connectivity to the metallic electrodes can be synthesised 130.   

It will be shown that the QI characteristic coming from meta-connectivity is 

driven away from the Fermi energy of the electrodes and effectively turned 

off in a sequence of meta- pyrrolodipyridines (Figure 3.3).  

Fermi level is an estimate of an equilibrium electronic energy of a solid. The 

Fermi level is assumed to be placed below the bottom of the conduction band 

and above the top of the valance band. The location of the Fermi level 



 

 

54 

 
 
 

determines if the solid is a metal, an insulator, or a semiconductor. The 

valence band is the highest of those filled with electrons, and the conduction 

band is the next empty band at higher energy 131.  

In highly coupled meta- pyrrolodipyridine, the density of the electron on the 

pyrrolic N can be changed by electron-donating or electron-withdrawing 

substituents. Modulation of electron density will change the coupling of the 

lone pair of the N to the aromatic core and thereby the conductance of the 

molecules. In meta-pyrrolodipyridines, the change in the conductance 

resulting from different couplings of the lone pair can be controlled; however, 

in para- pyrrolodipyridines, the conductance remains unchanged. NMR 

characterisation of meta and para oriented pyrrolodipyridines are shown in 

Chapter 7, Section 7.1.3. 

 

 

 
Figure 3.2.  Structure of a) para connected and b) meta connected fluorenyl 
molecules. The dashed lines show the connections to the metallic electrodes here.  

 



 

 

55 

 
 
 

 
 
Figure 3.3. Structures of meta (M) and para (P)-connected pyrrolodipyridines used 
in the study. 

 

Chemical substitution can alter the molecular conductance, and some 

investigations have been directed towards this 132. In the system with para 

connectivity, the change in the conductance is a result of the modification of 

the aromaticity of the tricyclic system. When X is changed to different 

substituents which increase the aromaticity, this would decrease the 

conductance of the molecular junction 133. On the other hand, the conductance 

of the molecule with meta connectivity shows no dependence on aromaticity 

because of the QI effect, and here the charge transport is dominated by the 

substituents on the pyrrolic N of the molecule in the junction 132,133. In the case 
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of the meta connected tricycle, if N is placed at the position X in Figure 3.2 

(meta-pyrrolodipyridines), a higher conductance would be observed than O 

(meta-dibenzofurans) and Si (meta-silafluorenes) in the same position, and 

this is not in line with the predictions of the conductance being controlled by 

the aromaticity of the molecule 132,134. Pyrrolodipyridines show a higher 

conductance since the lone pair of the N provides better electronic 

transmission by offering a new pathway which promotes charge transport. 

This alluring capability of pyrrolodipyridines attracted so much interest in 

studying the relation between the chemical structure and the QI.  

By using different substituents on the pyrrolic N, the electron density of the 

N changes based on the electron-donating or withdrawing behaviour of the 

substituents, which has a considerable impact on the conductance of the 

molecule, while in para-connected tricycles, the conductance remains the 

same regardless of changes in X (Figure 4). Later on in the Chapter it is shown 

that there is a decreased influence of destructive QI for meta-connected 

pyrrolodipyridines and finally a switching off this phenomenon when the QI 

dip is moved away from the Fermi level of the metallic electrodes. This 

complements other competing methods of controlling QI, such as the use of 

the electrochemical or electrostatic potential, which alter the energy 

alignment with the electrodes Fermi energy 117,135,136. 
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3.2. Results and Discussion  
 

The conductance of the molecular wires is affected by the presence of 

different substituents on the pyrrolic nitrogen in the meta-connected 

molecules (1M – 5M). In the conductance histograms, the 

conductance characteristics of the meta compounds 1M – 5M are shown in 

the conductance histogram in Figure 3.4a, and the changes in conductance 

with the pyrrolic nitrogen substituents are apparent. The conductance value 

of the meta-compounds changes by more than one order of magnitude after 

altering the substituents on the pyrrolic N. In contrast, the conductance of the 

para counterparts (1P, 2P and 5P) is essentially unaffected (Figure 3.4b). 

Individual conductance histograms of the molecules are presented in the 

appendices (Chapter 7, Section 7.1.1). 

                       

Figure 3.4. a) Conductance histogram of molecules 1M to 5M and b) conductance 
histogram of compounds 1P, 2P and 5P. Figures taken from reference 130 with the 
permission of the publisher. The asterisk in the conductance histograms denotes a 
minor artefact caused by our 4-channel preamplifier transimpedance switch. 

 

Overall, the findings indicate that charge transfer efficiency (molecular 

conductance of pyrrolodipyridines) and the electronic state of the bridging 

a) b) 
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pyrrolic N are related. Empirical evidence for understanding how molecular 

conductance varies across these series of compounds can be obtained by 

focusing on relationships between molecular conductance and particular 

parameters used by physical organic chemists. The electrical behaviour of the 

pyrrolodipyridine junctions is influenced by the charge density on the pyrrolic 

N atom, and an applicable physical parameter that can be related to the density 

of charge on the N is the acidity of the protons on the anilinium ions, which 

corresponds to the aniline building block utilised in the pyrrolodipyridine 

synthesis (Figure 3.5). When the logarithm of conductance is plotted against 

the pKa (in water) of the corresponding anilinium ion (Figure 3.6 and table 

3.1), there is a strong relationship with the conductance values of these 

molecular wires.  

 

Figure 3.5. Molecular structure of meta- pyrrolodipyridines and the corresponding 
anilinium ions of the respective substituent. a) 1M, b) 2M, c) 3M, d) 4M and e) 5M 
pyrrolodipyridines.  
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Figure 3.6. 1M - 5M and 1P, 2P and 5P logarithmic conductance vs pKa. The pKa 

used here is for the anilinium ion derived from the aniline used in the synthesis of 
the pyrrolodipyridines. pKa value are taken from the CRC handbook of Chemistry 
and Physics 137.  

 

The correlation between pKa and conductance values in Figure 3.6 shows an 

upper limit of ~10 -3.7 G0 for conductance that can be obtained for these 

molecules, and this is evident in the histograms, which show that compounds 

4M and 5M have very comparable conductance values close to this limit. It 

is possible to use a simple structural model to explain the results arising from 

the correspondence between the charge on the pyrrolic N and molecular 

conductance. A new conductance pathway opens since the lone pair on the N 

behaves as a mediator for charge transport. This new pathway suppresses the 

quantum interference caused by the meta pathway and thereby offers higher 

conductance (as pictorially represented by arrows in Figure 3.7). Higher 

conductance (up to 10-3.7 G0) for the molecular junctions is achieved by 

increasing the electron density of the pyrrolic N as a result of the higher aryl-

aryl coupling offered by the lone pair (Figure 3.4a).  

1M 
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3M 

4M 5M 
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Figure 3.7. Data is interpreted within a model which takes account of quantum 
interference phenomena arising from current flow through different pathways across 
the molecular bridge. The charge transport channel (purple arrows) leads to 
destructive QI. The bridging atom provides an alternate pathway (green arrows), and 
its efficiency is regulated by the electron density on the pyrrolic N. 

 
For classic electronic circuits following Kirchhoff’s law, at any junction in 

the electrical circuit, the total currents coming to the junction must have the 

same value as the total current flowing out of the junction. Also, the directed 

sum of potential variations (voltages) around any closed circuit is zero, which 

means that in a complete loop of the circuit, the sum of all voltages throughout 

components that supply electrical energy must be the same as the total of all 

voltages throughout other constituents in the same loop. However, molecular 

electronics circuits which are subject to quantum interference effects function 

in a fundamentally different manner to classical electrical networks. For the 

classic circuit the overall conductance is simply equal to the sum of the 

individual contributions of different pathways. 
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Table 3-1. Molecular conductance values, log (G/G0) and pKa of the corresponding 
anilinium ion. For the substances studied in this work, conductance values, errors, 
and physical constants are shown. a Values taken from the CRC Handbook of 
Chemistry and Physics. There is a substantial relationship between the value of pKa 
and the conductance of 1M-5M. Changing the pKa value of the corresponding 
anilinium ions has no effect on the conductance of 1P, 2P, or 5P. 

Compound Conductance (G0) 

/ S 

𝐋𝐨𝐠	(𝐆	/	𝑮𝟎) ± 	𝛂 pKa of the 
corresponding 
anilinium ion a 

1M 3.2 x10-5 -4.7 ± 0.3 4.49 

2M 5.6 x 10-5 -4.2 ± 0.3 4.87 

3M 8.3 x 10-5 -4.1 ± 0.3 5.36 

4M 1.6 x 10-4 -3.8 ± 0.2 6.59 

5M 1.9 x 10-4 -3.7 ± 0.3 9.17 

1P 8.3 x 10-4 (H) 

3.7 x 10-4 (L) 

-3.1 ± 0.2 

-3.4 ± 0.4 

4.49 

2P 1.0 x 10-3 (H) 

4.7 x 10-4 (L) 

-3.0 ± 0.2 

-3.3 ± 0.3 

4.87 

5P 1.0 x 10-3 (H) 

5.9 x 10-4 (L) 

-3.0 ± 0.2 

-3.2 ± 0.3 

9.17 

 

QI effects result from the presence of several routes in a single-molecule 

junction, necessitating a thorough DFT analysis for a better understanding of 

the behaviour of the conductance of the molecular junctions studied. 
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The optically measured and calculated HOMO-LUMO gaps are listed in 

Table 3.2. Theoretical HOMO-LUMO gaps have been computed for isolated 

molecules and for the compounds were in junctions. For the latter case the 

gap quoted is that between their HOMO and LUMO transmission resonances. 

The HOMO-LUMO gaps for the isolated compounds are bigger than the gaps 

between transmission resonances for the corresponding molecule in the 

junction. This is due to the fact that when the molecule is isolated, the 

broadening of the molecular orbitals is limited due to the weak or no coupling 

with the electrodes. Only when coupling of the molecular orbitals to the 

electrode is significant, the electronic states of the molecule and electrodes 

overlap, causing a broadening of the energy levels of molecules.  Therefore, 

HOMO-LUMO gap 𝐸B is smaller for the molecule connected to the metallic 

electrodes as 𝜀B = 𝐸B − ∑, is the eigenenergy 𝐸B of the molecular orbital 

changed by a value of ∑ after coupling of the metallic electrodes to the orbital.  
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Table 3-2. Theoretical and experimental HOMO–LUMO gaps in eV. a) Data from 
the experiment: Eg = 1241.5/ABS, using UV-Vis spectroscopic technique. b) The 
isolated molecules' theoretical HOMO–LUMO gaps. c) Theoretical gaps in Au-
molecule-Au structures between HOMO–LUMO transmission resonances. 

Compound Eg (Exp.) a Eg DFT (Iso.) b E g DFT (Au-M-Au) c 

1M 4.90 3.43 3.30 

2M 5.13 3.51 3.30 

3M 5.37 3.42 3.30 

4M 5.48 3.47 3.30 

5M 5.15 3.50 3.30 

1P 5.38 3.10 2.90 

2P 5.37 3.01 2.85 

5P 5.37 2.91 2.70 

 

Transmission coefficient T(E) was calculated for electrons of energy E 

travelling between the metallic electrodes through a molecular junction by the 

collaborators at the University of Lancaster 138. The transmission coefficient 

T(E) was computed for the compounds 1M-5M and 1P, 2P and 5P (Figure 

3.8). Ground state energies, binding energies, molecular conformations, and 

trends in HOMO–LUMO gaps in molecules can all be predicted using DFT. 

The main challenge in DFT calculations is finding the correct HOMO and 

LUMO level locations relative to electrode Fermi energies. The DFT 

calculations give a slightly smaller HOMO-LUMO gap, and this can be 
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corrected by experimentally measuring the HOMO-LUMO gap using 

techniques like UV-Vis spectroscopy measurements.  When the HOMO–

LUMO is known empirically by measuring the energy gap associated to the 

maximum wavelength using UV-Vis spectra (Figures are shown in Chapter 

7, Section 7.1.2), a scissor correction is applied to the DFT calculations. If the 

relative locations of the HOMO and LUMO levels to the Fermi energy of the 

metallic electrodes are identified, the Fermi level ought to be corrected to the 

right amount. The anticipations for transport characteristics are expected to 

be the most precise when the two energy differences 𝐸D − 𝐸= and 𝐸E − 𝐸= 

have been determined by experiment. Without a scissor operator, the LUMO 

resonance is expected to be fixed around the Fermi Level of the electrode, 

thus cancelling out the substituent impact on molecular conductance (Figure 

3.8a). As demonstrated in Table 3.2, the theoretical and optical bandgap 

values vary by more than 1 eV, indicating that DFT underestimates this value 

139,140.  

As mentioned earlier, the HOMO-LUMO gap cannot be correctly estimated 

using DFT, and the computed gaps are less than the optically determined 

gaps. To solve the problem, the optical bandgap of the compounds was used 

to perform a scissor correction 141–143. Hence, the new HOMO-LUMO gap is 

consistent with the experimental data of the molecule. Figure 3.9 shows the 

transmission curves of para-connected molecules after scissor correction. 

Here, DFT shows a smaller influence on transmission at the Fermi level in 

these compounds in comparison to their meta counterparts, which leads to 

independence of the conductance to N-aryl substitution in pyrrolodipyridine. 
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Since 𝐺 = 𝐺!𝑇(𝐸=), where T(EF) is the transmission coefficient at the Fermi 

level of the metallic electrodes anticipated by DFT calculations, the 

conductance value of the molecular junctions can be derived from the 

transmission curve. 

 

 

Figure 3.8. a) Transmission curves for meta-connected compounds 1M–5M without 
the scissor operator (left) and magnification in the area where the quantum 
interference characteristic appears (right). b) Transmission curves for para-
connected molecules 1P, 2P, and 5P without the scissor operator. 

a) 

b) 
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Figure 3.9. Transmission curves with scissor correction for 1P, 2P and 5P.  

 

Since the nano-environment and the local geometry of the metallic electrodes 

which are continuously changing throughout an STM-BJ experiment 

dominates the definite position of the Fermi energy of the electrodes, 

anticipation of the exact position of Fermi level is not easy. As a result, 

precise prediction of the molecular conductance is not feasible, but essential 

information about the molecular conductance may be derived from the T(E) 

behaviour within the HOMO-LUMO bandgap where EF lies. In the calculated 

T(E) profile, all the meta-compounds exhibit a destructive quantum 

interference resulting in an apparent dip in the transmission curve (Figure 

3.8a). However, the dip caused by destructive QI is significantly pushed 

toward the nonconducting HOMO orbital and is not as severe as that seen in 

simple meta-connected aryls. The bridging nitrogen atom that connects the 

two pyridyl rings is responsible for these effects since it causes a significant 
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asymmetry of the transmission within the HOMO-LUMO gap region (Figure 

3.10).  

 

Figure 3.10. Transmission curves for molecules 1M to 5M after scissor correction.  

 

This destructive QI is manifested as a dip in transmission curve that is results 

in the lower conductance of these meta-molecular wires. As discussed earlier, 

the change in conductance of meta- pyrrolodipyridines across the 1M to 5M 

series can be attributed to variations in the charge density on the pyrrolic N. 

The theoretical study (DFT calculations) by the University of Lancaster group 

supports the experimental results (Figure 3.10). This shows that the computed 

transmission coefficient of the molecular junctions at the Fermi level 

decreases in the same order as their experimental conductance values drop, 

i.e., 5M > 4M > 3M > 2M > 1M. The decrease in the transmission coefficient 

in this molecular series is visible in the transmission curve when zoomed in 

at the Fermi level (Figure 3.11). Note that the LUMO is the closest orbital to 

the Fermi energy and is therefore said to be responsible for charge transport. 
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When the log T(E) against E – EF plot is magnified close to the Fermi energy 

of the electrode this trend in the transmission coefficient can be clearly seen 

(Figure 3.11). These results from the transmission coefficient predicted by 

DFT for meta molecules agree with the experimental data from 

pyrrolodipyridines break-junction studies.  

To assess the T(E) behaviour in the HOMO-LUMO gap for the para-

connected compounds, the same calculations were performed (Figure 3.9). 

Transmission curve of para molecules show no dip within the HOMO-LUMO 

gap, indicating that there is no destructive QI in these molecular junctions. 

This is in line with the experimental results obtained using the STM-BJ where 

para molecules show higher conductance. 

 

Figure 3.11. Magnified Transmission curve after scissor correction from −0.25 to 
0.25 eV for the series of molecular junctions 1M to 5M. Fermi energy predicted by 
DFT is shown as a dotted grey line. 

 

In Figure 3.8a, the energy position of the interference phenomenon is not 

significantly affected by the substituents on the pyrrolic nitrogen showing the 
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dip remains close to the non-conducting orbital. For para- pyrrolodipyridines 

regardless of the type of the substituent on the pyrrolic nitrogen, T(E) in the 

HOMO-LUMO gap remains largely the same. Based on DFT calculations, 

the transmission coefficient at the Fermi level is affected less in para-

compounds, and therefore, the conductance of pyrrolodipyridine is not 

dependent on the N-aryl substituent (Figure 3.9).  

 

 

 

 

Figure 3.12. Structure and relative transmission curves for the junctions of 
compounds 5M (top) and 5P (bottom) in the two potential binding geometries (left 
versus right) enabled by the presence of a pendant 4-pyridyl moiety. 
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Figure 3.13. The transmission curves are the ones without use of a scissor operator. 

 

The pyridyl ring linked to the carbazolic N of molecules 5M and 5P provides 

an extra binding mode, and in both compounds, this leads to a shoulder with 

lower conductance in the histograms. DFT transport calculations were done 

by the team of collaborators at the University of Lancaster to determine which 

potential geometry which is most likely to be obtained during an STM-BJ 

experiment for these compounds. As depicted in Figure 3.12, in both 

compounds (5M and 5P), the geometry which offers a higher conductance is 

when there is electrode contacting to the pyridyl groups at opposite facing 

end of the pyrrolodipyridine. In this case, the transmission curve shows a 

higher transmission probability at the Fermi level of the electrode (black lines 

in Figure 3.13). The lower conductance originates from the junctions made 

through the pendant additional pyridyl ring, and the transmission curve 

confirms the lower transmission probability of this junction geometry 

(Orange lines in Figure 3.13). 
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3.3. Conclusion  
 

This study of N-substituted pyrrolodipyridines shows that it is feasible to 

chemically regulate conductance by altering the substituents and the position 

of the gold electrode connection to the molecular bridge, i.e. the connectivity. 

The meta connectivity leads to quantum interference, but this can be 

progressively switched off in a series of meta-d pyrrolodipyridines by tuning 

the substitution on the N atom of the pyrrolodipyridines. This is because 

changing of electron density adjusts the coupling of the lone pair of the N and 

the aromatic framework of the pyrrolodipyridines, thereby tuning the 

conductance of the compounds in the molecular junction. In this way it is 

possible to control the conductance of meta- pyrrolodipyridines by changing 

the coupling of the lone pair, although, by contrast, the conductance remains 

the same in para- pyrrolodipyridines. This QI effect arising from the meta 

connectivity is competing with alternative, high-conductance pathway over a 

single atom (pyrrolic N), whose density of electron can be modified by 

convenient chemical substitution in meta- pyrrolodipyridines. In other words, 

the quantum interference, which is a result of the meta-connectivity trend, and 

suppresses conductance, can be controlled just by the substitution on a single 

nitrogen atom in the conductance path.  

In this work, an advanced way to dominate quantum interference in molecular 

junctions by changing the charge on only a single atomic component of the 

molecular have been illustrated. This approach expands the ways which can 

be used nowadays to control quantum interference.  
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                    CHAPTER 4 

 

4. MOLECULAR ELECTRONICS OF 
PILLARARENE  
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4.1. Background and Scope 
 

One ambitious goal of nano and supramolecular science research has been to 

attempt to develop practical nanoscopic devices inspired and scaled down 

from functional macroscopic systems 144–146. With this in mind, various 

nanodevices for technical or biological purposes have been created and 

characterised, 150–153. A definition of “reaching the nanoscale” is when one 

device dimension is controllably less than 100 nm. One relatively 

straightforward way of achieving this is through the assembly of monolayer 

films. Monolayer devices have been assembled by different molecular 

deposition techniques, such as self-assembly and Langmuir-Blodgett film 

formation 154.  Highly compact monolayers made entirely of “molecular 

wires” have been created in both instances 155,156. The molecular structure, the 

interface with the electrode, and intermolecular interactions all contribute to 

the molecules' spatial arrangement when forming 2D molecular films 157,158.  

Intermolecular interactions can complicate the single molecule behaviour by 

providing alternative conduction pathways in molecular junctions. In this 

respect, new methods are required for the fabrication and assembly of 

molecular junctions that minimise the impact of intermolecular phenomena, 

which complicate the measurement of true single-molecule conductance. 

Enclosing each molecular wire in an insulating "sheath" may be a possible 

solution to the problem. When a single-molecule configuration is desired, the 

sheath aims to inhibit intermolecular interactions and the formation of multi-

molecular connections by evenly spacing and separating the molecular wires 
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arranged on a surface. The focus is on host-guest chemistry since there are a 

variety of defined systems that have been utilised as host for active molecules, 

resulting in supramolecular complexes with a variety of interesting 

applications 159,160. 

Organising structures that consist of two or more chemical entities will 

exhibit specific intermolecular interactions has now grown to the extensive 

field of supramolecular chemistry. A significant strategy in supramolecular 

chemistry has been the deployment of host-guest chemistry based on 

macrocyclic compounds. Unlike linear structures macrocyclic compounds 

have repeating units with no terminal ends, and they can be formed into 

symmetrical structures such as cyclic, ring or cavity structures with nanoscale 

dimensions. The cavity of some macrocyclic structures can accommodate 

guest molecules which can make them more capable of complexation in 

comparison to linear compounds with the same number of building blocks. 

Entropy losses of macrocyclic compounds during complexation can be less 

than linear compounds as linear ones need to change their structure to form 

host-guest complexes 161. 

Pillararenes are relatively new types of macrocyclic compounds, which have 

para-alkoxybenzene units connected by methylene bridges at the 2 and 5 

positions 162. Pillar[n]arenes were discovered by accident. In 2008, Ogoshi 

and colleagues attempted to synthesise phenol-paraformaldehyde resins using 

a featureless phenolic derivative, 1,4-dimethoxybenzene, that resulted in the 

discovery of pillar[n]arenes, which are intriguing macrocycles 163. At first 

they could not figure out why they achieved high yields of pillar[5]arenes. 
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Pillararenes have a structure which can be compared with calixarenes. 

However, there is a noticeable difference between pillararenes and 

calixarenes, which is the connection position of the methylene bridges, since 

in calixarenes the phenolic units are connected by methylene bridges in the 

meta position 162. Different functional groups can be attached to the rim of 

pillararenes because of the ease of their synthetic modification (Figure 4.1).    

 

Figure 4.1. Structure of a) Calixarene and, b) Pillararene. 

 

The solubility of the macrocyclic hosts plays an essential role in the ability 

and selectivity of the host-guest complex formation 164. The most favourable 

situation involves very low conformational change during host-guest 

complexation to keep entropy loss low. This leads to a robust host-guest 

complexation. Increasing the conformational rigidity is a useful approach to 

improve the host-guest complexation capabilities. However, very 

symmetrical structures with rigid conformation can have low solubility. 

Macrocyclic molecules such as pillararenes with their spacious cavity are 

among some of the most desirable compounds in super-molecular chemistry. 

These compounds have very well-defined cavities to host different guest 

molecules. The ability of pillararenes to host the guest molecule inside their 

cavity depends on the size of their cavity and the chemical structure of 
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constituent units and functional groups. Guest molecules such as viologens 

are electron-poor cationic molecules. These molecules can reside inside the 

electron-rich cavity of pillararenes. Pillar[5] and pillar[6]arenes prefer to 

accommodate electron-poor molecules, such as cationic molecules and 

molecules containing electron-withdrawing groups, in their cavities 164. The 

size of the pillar[5]arenes cavity is approximately 5 Å offers some smaller or 

“slender” molecules enough space to reside in their cavity, such as pyridinium 

and imidazolium 165.  

Functionalisation of the rim can also be used to control the host-guest 

complexation. Alkoxy groups on the rims of the pillar[5]-and pillar[6]arene 

cavities are electron-donating moieties, and they cause a negative inner 

surface of the cavity of these molecules. On account of the high 

electronegativity of oxygen, alkoxy groups may be considered electron-

withdrawing, however the substitution effect in aromatic compounds can 

change this situation. Substituent will have different effect when they are 

bound to the alkyl chain compared to when they are directly bound to benzene 

rings. In case of a benzene ring, since the substituents can form resonance 

structures, they may exhibit either electron-donating tendencies or electron-

withdrawing ones depending on the exact details. 

The inductive and the resonance effects are two especially significant 

substituent effects. If an atom (or molecule) with a significant level of 

electronegativity is bound to an alkyl chain, the inductive effect influences 

the single bonds (𝜎-bonding). On the other hand, the resonance effect has 

impact primarily through the double or triple bonds (𝜋-bonding). As an 
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example, the acidity of aromatic carboxylic acids is strongly influenced by 

the resonance effect. The acidity of aromatic carboxylic acid will vary based 

on the type and position of substituents that are bonded to the phenyl ring. 

When the acidity strength of a substituted aromatic carboxylic acid (pKa) is 

compared to the acidity strength of aromatic carboxylic acid itself (pKaH), it 

is observed that the type of the substituent and its ring position (meta, or para) 

can alter the pKa significantly. The pKa values of the respective compounds 

may be represented as: 

𝜎 = 	𝑝𝑘𝑎E − 	𝑝𝑘𝑎	                                                                     Equation 3 

The pKa value varies according to the position of the substituent on the 

aromatic ring (meta or para). The substituent is electron-donating when 𝜎 is 

negative and electron-withdrawing when 𝜎 is positive. In the case of an 

alkoxy group, if the substituent is in the para position, it works as an electron-

donating group, dispersing negative charge via the inductive/resonance effect 

and stabilising the molecule; if the substituent is in the meta position, it acts 

as an electron-withdrawing group. 

The I(s)-STM method has been previously used to investigate the 

conductance of host-guest complexes comprised of cucurbituril and viologen 

molecular wires moieties, with the viologens being effectively complexed by 

crown ethers on the cucurbituril (CB) host 166. Complexation of viologen 

molecular wires within CB host led to an increase in the molecular 

conductance.  

The work in this Chapter focusses on pillar[n]arenes (P5A), which have good 

characteristics for chemical sensors based on host-guest processes. P5As have 
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high association constants, and they can be spontaneously deposited on 

surfaces, forming layers167–169. Although a large number of molecules have 

been discovered to function as cavity guests inside the P5A, none of them has 

been studied using single molecule electronics methods 165,170–172.  

This Chapter describes how pillar[5]arenes may function as a supramolecular 

hosts for a molecular wire that is extensively used as a molecular 

wire (oligophenyleneethynylene, OPE). It is shown how the pillar[5]arenes-

OPE complex can be self-assembled and used to fabricate dense monolayers. 

It is then demonstrated how the pillar[5]arene forms a "molecular sheath" for 

the OPE, thereby inhibiting the formation of dimeric connections by 

separating and blocking the interaction between single-molecule wires.  

         

             

Figure 4.2. Chemical structure of compounds 2 (pillar[5]arene) and 4 
(oligophenyleneethynylene (OPE)), and molecular models for the host-guest 
complexes 2⊂4.  

The conductance of the OPE-P5A guest-host complex has been determined 

using the STM-BJ technique. To enable the formation of single-molecule 

junctions, an amine-terminated OPE with amine termini on both ends was 
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deployed. The 2⊂4 (P5A and OPE) complex for the single-molecule 

electronics measurements, featuring the OPE with amine termini at both ends, 

is illustrated in Figure 4.2. Unfunctionalized P5A was used so that it could 

not interact with the metallic electrodes and served only as a non-conducting 

sheath. NMR characterisations of 2, 4 and 2⊂4 are shown in Chapter 7, 

Section 7.2.1.  

 

4.2. Results and Discussion  
 

It has been shown in the literature 173 that aromatic molecular wires can stack 

in molecular junctions. Such stacking of the aromatic conjugated molecular 

wires leads to dimeric junctions in which each monomer is bound to the 

respective electrodes via just one of its termini. For such dimeric molecular 

junctions charge tunnels through a new eigenchannel formed by the efficient 

𝜋-𝜋 interaction. This effect can be seen in oligophenylenes, imidazoles, 

(oligo)thiophenes and also oligophenyleneethynylenes (OPEs) 174. Charge 

transfer via stacked dimers is linked with lower conductance values than the 

equivalent single-molecule junctions because the channel formed by the non-

covalent 𝜋-𝜋 connection is usually less transparent to tunnelling than covalent 

interatomic bonds 175–177. The experimental work presented here shows that 

these 𝜋-stacking phenomena can be impeded through molecular 

encapsulation. 

Single-molecule charge transport characterisation was carried out using the 

scanning tunnelling microscopy - break junction (STM-BJ) method. STM-BJ 
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measurements in air have been compared with those in solvents. To 

demonstrate the formation of stacked junctions, STM-BJ measurements in air 

on a sub-monolayer of compound 4 was performed. Adsorption of compound 

4 on gold was achieved placing a droplet of a 1 mM acetone solution on the 

gold slide for one hour and then rinsed with ethanol. Figure 4.3c indicates that 

the 𝜋 stacking junction significantly contributed to the conductance 

histogram, which features a most intense peak at 	~10,F.5G0, as, as well as a 

secondary peak at	~10,0.$G0. By taking the electrode snapback of 0.6 nm 

into account, the junction extension distance of the intense peak at 	~10,F.5G0 

corresponds to electrode separations greater than the length of molecule. This 

shows that this signal originates from stacked dimers rather than monomers 

[159]. From these results recorded with the STM-BJ in air it is concluded that 

𝜋 stacking occurs strongly for this compound.  
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Figure 4.3. STM-BJ studies. (a) idealised structures of a single-molecule junction of 
4 (top) and its stacked dimer (bottom) for qualitative demonstration of the junction. 
The length of the junction in the top and bottom models do not correspond to the 
actual configuration of the molecule(s) in the junction. (b) structure of the 2⊂4 
complex junction. (c) 1D conductance histogram of 4 measured in air, 200 mV bias 
(dark orange) and in THF (bright orange). (d) 1D conductance histogram for the 
complex measured in air, 200 mV bias. (e) Conductance – electrode displacement 
density map for 4 in air. (f) Conductance – electrode displacement density map for 
2⊂4 in air. Histogram and density map in (c) and (e) compiled from 5209 traces with 
no data selection. Histogram and density map in (d) and (f) compiled from 5209 
traces with no data selection. Histogram for 4 in THF (c) normalized at 0.5 intensity. 
Colours in (a) and (b): C = grey, N = blue, H = white, O = red, Au = yellow. Dashed 
contours in (e) as guide to the eye. 

 

Next the measurements in air just described are compared with those made in 

solvents to see if the environment effect formation of the stacked dimer. 

Conductance measurements of compound 4 were performed using the break-
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junction technique in an 8:2 v:v mixture of mesitylene and tetrahydrofuran. It 

is apparent that there is no detectable formation of stacked dimers as only a 

single conductance peak at 	~10,0.$G0 exists in the histogram (Figure 4.3c) 

(individual histograms are shown in Appendices Chapter, Section 7.2.2). 

Therefore, solvation of 4 in mesitylene/THF prevents the formation of dimers. 

Next a gold substrate was incubated in an equimolar solution of 2 and 4 for 

one hour, followed by STM-BJ measurements in air. Only the single-

molecule conductance peak is observed, and the conductance versus electrode 

separation density map did not reveal any notable characteristics beyond the 

molecular length of 4 (Figure 4.3d). The appearance of a single peak 

associated to the single-molecule junction in Figure 4.3d indicates that the 

pillararene cage prevents through-space tunnelling arising from pi stacking of 

4 if the ratio of 2 and 4 is 1:1. 

Flicker noise analysis was performed on the junctions to establish the 

supramolecular nature of the junctions generated with molecule 2 in air. 

Flicker noise measurements can clearly distinguish between through-bond 

and through-space coupling at the single molecule level. Using this technique, 

which analyses the current signal of molecular junctions in the frequency 

domain, the noise power is calculated by integrating the power spectral 

density across a frequency window. The range between 100 Hz and 1 kHz 

was chosen here. The noise power will correlate with a power-law 

dependency of the conductance (NP ∝ Gn), with the scaling exponent n being 

near to 1 when charge transport is entirely through-bond. This rises towards 

n = 2 when charge transport includes a through space contribution.  
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Figure 4.4 presents the results for compound 4, showing normalised noise 

power versus average conductance, in order to evaluate their relationship. 

Since their conductance values are too close as can be seen in this Figure, the 

contributions from the stacked dimer and single-molecule junction cannot be 

distinguished from one another. However, the overall noise power follows the 

power-law dependence with a scaling exponent of about 1.5, showing 

through-space tunnelling plays a significant role in charge transport. By 

contrasts, flicker noise measurements of the complex 2⊂4 (Figure 4b) gave a 

scaling coefficient of about 1.1, illustrating the through-bond tunnelling is 

responsible for the charge transport. 

 

 

Figure 4.4. (a) Power spectral density (PSD) flicker noise analysis for 4. A scaling 
exponent (n) of 1.5 confirms the existence of both through-bond and through space 
couplings (b) PSD flicker noise analysis for the 2⊂4 complex. A scaling exponent 
(n) of 1.1 confirms the existence of predominantly through-bond coupling due to 
successful encapsulation of 4 by 2. Flicker noise heatmaps in (a) and (b) compiled 
from respectively 12706 and 15282 traces using the data analysis routine described 
in Chapter 2. Solid contours in (a) and (b) are the 25%, 50% and 75% height of the 
2D Gaussian fit to the map. 

 

a b 

n = 1.5 n = 1.1 
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To further investigate the efficiency of pillararene in blocking 𝜋-stacking and 

through-space tunnelling in the junction, the STM-break junction method was 

used to study another conjugated aromatic compound (4-

(methylthio)phenyl)-2,2':5',2''-terthiophene (compound 5) (Figure 4.5).  The 

charge transport through 5 allows to further explore the significance of 

intermolecular contacts in the junction. The STM-BJ measurements on these 

thiophene target molecules with just one thiomethyl (-SMe) anchoring group, 

described in the text below, show that they form stacking junctions with 

detectable conductance. These STM-BJ characterisations were performed in 

mesitylene-THF (9:1 v:v) for compound 5 with a gold substrate and tip.  

 

 

Figure 4.5. Chemical structure of (4-(methylthio)phenyl)-2,2':5',2''-terthiophene 
(Compound 5).  

 

Figure 4.6a shows 1D and 2D conductance histogram for 5 in mesitylene and 

THF (9:1 v/v) which give a main peak at 	~10,5.<G0. Since 5 only contains a 

single thiomethyl anchoring groups this indicates that 𝜋-stacking junctions 

are formed as thiophenes are considered to be poor anchoring groups 178. After 

adding the electrode snapback of 0.6 nm, the main conductance feature 

at	~10,5.<G0 in the 2D histogram which is attributed to the stacked dimer 

shows an electrode break-off separation of about 1.2 nm. This extension is 

very close to the length of this compound (~1.3 nm, measured using Spartan 

S S
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20). After further elongation of the tip, a second peak appears at lower 

conductance (~10-4.9 G0) which is related to formation of a differently 

configured stacked dimer (Figure 4.6a). The conductance peak at the lower 

value has an electrode separation of 1.45 nm. The higher conductance peak is 

associated with shorter dimer, while the lower conductance peak is associated 

with longer dimer. The junction lengths measured from the 2D histograms 

after addition of the snapback correction correlate well with these respective 

stacked dimer structures. 

The same experiment was performed for a solution of 2⊂5 using the STM-

BJ. In this case no clear single-molecule conductance peak was detected. The 

conductance versus electrode separation density map (2D histogram) showed 

no notable characteristics of the formation of the junction for the measured 

equimolar solution of 2⊂5 (Figure 4.6b).  

This can be interpreted as the pillararenes sheath encapsulating the lead 

molecule and thereby preventing formation of stacked dimers.  Next a 1:2 

solution of 2⊂5 was measured with the STM-BJ to characterise the junction 

in the presence of an excess amount of 5 in the solution. Figure 4.6c shows in 

the presence of excess 5 peaks at	~10,5.<G0 and ~10-4.9 G0 appear. These 

conductance peaks correspond to the 𝜋-stacking junction, showing that when 

there is not enough pillararene cage to host all of the guest molecules the 

excess of 5 then leads to 𝜋 -stacked dimers.  
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Figure 4.6. STM-BJ measurements for a variety of solutions containing a) 
compound 5 only, b) equimolar quantities of 2 and 5 to stoichiometrically form 2⊂5 
host guest complex and c) a solution of 2 and 5 used to form 2⊂5 where, however, 
the concentration of 5 is twice as much as 2. Measurement recorded at 0.2 V bias for 
1 mM solutions in mesitylene and THF (9:1 v/v). Histogram and 2D density map 
compiled from a) 4836 b) 4731 and c) 4228 individual scans, no data selection, 100 
bins / decade, 100 bins / nm. 
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4.3. Conclusion 
 

It has been demonstrated that compound 4 shows through-bond and through-

space tunnelling in the junction. The charge transfer through stacked dimers 

results in a lower conductance value in comparison with through-bond 

tunnelling in the single-molecule junction. The 𝜋 stretched junction showed 

the most intense peak, along with a secondary peak at higher conductance 

related to the single-molecule junction. When the 2⊂4 complex was measured 

using the same technique, only the single-molecule conductance peak 

emerged. It has not been possible to observe any notable characteristics 

beyond the molecular length of compound 4 at the presence of 2 in the 

conductance versus electrode separation density map. The conductance of 

compound 5 was measured using the break-junction method, and multiple 

conductance peaks related to the formation of different 𝜋 stacked junctions 

were seen. Then the 2⊂5 complex was measured, and no conductance peak 

was seen in the histogram. Flicker noise analysis confirmed the occurrence of 

both through-bond and through-space tunnelling for compound 4, while the 

2⊂4 complex showed only through-bond tunnelling in this analysis.  

These findings give insights into the control and monitoring of molecular 

assemblies and devices at the nanoscale, as well as fundamental knowledge 

of the regulation of intermolecular transport. This study could aid in the 

development of single-molecule investigation of supramolecular structures, 

as well as providing inspiration for a variety of creative design techniques for 

the fabrication of high-performance organic devices based on molecular 

designs exploiting intermolecular interactions. 
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CHAPTER 5 

 

5. SINGLE-MOLECULE ELECTRONIC 
STUDIES OF VERDAZYL 
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5.1. Background and Scope 
 

Many radicals are highly reactive, but some substances exist in their pure 

form as stable radicals 179–183. One of the most stable radical classes are 

verdazyl radicals which show complete redox reversibility 184,185. The 

unpaired electron is delocalized on the verdazyl ring's N1–N2–C2–N3–N4 

atoms (Figure 5.1).  

 

 

Figure 5.1. Molecular structures of the oxoverdazyl (1) and tetrazin-3-one 
precursor (2). 

 
The unpaired electron's delocalization is the primary explanation for the 

remarkable stability of the verdazyl radical 185–187.  

Intramolecular interaction of the unpaired electron with a pair of electrons of 

a donating group or the empty 𝜋∗ orbital of an electron-withdrawing group 

may occur and lead to delocalisation effects which can be explained using 

molecular orbital theory and molecular orbital diagrams. Since the HOMO of 

the radical is singly occupied, the orbital is called the SOMO (Singly 

Occupied Molecular Orbital). In the case of an electron-donating group, a 

new lower-energy filled bonding-orbital and a singly occupied new SOMO 

that is higher in energy than the original SOMO are made due to the SOMO 
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interaction with the lower energy lone pair. While the energy of the unpaired 

electron has raised, the energy of the lone pair producing the new bonding 

orbital has decreased, resulting in a net drop in the molecule's energy. 

Electron-donating groups, therefore, assist in the stabilisation of radicals 

(Figure 5.2a). 

Figure 5.2. Molecular orbital diagram of a radical interacting with a) an electron-
donating group and b) an electron-withdrawing group.  

 

Several stable, organic open-shell compounds have been prepared and 

characterised since synthesis of the triphenylmethyl (trityl) radical by 

Gomberg in 1900 188, and they have been deployed in devices like batteries, 
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and light-emitting diodes 189. Semi-occupied molecular orbitals (SOMOs) in 

open-shell materials within molecular junctions have energies near to the 

Fermi level of metallic electrodes, which is a desirable property in molecular 

electronics 110,190 . Such orbitals cause an extra transport resonance around the 

electrode Fermi level, resulting in high efficiency of transport and desirable 

traits like rectification and non-linear characteristics 191. The effect can be 

computationally modelled and seen in the transmission curve (the probability 

of an electron tunnelling through a molecular wire as a function of its energy). 

The presence of a SOMO causes constructive quantum interference and 

induces multiple sharp transport resonances (spin-up and spin-down) close 

to the Fermi energy of the metallic electrodes. Therefore, such open-shell 

orbitals in the junction leads to sharp transport resonances at the electrode 

Fermi level in the transmission function T(E) 192, as shown in Figure 5.3a.  

 

Figure 5.3. a) A transmission curve for a closed-shell and an open-shell material is 
shown as an example. Additional resonances at the Fermi energy of the metallic 
electrode exist in the open-shell (radical) molecule. b) Map of spin density (purple) 
for the radical 1 (oxoverdazyl) (B3LYP/6-31G DFT, Spartan ‘18). 

Organic radicals have potential to be deployed in molecular thermoelectrics 

115,193,194 and spintronics 195–198, in addition to their favourable charge transport 

attributes. All previous efforts to include stable organic radicals in single-
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molecule measurements at ambient temperature have arisen at the 

radicals losing their open-shell nature 199, or they have ended up not showing 

the predicted boost in charge transport efficiency 200. These results are not 

unexpected because the materials employed possessed either a strongly 

delocalised radical state (polyhalogenated trityl compounds) 201,202 or a low 

oxidation potential (-0.29 V versus Fc/Fc+ for a Blatter radical, to  199, which 

resulted in disappearing the SOMO when in contact with the metallic 

electrodes. Blatter radicals are the type of radicals with three functional 

aromatic sites. They are versatile since each aromatic site gives various 

opportunities for modifying their characteristics. 

 

Figure 5.4. Illustration of 2 in contact with two Au electrodes as a single-molecule 
junction.  

 

In this Chapter, the oxoverdazyl (1) (Figure 5.4b) can be wired into a single-

molecule junction between two gold electrodes. In such junctions it retains its 

radical character and exhibits significantly improved conductance value 

comparing to its closed-shell tetrazin-3-one precursor (2) (Figure 5.4a). These 

findings are related to the heteroatomic and poorly conjugated structure of 

molecule 1, which results in a powerful localisation of the radical state 203 on 

the nitrogens of the oxoverdazyl core (as anticipated by the determined spin 
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density map in Figure 5.3b) 184. This enables molecule 1 to preserve its radical 

character, even when in contact with the two metallic electrodes at ambient 

temperature. The existence of a radical state in the single-molecule junction 

is demonstrated by reversible in situ electrochemistry of compound 1. The in-

situ electrochemical STM-BJ also demonstrates single-molecule transistor 

characteristics of 1. The presence of the localised SOMO also imparts other 

significant features to the single-molecule device, including rectification and 

nonlinear current-voltage characteristic. UV-Vis characterisation of 1 and 2 

are shown in Chapter 7, Section 7.3.3.  

 

5.2. Results and discussion 
 

With a conductance peak placed at 10-3.4 G0, the oxoverdazyl radical 1 (Figure 

5.5) shows an order of magnitude higher conductance than its closed-shell 

counterpart 2 (10-4.3 G0) (Figure 5.6). Following further analysis, it is 

determined that the molecule is extended to its stretched form inside the 

junction. This is concluded from analysis of features in the 2D histograms of 

conductance versus distance. 2D histograms were generated without data 

selection for 1 and 2 and these are shown in Figure 5.5 and 5.6, respectively. 

In both cases sloping conductance “clouds” from electrode separations just 

after breaking of the Au-Au contacts to ~0.6 nm. Here the junction 

conductance decreases with elongation until a fully expanded junction is 

created shortly before the junction ruptures. This junction rupture distance in 

the 2D histograms is sued to estimate the maximum extension of the 
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molecule junction. The plateaus corresponding to the molecular junctions 

extend to electrode separations of 0.6 nm (1.2 nm considering for the 

electrode snapback). This value of 1.2 nm is in excellent accordance with the 

molecular lengths of 1 and 2, which were computed using density-functional 

theory (DFT, Spartan '18, B3LYP/6-31G) to be 1.35 nm, 1.29 nm for 

compound 1 and 2, respectively.   

 

Figure 5.5. STM-BJ measurements for Au|1|Au junctions at 0.2 V bias in 1 mM in 
mesitylene. Histogram and 2D density map compiled from 7807 individual scans, 
no data selection, 100 bins / decade, 100 bins / nm. 

 

 

Figure 5.6. STM-BJ measurements for Au|2|Au junctions at 0.2 V bias in 1 mM in 
mesitylene. Histogram and 2D density map compiled from 7322 individual scans, 
no data selection, 100 bins / decade, 100 bins / nm. 
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 Calculations of the zero-bias transmission coefficient of 1 and 2 were made 

using DFT to understand further the conductance behaviour of the molecules. 

These were performed by the collaborators at University of Warwick. For 1, 

a pair of strong resonances (spin up and spin down) originating from the 

existence of a SOMO (that is, ∝- HOSO (spin-up) and 𝛽-LUSO (spin-down) 

frontier spin orbitals), is found near to the Fermi level, but in 2, only a large 

HOMO-LUMO gap is seen (see Figure 5.7). Within the whole HOMO-

LUMO gap, the existence of the two sharp SOMO resonances boosts the 

value of T(E) for compound 1 beyond 10-3. On the other hand, for of closed 

shell compound 2 the Fermi level is shown to be towards the bottom of a 

transmission function dip in the large HOMO-LUMO gap in the transport 

profile (see orange curve in Figure 5.7). 

 

Figure 5.7. Transmission curves for compounds 1 and 2 relative to the Fermi energy 
of the electrodes. 

 
Compound 1 exhibits electrochemically reversible one-electron oxidation to 

its monocation and one-electron reduction to the monoanion, just like other 

6-oxo-verdazyl radicals (see Figure 5.8) 184. This defined electrochemical 

behaviour offers the opportunity to switch 1 between its open shell radical 
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state and the closed shell state (reducing from the open shell radical to the 

closed shell anionic form). Therefore, in order to show that the enhanced 

conductance of 1 is a result of charge transport assisted by a SOMO, single-

molecule experiments under electrochemical control were performed. 

 

Figure 5.8. Cyclic voltammetry of compound 1, with 0.1 M tetrabutylammonium 
hexafluorophosphate as supporting electrolyte after degassing with CH2Cl2. 
Potentials are referenced to the decamethylferrocene/decamethylferrocenium redox 
couple. 

 

The electrochemical behaviour of 1 was also determined in the ionic liquid 

using cyclic voltametric techniques. The reduction of 1 shows adequate 

chemical reversibility and quasi-reversible electrochemical characteristic 

(Figure 5.9). Open-shell 1 can be cycled between the neutral radical and the 

anionic state. Upon moving to 0 V (vs Fc/Fc+), 1 was irreversibly oxidised to 

cationic state. This behaviour is attributed to the insolubility of the cationic 

molecule in ionic liquid (1-butyl-3-methylimidazolium triflate). As the 

voltage becomes less positive, it precipitates and prevents its reduction. 

mV/s 

mV/s 

mV/s 

mV/s 

 

Potential vs Fc/Fc+ / V 

I /
 𝜇
𝐴 



 

 

97 

 
 
 

 

Figure 5.9. Cyclic voltammetry of 1 in the ionic liquid 1-butyl-3-methylimidazolium 
triflate. Au disk working electrode, Pt wire counter-electrode and Pt wire pseudo-
reference electrode. Potential referenced to the ferrocene/ferrocenium redox couple 
using ferrocene as internal standard. 

 
To perform the STM measurements under electrochemical control, a 

bipotentiostat was used to apply a voltage between the STM gold tip and 

substrate (the working electrode) and a Pt counter-electrode against an 

Ag/AgCl reference electrode (Figure 5.9). All but the very end of the STM 

tip is protected with Apiezon wax [202] to decrease faradaic current.  

 

Figure 5.10. The molecular junction is shown in place in the 4-electrode 
configuration system, which was employed for the single-molecule electrochemical 
gating. 
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The bipotentiostat keeps the Au tip continuously biased against the substrate 

so that the STM tip is a second working electrode. In effect, the STM tip and 

gold substrate operate as the source and drain in the electrochemically gated 

setup. The STM-BJ technique is employed to form the molecular junction 

with compound 1 in the ionic liquid (1-butyl-3-methylimidazolium triflate) 

electrolyte [203]–[205]. This configuration had an open circuit potential of 

around -0.4 V against the ferrocene/ferrocenium redox pair. From 0.5 V to -

0.8 V against Fc/Fc+, the conductance of 1 stayed at levels similar to those 

achieved without electrochemical control (Figure 5.11). When 1 is in its open-

shell state in the potential window, from 0.5 V towards -0.8 V the 

conductance values remain almost the same (higher than the closed-shell 

state).  

When the potential is lowered more to -1 V vs Fc/Fc+, the conductance of 1 

decreases by nearly an order of magnitude and then proceeds to drop when 

the potential is decreased more. For the reduced 1, HOMO is responsible for 

the transport resonance where its energy is much lower than the Fermi level. 

Notably, by reversing the potential, the open-shell state can be regained, 

emphasising the reversible transistor characteristics of junctions formed with 

compound 1 (Figure 5.12c). The attempt to measure single-molecule 

conductance of 1 at the cationic (oxidised) was unsuccessful. since the 

measurement of the molecular conductance at potentials higher than 0.5 V vs 

Fc/Fc+ was impossible because of high noise under these conditions. This is 

assumed to be arise from the cationic species not being soluble in the ionic 
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liquid, causing it to accumulate at the working electrode, blocking further 

junction formation. 

 

 

 

Figure 5.11. The gaussian fit of the peak position is demonstrated in black on a 
heatmap of single-molecule conductance data all over the 
investigated electrochemical range. Potential referenced to Fc/Fc+. At each potential 
point, higher than 2500 individual scans were pilled-up. Legend: blue = low counts; 
red = high counts. An Au substrate and STM tip were used with a Pt counter-
electrode and Ag/AgCl reference electrode in a bipotentiostat setup. STM-break 
junction was used to make the molecular junction with 1 in the ionic liquid (1-butyl-
3-methylimidazolium triflate) electrolyte. 
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Figure 5.12. STM-Break Junction measurements on compound 1 at 0.2V bias, 1 mM 
in 1-butyl-methylimidazolium triflate, Pt counter-electrode, Ag/AgCl reference 
electrode. Measurements were done at -0.4 V potential vs Fc/Fc+ (open circuit), then 
the potential was decreased to -1.15 V vs Fc/Fc+, and then returned to -0.2 V vs 
Fc/Fc+. Data obtained from a) 3258, b) 5037, and c) 3160 individual scans. No data 
selection was used for histograms and 2D density maps compiled, 100 bins / decade, 
100 bins / nm. 

 

To summarise these observations, the conductance value in the electrode 

potential range 0.5 to -0.8 V can be ascribed to transport through the radical 
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state of 1, whereas conductance at potentials of -1 V and lower is attributed 

to the closed-shell anionic state (Figure 5.11). When molecule 1 is in its open-

shell form, the conductance rises as the potential is made more negative from 

-0.2 V to -0.8 V. This suggests that the 𝛽-LUSO (the transport resonance) is 

still at a higher energy level than the electrodes' Fermi level (until the 

molecule is reduced). The slope of the conductance/potential dependence 

abruptly switches sign when 1 is reduced. The transport resonance is now the 

HOMO of the reduced 1, at a lower energy than the Fermi level. 

After showing that the presence of a SOMO improves charge transport 

through 1, measuring the single-molecule current-voltage (I-V) 

characteristics of this molecule was done. These data show that the I-V 

behaviours of molecule 1 are not linear (Figure 5.13a). While there is good 

ohmic behaviour between ±0.7 V, there is rectification at potentials higher 

than ±1.5 V, with current at negative bias reaching a plateau value of about 

25 nA and rapidly rising to values greater than 100 nA at positive bias. There 

was no rectification or current saturation in the tetrazine 2, which shows 

almost symmetrical I-V curves (Figure 5.13b). 
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Figure 5.13. Semilogarithmic single-molecule I-V heatmap for a) 1, and b) 2. Data 
compiled from >10000 traces. Heatmap compiled with 20 bins per decade and 50 
bins per volt. 

 

This system was studied using bias-dependent DFT computations by the 

collaborators at the University of Warwick. The bias-dependent calculations 

show how the transmission spectra are changed by imposition of a bias 

voltage. Positive bias voltages shift resonances to lower energy values, while 

when negative bias voltages are applied the shift is towards higher energies.  

Figure 5.14 shows a sketch of the relevant orbitals for 1 in a 2-terminal biased 

electrical junction. The presence of a single occupied energy level in 1 

accounts for its enhanced charge transport when compared with 2. DFT 

computations of junction transmission for 1 and 2, are shown in figures 5.15a 

and 5.15b, respectively. HOMO and LUMO resonance are easily identified 

in Figure 5.14b for 2.  The transmission curve for 1 is significantly different, 

with the appearance of SOMO and 𝛽-LUSO resonances. The 𝛽-LUSO 

resonance is Figure 5.15a is much closer to the Fermi level than either the 

HOMO or LUMO resonances in 2 (Figure 5.15b) and this justifies the higher 
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conductance of 1 and its decrease in conductance when electrochemically 

reduced. 

Figures 5.15a and 5.15b can also be used to understand the rectification seen 

in 1 but absent in 2. The I-V characteristic of the open-shell 1 exhibits a 

pronounced asymmetry as seen in Figure 5.13a, while 2 does not (Figure 

5.13b). The transmission curve of 2 (Figure 5.15b) shows the Fermi level 

lying towards the centre of a broad HOMO-LUMO gap in a rather flat region 

of the transmission curve. Since the Fermi level is near the middle of HOMO-

LUMO gap for the closed-shell 2 and the variations in the transmission 

spectra by applying the bias voltage do not cause significant change in the 

transmission coefficient at bias values of opposite polarity (Figure 5.15b) 

while HOMO remains the charge transport orbital, there is consequently no 

asymmetry in the I-V characteristics (Figure 5.13b).  This accounts for the 

lack of rectification for 2. By contrast, the 𝛽-LUSO -SOMO gap in 1 (Figure 

5.15a) is much narrower and the Fermi level is aligned to the foot of the 𝛽-

LUSO resonance. Arrows in Figure 5.15a show how the 𝛽-LUSO and SOMO 

resonances move under applied bias. At positive bias voltages the 𝛽-LUSO is 

responsible of the charge transport for 1, but the 𝛽-LUSO shifts to significant 

higher energies on moving to negative bias voltages. At the positive bias 

voltages, the better alignment of the 𝛽-LUSO to the Fermi level results in 

higher junction current values. Although increasing negative bias values do 

move the SOMO closer to the Fermi level (left arrow in Figure 5.15a) it is 

never as well aligned with the Fermi level as the 𝛽-LUSO is at positive bias 

values. Using these arguments, the rectifying behaviour of the molecule can 
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be explained within coherent tunnelling model, without it being attributed to 

the surrounding environment 204,205, different electronic couplings of the 

compound to the source and drain electrodes 86,206,207, or asymmetric electrode 

configurations 86,208. 

 

 

Figure 5.14. An energy level illustration of an open-shell molecule in a molecular 
junction is shown as an example. The β-LUSO will be aligned with the Fermi 
energies of the two metal electrodes and will sit in the HOMO-LUMO gap, resulting 
in greater conductance. 

LUMO 

𝛽-LUSO 

HOMO 
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Figure 5.15. (a) Calculations of bias-dependent transmission coefficients for 
Au|1|Au junctions. (b) Calculations of bias-dependent transmission coefficients for 
Au|2|Au junctions. 

 
To summarise these computational observations, these results show that for 

molecule 1 the Fermi level lies close to the 𝛽-LUSO resonance, while the 

Fermi level is near the middle of the HOMO-LUMO gap for molecule 2. 

Furthermore, the 𝛽-LUSO resonance moves closer to the Fermi level upon 

applying a positive bias voltage in the case of molecule 1, and as a result, the 

conductance value increases causing rectification. 

 

 

𝛽-LUSO SOMO 

LUMO HOMO 

Moving to negative bias values a) 

b) 
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5.3. Conclusion 
 

It has been shown that the 6-oxoverdazyl radical 1 preserves its open-shell 

nature in molecular junctions at ambient temperature. The semi-occupied 

(SOMO) and unoccupied (𝛽-LUSO) molecular orbitals result to a pair of 

extra transport resonances due to the open-shell electronic nature of 

compound 1. This pair of extra transport resonances that are generated by the 

semi-occupied molecular orbital in its open-shell configuration, allow 1 to 

achieve a considerable increase in charge-transport efficiency when 

compared to its closed-shell counterpart 2. The additional transport 

resonances are located in an energy region close enough to the Fermi level so 

that they can influence junction current at higher positive bias, resulting in a 

pronounced rectifying behaviour in single-molecule junctions fabricated with 

1. This is accompanied by relatively lower current values at large negative 

biases in single-molecule junctions fabricated with 1. In addition, by using 

electrochemical potential control, it was possible to reversibly convert 

compound 1 to a closed-shell anion. Characterisation of its charge-transport 

behaviour in the two different charge states has been shown. 

These findings demonstrate a new approach involving the incorporation of 

stable radicals in single-molecule devices and transistor behaviour of these 

molecules in the junction. This study opens a new window on molecular 

electronic studies of stable radicals at room temperature. This could have 

future impact in the development of new technologies such as molecular 

spintronics and molecular thermoelectrics. 
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CHAPTER 6  

6. CONCLUSIONS 
 

 

 

 

 

 

 

 



 

 

108 

 
 
 

The main focus of this thesis has been on studying and controlling the 

molecular electronic properties of various compounds using different 

molecular systems. Single-molecule junctions made of metal-molecule-metal 

have been formed using scanning tunnelling microscopy techniques. 

In Chapter 3, the study of N-substituted pyrrolodipyridines demonstrates that 

changing the substituents and the position of the gold electrode contact to the 

molecular bridge (the connectivity) makes it possible to chemically modulate 

conductance. Quantum interference (QI) is caused by meta connection, but it 

can be turned off in a series of meta- pyrrolodipyridines by changing the 

substitution on the pyrrolodipyridine's N atom. Since the coupling of the lone 

pair of the N and the aromatic framework of the pyrrolodipyridine is adjusted 

by changing the electron density, the conductance of the compounds in the 

molecular junction can be tuned. This QI effect resulting from meta 

connection competes with an alternative, high-conductance pathway 

involving a single atom (pyrrolic N), whose electron density in meta- 

pyrrolodipyridines can be altered by chemical replacement. The quantum 

interference that reduces conductance as a result of the meta-connectivity 

trend can be adjusted simply by substitution on a single nitrogen atom in the 

conductance path. 

In Chapter 4, the intermolecular and intramolecular charge-transport 

properties of single-molecule and stacked junctions were investigated. A 

lower conductance value for the stacked dimer junction was seen by 

comparing through-bond tunnelling in the single-molecule junction with 

charge transfer across stacked dimers. The solvent shell around the molecular 
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wire could prevent the molecule from forming stacked dimers. In contrast, 

measurements under ambient atmosphere conditions revealed that the stacked 

junction contributed primarily to the conductance histogram with a 

lower conductance compared to the single-molecule junction. The effect of 

electrical coupling on single-molecule junctions and its influence on the 

flicker noise-conductance relationship were discussed. This allows to 

distinguish between coupling through-bond versus through space coupling. 

In Chapter 5, it has shown that at room temperature, the 6-oxoverdazyl 

maintains its open-shell structure at molecular junctions. Because of the open-

shell electronic structure of radicals, the semi-occupied (SOMO) and 

unoccupied (𝛽-LUSO) molecular orbitals result in a pair of extra transport 

resonances. When compared to its closed-shell counterpart, the radical can 

achieve a significant boost in charge-transport efficiency because of the extra 

transport resonances generated by the semi-occupied molecular orbital in this 

open-shell configuration. In single-molecule junctions produced with the 

radical, the extra transport resonances are placed in an energy band close 

enough to the Fermi level which influences the junction current at higher 

positive bias, resulting in strong rectifying behaviour. This is accompanied 

by relatively lower current values at large negative biases in single-molecule 

junctions fabricated with the radical. Furthermore, reversibly converting a 

radical molecule to a closed-shell anion via electrochemical potential control 

was possible. Characterisation of the charge-transport behaviour of the radical 

molecule in both charge states was shown. 
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Although there are still many obstacles to practically using single molecules 

in electrical circuits, this study makes a contribution in that challenging and 

futuristic direction. However, the greatest contribution of this thesis, and 

single molecular electronics in general, is towards the further understating of 

charge transport through molecular structures and junctions and in 

establishing structure-property relationships. 

A number of further experiments are necessary to thoroughly determine the 

characteristics of the molecules and phenomenon described in this thesis. 

Especially further single molecular measurements, characterisations are 

required for Chapter 4. It is intended that this study will serve as a foundation 

and source of inspiration for future research. It is believed that further 

interesting discoveries will be made along the way to developing molecular 

electronic applications. 
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CHAPTER 7 

7. APPENDICES 
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7.1. Supplementary Information for Chapter 3 
 
7.1.1. Conductance Histograms of Meta and Para Pyrrolodipyridines 

 

 

 

Figure 7.1. STM-BJ measurements on 1M. 0.2V bias, 1 mM in mesitylene and THF 
(7:3 v/v). Histogram and 2D density map compiled from 5136 individual scans, no 
data selection, 100 bins / decade, 100 bins / nm. 

 

 

 

Figure 7.2. STM-BJ measurements on 2M. 0.2V bias, 1 mM in mesitylene and THF 
(7:3 v/v). Histogram and 2D density map compiled from 3898 individual scans, no 
data selection, 100 bins / decade, 100 bins / nm. 
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Figure 7.3. STM-BJ measurements on 3M. 0.2V bias, 1 mM in mesitylene and THF 
(7:3 v/v). Histogram and 2D density map compiled from 5016 individual scans, no 
data selection, 100 bins / decade, 100 bins / nm. 

 

 

 

 

 

Figure 7.4. STM-BJ measurements on 4M. 0.2V bias, 1 mM in mesitylene and THF 
(7:3 v/v). Histogram and 2D density map compiled from 5257 individual scans, no 
data selection, 100 bins / decade, 100 bins / nm. 
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Figure 7.5. STM-BJ measurements on 5M. 0.2V bias, 1 mM in mesitylene and THF 
(7:3 v/v). Histogram and 2D density map compiled from 4721 individual scans, no 
data selection, 100 bins / decade, 100 bins / nm. 

 

 

Figure 7.6. STM-BJ measurements on 1P. 0.2V bias, 1 mM in mesitylene and THF 
(7:3 v/v). Histogram and 2D density map compiled from 5382 individual scans, no 
data selection, 100 bins / decade, 100 bins / nm. 
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Figure 7.7. STM-BJ measurements on 2P. 0.2V bias, 1 mM in mesitylene and THF 
(7:3 v/v). Histogram and 2D density map compiled from 4936 individual scans, no 
data selection, 100 bins / decade, 100 bins / nm. 

 

 

 

Figure 7.8. STM-BJ measurements on 5P. 0.2V bias, 1 mM in mesitylene and THF 
(7:3 v/v). Histogram and 2D density map compiled from 5137 individual scans, no 
data selection, 100 bins / decade, 100 bins / nm. 

 

For the meta and para-compounds, the experimental break-off distance of 

about 3-4 Å (end of the high-count region in the 2D density maps) is 

compatible with molecular length when accounting for an electrode "snap-

back" of around 6 Å 209.  
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7.1.2. UV-Vis Characterisation of Meta and Para Pyrrolodipyridines 
 

 
Figure 7.9. UV-Vis spectrum of compound 1M in dry acetonitrile. 

 
Figure 7.10. UV-Vis spectrum of compound 2M in dry acetonitrile. 

 
Figure 7.11. UV-Vis spectrum of compound 3M in dry acetonitrile. 
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Figure 7.12. UV-Vis spectrum of compound 4M in dry acetonitrile. 

 
Figure 7.13. UV-Vis spectrum of compound 5M in dry acetonitrile. 

 
Figure 7.14. UV-Vis spectrum of compound 1P in dry acetonitrile. 

 
Figure 7.15. UV-Vis spectrum of compound 2P in dry acetonitrile. 
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Figure 7.16. UV-Vis spectrum of compound 5P in dry acetonitrile. 

 
7.1.3. NMR Characterisation of Meta and Para Pyrrolodipyridines 
 

 
Figure 7.17. Proton NMR spectrum for compound 1M. Residual solvent peaks: 
2.50 ppm = DMSO; 3.33 ppm = H2O; 5.76 = CH2Cl 
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Figure 7.18. Proton NMR spectrum for compound 2M. Residual solvent peaks: 2.50 
ppm = DMSO; 3.33 ppm = H2O. 

 
Figure 7.19. Proton NMR spectrum for compound 3M. Residual solvent peaks: 1.25 
ppm = petroleum ether; 2.09 ppm = acetone; 2.50 ppm = DMSO; 3.33 ppm = H2O 
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Figure 7.20. Proton NMR spectrum for compound 4M. Residual solvent peaks: 
2.09 ppm = acetone; 2.50 ppm = DMSO; 3.33 ppm = H2O. 

 
Figure 7.21. Proton NMR spectrum for compound 5M. Residual solvent peaks: 
2.50 ppm = DMSO; 3.33 ppm = H2O. 
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Figure 7.22. Proton NMR spectrum for compound 1P. Residual solvent peaks: 
2.50 ppm = DMSO; 3.33 ppm = H2O. 

 
Figure 7.23. Proton NMR spectrum for compound 2P. Residual solvent peaks: 
1.56 = H2O; 2.16 = acetone; 5.31 = CH2Cl2; 7.26 ppm: CHCl3. 
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Figure 7.24. Proton NMR spectrum for compound 5P. Residual solvent peaks: 
0.88 – 1.25 = n-hexane; 1.56 = H2O; 2.16 = acetone; 5.31 = CH2Cl2; 7.26 ppm: 
CHCl3. 

 

7.2. Supplementary Information for Chapter 4 
 
7.2.1. AFM and NMR Characterisations of the Pillararenes 

 

The SAM of guest compounds was investigated by AFM in order to 

determine the thickness variation of films of the host -guest the complexes on 

flat gold electrodes. These measurements were made by the collaborators in 

Zaragoza. The thickness of complex 2⊂4 in SAM surface films on flat gold 

substrates, as determined by AFM scratching experiments, was 1.8 nm. These 

studies demonstrated that compound 2 had a propensity to self-assemble on 

surfaces, resulting in an ordered monolayer, likely produced by off-centre 

parallel stacking between pillar[5]arenes 210, Figure 6.9.   

 



 

 

123 

 
 
 

 

 

 

 

 

 

Figure 7.25. AFM image of a SAM of complex 2⊂4 and depth profile obtained from 
a scratched area.  

 
The formation of complex 2⊂4 was studied by H-NMR. By looking at H-

NMR results of complex 2⊂4, a chemical shift to downfield is detected at l, 

m, j and i protons of compound 2. The meaningful variation was appreciated 

for the signal associated to the amines, moving from ca. 3.8 ppm to 1.5 ppm 

once the complex is formed. For compound 4 spectrum, amine protons appear 

at 3.83 ppm. This signal moves to ca. 1.50 ppm when complexed at the 

pillararene cavity. To ensure that this peak corresponds to the amines, 0.5 mL 

of D2O were added to the NMR tube, giving place to deuterium-amines 

exchange. 
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Figure 7.26. H-NMR of compounds, 4 and complex 2⊂4 (DMSO-d6 and D2O). The 
spectra on the top show the shift in the position of proton peaks of 2 before and after 
complexation. The bottom spectra show the shift in the position of proton peaks of 
amines in 4 before and after complexation and after adding D2O.  

 
 

l, m j 
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7.2.2. Molecular Electronic Study of 4 (OPE Lead)  
 

 
Figure 7.27. STM-BJ measurements on 4. 0.2 V bias, 1 mM solution of 4 in acetone. 
Measured under atmospheric conditions. Histogram and 2D density map compiled 
from 5523 individual scans, no data selection, 100 bins / decade, 100 bins / nm. 

 

 
Figure 7.28. STM-BJ measurements on 4. 0.2 V bias, 1 mM in mesitylene and THF 
(4:1 v/v). Histogram and 2D density map compiled from 3936 individual scans, no 
data selection, 100 bins / decade, 100 bins / nm. 
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7.2.3. Molecular Electronic Study of 2⊂4 (Pillararene-OPE) 
Complex 

 

     

Figure 7.29. STM-BJ measurements on 2⊂4. 0.2V bias, 1 mM under atmospheric 
conditions. Histogram and 2D density map compiled from 3597 individual scans, no 
data selection, 100 bins / decade, 100 bins / nm. 

 
7.2.4. Molecular Electronic Study of 1⊂4 (Pillararene-OPE) 

Complex 
 

To measure the conductance of compound 1⊂4, the same STM-BJ approach 

as 2⊂4 measurements was utilised. In contrast to compound 2, pillararene 

with amine termini can interact with metallic electrodes. After complexation, 

the interaction of compound 1 (Figure 7.14) interfered with the molecular 

electronic measurements of molecule 4. Consequently, the data for 1⊂4 were 

not as firm as those for the 2⊂4 complex and working on it was ceased (Figure 

7.15). 
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Figure 7.30. Chemical structure of compounds 1. 

 

 

Figure 7.31. STM-BJ measurements on 1⊂4. 0.2V bias, 1 mM under atmospheric 
conditions. Histogram and 2D density map compiled from 3838 individual scans, no 
data selection, 100 bins / decade, 100 bins / nm. 
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7.3. Supplementary Information for Chapter 5 
 
7.3.1. Molecular Electronic Study of 1 and 2 in the Air 

 

 

Figure 7.32. STM-BJ measurements on 1. 0.2V bias, pre-adsorbed from a 1 mM 
acetone solution and measured under atmospheric conditions. Histogram and 2D 
density map compiled from 6672 individual scans, no data selection, 100 bins / 
decade, 100 bins / nm. 

 

 

Figure 7.33. STM-BJ measurements on 2. 0.2V bias, pre-adsorbed from a 1 mM 
acetone solution and measured under atmospheric conditions. Histogram and 2D 
density map compiled from 6672 individual scans, no data selection, 100 bins / 
decade, 100 bins / nm. 
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7.3.2. 2D Histograms of 1 at Different Potentials 
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Figure 7.34. 2D conductance histogram of 1 at a) -1.3 V, b) -1.15 V, c) -1 V, d) -0.8 
V, e) -0.6 V, f) -0.4 V, g) -0.2 V, h) 0 V, i) 0.1 V, j) 0.3 V, and k) 0.5 V. Potential 
referenced to Fc/Fc+. More than 2500 individual scans were collected at each 
potential. To apply a voltage between the STM Au substrate and tip and a Pt counter-
electrode against an Ag/AgCl reference electrode a bipotentiostat was used. STM-
break junction was used to make the molecular junction with 1 in the ionic liquid (1-
butyl-3-methylimidazolium triflate) electrolyte. 
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7.3.3. UV-Vis Characterisation of 1 and 2 
 

 
Figure 7.35. UV-Vis spectra of 1 and 2. a) The peak at 38500 cm-1 is related to 
maximum photon absorption of 1. b) The peak at 38500 cm-1 is related to 𝜋	𝑡𝑜	𝜋∗, at 
27600 cm-1 is related to ∝ −𝐻𝑈𝑀𝑂	𝑡𝑜	 ∝ (𝐿𝑈𝑀𝑂 + 1)  excitation, and at 17300 
cm-1 is related to 𝛽 − 𝐻𝑂𝑀𝑂	𝑡𝑜	𝛽 − 𝐿𝑈𝑀𝑂 excitation of 2. The UV-Vis 
characterisation of 1 and 2 were done by our collaborators at the University of 
Western Australia. The data is presented by the permission of authors.    
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