
Bangor University

DOCTOR OF PHILOSOPHY

Molecular wires and molecular rectification from ionically coupled structures

Urasinska-Wojcik, Barbara

Award date:
2008

Awarding institution:
Bangor University

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?
Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 22. Nov. 2024

https://research.bangor.ac.uk/portal/en/theses/molecular-wires-and-molecular-rectification-from-ionically-coupled-structures(25f85344-fbe5-430c-a10a-1b92f63ff447).html


Molecular Wires 

and Molecular Rectification 

from Ionically Coupled Structures 

A thesis submitted to the 
University of Wales 

in candidature for the 

Degree of 
Doctor of Philosophy 

by 

Barbara Urasinska-Wojcik 

Supervisor: Professor Geoffrey J. Ashwell 

P R I F Y S G O L

BANGOR 
U NIV ERSIT Y 

School of Chemistry 

Prifysgol - Bangor University 

2008 
·~

,. -

;, �
cf•.--· 

��, 



Acknowledgements 

I would like to thank Professor Geoffrey J. Ashwell for giving me the opportunity to 

study for the PhD in his group. I am grateful to many people who have been very helpful 

to me during my time at Cranfield as well as Bangor University. I would like to thank in 

particular Dr Anne Whittam, Dr Wayne Tyrrell and Dr Benjamin Robinson for advice 

and all their kindnesses. Thanks to all my colleagues, the English and the Polish, for the 

nice time throughout the last 3 years. 

I especially want to thank my parents and my brothers for their support, help and 

showing me the way. Finally and the most importantly thanks to my husband Jacek, for 

care, love and his support. 

11 



Abstract 

It is important to design molecular junctions with molecules as active electrical 

components, which may be applicable in future electronic devices. This thesis reports 

the electrical properties of molecular diodes, as well as molecular wires. The work is 

concentrated, to a large extent, on observations of molecular rectification from 

monolayer and bilayer assemblies based on sterically hindered A+ - 1t- D dyes, and 

protonated molecular wires of different lengths, which are then ionically coupled with 

anionic strong donors. The second part presents the studies of the electric properties of 

various single-molecule wires. The growth of the molecular assembly process was 

observed with the quartz crystal microbalance technique (QCM). 

Scanning tunnelling microscopy (STM) was used to analyse the electron transport 

through the molecule. 1-V characteristics of these new types of organic rectifying 

junctions were obtained, with the high current being observed in the negative quadrant 

of the 1-V plots. These devices exhibited rectification ratios of 20-500 at ±1 V, and even 

in excess of 3000 at ± 1 V for a particular type of A+ - 1t- DJD- compound. This 

significant enhancement of the rectification behaviour was achieved by using ionically 

coupled structures; it may provide a solution to the ultimate challenge of electronic 

device miniaturisation. 

Organic rectifying junctions which incorporated protonated forms of arylene-ethynylene 

molecular wires were seen to exhibit rectification with current ratios of 15-80 at± 1 V, 

whereas, self-assembled monolayers (SAMs) of the neutral forms of these wires, on 

gold substrates, exhibited symmetrical 1-V curves when contacted by gold and Ptlr tips. 

The 7 nm and the 10 nm wires presented in this thesis are the longest to date to be used 

for single-molecule electrical studies. 

The spontaneous formation of stable molecular wires between the tip and the sample 

was monitored using I(t) and l(s) methods, for the measurements of single-molecule 

current. Electrical contact between the molecule and the gold probe was achieved by the 

use of thiol groups present at each end of the molecules. Histograms of the measured 

current jumps at a constant sample bias of - 0.3 V were prepared to assess the single

molecule current. 
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1. Introduction 

1. Introduction 

1.1 Molecular electronics 

Molecular electronics is a young field that reqwres knowledge from both physical 

chemistry and material science. One of the key concepts of modem electronics was 

highlighted in Richard Feynman' s lecture to the American Physical Society in 1956 [1] 

in which he proposed that electronic components could be miniaturised. 

Molecular electronics was conceptually defined by Aviram and Ratner [2], as a "study 

of molecular properties that may lead to signal processing" [3]. However, creating 

molecular electronics as functional, manufacturable devices will require revolutions in 

circuit architecture, fabrication and design philosophy, in addition to gaining a 

fundamental understanding of conduction and electronic interactions in single molecules 

[4]. 

One of the key interests is the design of molecules that possess functional electronic 

behaviour such that they may be utilised as replacements (or to use in conjunction with) 

inorganic materials; for example, in computer technology. Currently, computers are 

based on silicon oxide gate semiconductor transistors. However, silicon device 

technology is approaching the fundamental physical limitations of operation. The need 

to produce progressively smaller structures has so far been satisfied by lithography (and 

related techniques) for the construction of electronic components and 

microelectromechanical systems. During the past few decades, the semiconductor 

industry has followed the so-called "Moore's law" [5]. By the downsizing of 

components, the transistor density on integrated circuits has been almost doubled every 

year, and so provided a continuous increase in the speed and performance of devices 

(see Figure 1). It is necessary to emphasise that it is not a law at all, in either the 

scientific or legal senses. It is instead a testament to the power and efficacy of 

engineering to make continual incremental improvements to a well-established 

technology [6]. Despite these achievements, the actual trend in electronics described by 

Gordon Moore [5] (see Figure 1) can only be continued for a finite time. This 
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1. Introduction 

observation did not consider the restrictions dictated by the laws of physics. It follows 

that the reduction of silicon oxide components cannot be pushed much further and that 

new device operating principles, along with materials, must evolve [7],[8]. 

1,000,000,000 
MOORE'S LAW 

100,000,000 

10,000,000 Pe. 

! .... 
~ 1,000,000 

I 
100,000 

10,000 

1970 197S 1980 1985 1990 199S 2000 2005 

YEAR OF INTRODUCTION 

Figure 1 Graphic representation of Moore's law [9]. 

Chemistry, by its nature, operates at the nanometer scale by controlling the placement of 

individual atoms and functional groups on molecules. Nowadays, molecular electronics 

is a technology that utilises small groups of molecules, carbon nanotubes or nanoscale 

metallic or semiconductor wires to perform electronic functions [10],[11],[12],[13]. 

Current research on molecular electronics focuses upon electro-active components such 

as diodes [14],[15],[16],[17], switches [18],[19], and wires [20],[21] for electronic 

applications in molecular devices like liquid crystals, light emitting diodes (LED), 

transistors, laser, and sensors [22],[23],[24]. The distinction between these applications, 

and molecular scale electronics is not just one of size, but lies in the design concept of 

the molecules that constitute the active elements [21],[25],[26]. It is a very promising 

route, but one with many obstacles to overcome if future electronic devices are to 

become a reality. 
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I . Introduction 

1.2 Motivation and objectivities 

Many molecules have been proposed for use m molecular electronics. For those 

proposed, there are several mechanisms for controlling the molecules, including: electric 

fields, electromechanical and photochromic actuation, and electrochemistry. 

Consequently, this thesis is focused on compounds that are controlled by an electric 

field, in particular on the possible ways of preparing organic devices for rectification 

and electrical conductivity applications. 

The major objective of this thesis was the verification of electron transport mechanisms 

within molecular junctions using the Aviram and Ratner model [2]. The model is based 

on the use of electron-donating, spacer, and electron-accepting functionalities. Self

assembled monolayers (SAMs) containing donor-(n-bridge)-acceptor chromophores 

deposited on gold-coated substrates were investigated with the quartz crystal 

microbalance (QCM) technique. Their electrical properties were monitored by a 

scanning tunnelling microscope (STM). The same techniques also allowed investigation 

of the electronic properties of various single-molecular wires. Manipulation of the 

molecular structures, packing, and different assembly methods all had a direct influence 

on the electrical asymmetry. 

3 



2. Molecular self-assembly 

2. Molecular self-assembly 

Self-assembly is a well-known mechanism in nature, from simple molecules to much 

more complex biological systems, it contributes to making patterns and order in systems 

[27]. The term self-assembly is now widely used and in a general sense may be defined 

as "the spontaneous formation of complex hierarchical structures from pre-designed 

building blocks, typically involving multiple energy scales and multiple degrees of 

freedom" [28],[29]. It is a parallel fabrication process which can generate three

dimensional structures with sub-nanometer precision at the molecular level [27]. The 

first reported example of this formation was published by Bigelow, Pickett and Zisman 

in 1946 [30]. The discovery of SAMs has essentially transformed surface chemistry and 

has also opened a new area of research for physically oriented groups. Self-assembly has 

been employed to make molecular electronic devices, memories, and photonic bandgap 

materials in research labs. It is also expected that SAMs will be a cost effective and 

efficient method for manufacturing nano-scale devices. The study of defects in this 

system will play a prominent role in transferring self-assembly from research 

laboratories to device manufacturing [27]. 

Specifically, SAMs are ordered molecular assemblies that are formed spontaneously by 

the adsorption ( either by chemisorption, or less ordered physisorption) of a surfactant 

with a specific affinity of its headgroup to a substrate. The self-assembly process is 

distinguished from normal adsorption by the strength of this interaction. Another feature 

is that the molecules adsorb in an ordered fashion (assembly) usually as a result of van 

der Waals interactions between alkyl chains [31]. SAMs are usually prepared from 

solution, although some systems can be prepared from the gas phase, and the best 

examples are organic molecular beam deposition (OMBD), or organic molecular beam 

epitaxy (OMBE). Both of these techniques allow the use of ultrahigh vacuum (UHV); 

they have the advantage of providing both layer thickness control and a clean 

environment and substrate [32]. Although the gas phase offers much more stable SAMs, 

it utilises expensive equipment. Therefore growth from solution is a more popular and 

cost effective way for SAM formation. 
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2. Molecular self-assembly 

2.1 Formation and characteristics of covalent SAMs 

The procedure for the preparation of a SAM from solution generally follows that 

illustrated in Figure 2. A schematic diagram of an ideal SAM of alkanethiolates on a 

gold surface is highlighted. 

Solution of surface
active material 

Spacer 
(Alkaline Chain) 

Ligand 
or Head Group -~.--.... 

Metal Substrate -----

Substrate 
Immersion time 

seconds or hours 
Closely-packed 
ordered SAM 

Organic lnterphase (1 -3 nm): 
- Provides well-defined 

thickness 
- Acts as a physical barrier 
- Alters electronic conductivity 
and local optical proporties 

Metal-Sulphur Interface: 
- Stabilises surface atoms 
- Modifies electronic states 

Figure 2 Formation of SAM by immersion of a substrate into a solution of surface-active 
material. The anatomy and characteristics of the SAM are highlighted. 

Twenty four years after the pioneering work of Nuzzo and Allara, into thiols on gold 

[33], the area is still growing and becoming more diverse. The number of published 

articles on self-assembly (SA) is constantly increasing, and several different varieties of 

SAMs have been investigated, including alkanethiols on Au (see Figure 3), Ag, and Cu, 

and alkyltrichlorosilanes on Si02 [34], Al203, and mica [35]. There have also been a 

number of reports that have examined the assembly of SAMs on the surface of liquid 

mercury [36],[37],[38],[39]. 
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2. Molecular self-assembly 

s 
dialkyl sulfide 

alkyl xanthate dialkylthiocarbamate 

Figure 3 Surface-active organosulphur compounds that form monolayers on gold [35]. 

Gold is a good substrate for studying SAMs because it is easy to obtain, both as a thin 

film and as a colloid. Also, it is straightforward to prepare thin films of gold, e.g. by 

physical vapour deposition. Although expensive, and not essential to most studies of 

SAMs, single crystals are available commercially. Gold is a reasonably inert metal: it 

does not oxidise at temperatures below its melting point, it does not react with 

atmospheric 0 2 or most chemicals [ 40]. Thin gold films are common substrates, used for 

a number of existing spectroscopies and analytical techniques, including surface 

plasmon resonance (SPR), and QCM. These characteristics of gold make it a good 

choice as a substrate for studying SAMs. 

Gold binds thiols with a high affinity. The formation of a thiolate bond requires the 

chemical activation of the S-H bond of the thiol, or the S-S bond of the disulfide. The 

adsorption, more exactly chemisorption, of simple alkanethiols onto gold surfaces in 

solution leads to the loss of one hydrogen from its thiol group (- SH). At this point the 

molecule gains a negative charge (- S-), which forms a bond with a metal ion (Au3 J. If 

the thiol hydrogen is not lost in the form of H2, the presence of oxygen in the reaction 

medium may also lead to the formation of water. The combination of hydrogen atoms at 

6 



2. Molecular self-assembly 

the metal surface, to yield H2 molecules, is an important exothermic step in the overall 

chemisorption energy. 

Thiols and disulfides, bound to gold surfaces, are the subject of intensive studies. 

Initially it was assumed that the S atoms occupied the 3-fold hollow sides of the Au 

(111) surface [41],[42]. This assumption is now being challenged; a wide range of 

experimental and theoretical studies concluded that the sulphur was directly bound to 

only one metal atom [42],[43],[44]. This very strong chemical bonding corresponds to 

an energy of- 40 kcal mor1 [35]. There are a number of different reports on chain tilt in 

SAMs on gold, these report a systematic dependence of the tilt structure (i.e. the tilt 

angle and the tilt direction) of the alkanethiols as a function of the chain length (C 10-

C30). On Au(l 11) ordered surface structures, a full coverage monolayer is a ( ✓3 x 

✓3 )R30° lattice [45],[46],[47]. This supports the evidence that alkyl chains in SAMs of 

thiolates on Au(ll l) are usually tilted - 26-32° from the surface normal 

[35],[ 48],[ 49],[50]. 

SAMs naturally exhibit a high degree of structural order after assembly [51]. Most 

SAMs are formed at a reactive interface, i.e. the adsorbate and the substrate are both 

transformed to some degree by the reaction that leads to the formation of the SAM. 

Their structures are usually perceived to contain few defects. This is due to the 

structures being substantially more complex than the simple, but highly ordered, 

arrangements that are commonly assumed. External factors, such as: cleanliness of the 

substrate, methods used for substrate preparation and the purity of the sample solution, 

can all affect defects in SAMs. The substrates on which SAMs are formed have many 

structural defects, e.g. polycrystalline gold can possess grain structures characterised by 

dense arrangements of integration boundaries, occlusions and other structural 

irregularities [ 40]. Moreover, careful control of experimental methods can minimise 

complications in the final structure formation. STM investigations revealed that there 

were many defects in SAM such as missing-rows and pits [52],[53],[54]. These findings 

were later confirmed with the defects being attributed to an etching process of the gold 

by the adsorption of the SH group to the Au(l 11) surface [54]. The missing-row defects 

were attributed to the orientational and translational domain boundary, pits were 
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2. Molecular self-assembly 

revealed to be the vacancy island of the gold atoms [55]. It is important to reduce the 

density of defects and this is possible ( e.g. by thermal annealing of SAMs at 70-100 °C). 

However, during annealing, precise control of the temperature is required in order to 

avoid desorption of the molecules, this is true for all practical applications of SAMs 

[52]. There are also different kinds of SAM defects, which are not related to the 

characteristics of the substrate or the purity of the adsorb ates. These are the defects that 

are intrinsic to the dynamic nature of the SAM itself, and the chain dynamics of 

alkanethiolate SAMs on gold are the perfect example. 

2.2 Electrostatic self-assembly 

A new method for creating ultra thin films, based on the electrostatic attraction between 

opposite charges, was first proposed by Iler in 1966 [56], and was first observed 

practically in the early 1990s by Decher' s group [57],[58]. This technique is also known 

as "self-assembly" adsorption [59], "layer by layer" method, or (the most popular) 

electrostatic self-assembly (ESA). It relies on the alternating adsorption of anions and 

cations, which leads to the formation of multilayer assemblies [60],[61]. These 

multilayer structures are fabricated as outlined schematically in Figure 4. 

Charged substrate 

I• + + + + + + + + I 

Figure 4 Simplified molecular picture of the first two adsorption steps, depicting film deposition 
starting with a positively charged substrate. 
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2. Molecular self-assembly 

A positively charged solid substrate (but also an inert surface, such as graphite) can be 

immersed into a polyanionic and then a polycationic aqueous solution; electrostatic 

interaction between them occurs to create a mono layer. Deposition of the second layer is 

usually a longer process, because the polycationic moieties penetrate spaces between 

those previously deposited. 

There are two important factors involved in the ESA technique that can affect the order 

of the films produced. The first of which is the immersion time, which depends on the 

material used and its concentration. There is no restriction, with respect to substrate size 

and topography, because the process involves adsorption from solution. The most 

extensively studied materials for ESA are polyelectrolytes (see Figure 5), charged 

nanoobjects, such as molecular aggregates (small organic molecules, polymers, natural 

proteins), inorganic clusters and colloids; so this method of deposition may have a 

variety of applications. 

Figure 5 Structures of two polyions, the sodium salt of poly(styrene sulfonate) (left), and 
poly(allylamine hydrochloride) (right). 

The adsorbate-adsorbate interactions are usually comparable in strength to the 

adsorbate-substrate interactions, all of which are dominated by van der Waals forces 

[62]. Interactions between most charged species are highly specific and go beyond the 

simple Coulomb law, e.g. very different behaviour of AgCl and AgN03 was observed 

compared to KC! and KN03 even though the hydratation energies of Ag+ and K+ are 

virtually the same [ 61]. 

The major advantages of ESA from solution are that many different materials can be 

incorporated into individual multilayer films and that the film architectures are 
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2. Molecular self-assembly 

completely determined by the deposition sequence. Also, features such as simplicity, 

versatility and speed, characterise this technique. 



3. Monolayer characterisation methods 

3. Monolayer characterisation methods 

Monolayer characterisation methods allow the exploration of organic surfaces at 

different scales in various ambient conditions. Making use of them has allowed us to 

approach the nanoworld in various ways, which go far beyond pure optical imaging of a 

surface. Being able to manipulate single molecules at room temperature [63] has opened 

new avenues towards the study of conformational and nanomechanical properties of 

individual molecules [64]. Probing the electronic properties of single molecules by 

means of scanning tunnelling spectroscopy (STS), using an STM tip to study the 

electroluminescence of a conjugated thin film [65], and detection of micromass changes 

(and physical properties) of thin layers using QCM [66],[67], are just a few examples. 

Other experimental techniques including X-ray photoelectron spectroscopy (XPS) [68], 

SPR [69], and X-ray diffraction (XRD) [70] have also been used to characterise organic 

thin films (e.g. their thickness and purity). These techniques possess high sensitivity and 

are able to identify chemical elements down to 0.1 % in concentration. XPS is probably 

the most utilised for recognition of chemical surfaces of monolayers, and it relies on the 

electron spectra emitted from core atomic levels under irradiation of X-rays. 

The QCM and SPR techniques can be used to monitor adsorption of the organic 

materials onto metallic surfaces from the solution phase, both have similar resolution 

and follow deposition in real time [71],[72]. In this Chapter the QCM technique and 

current-voltage (1-V) characteristics from STM are described. 

3.1 Quartz crystal microbalance (QCM) 

The mechanism of the QCM technique relies upon the piezoelectric effect in quartz 

crystals. The theoretical foundation of piezoelectricity was first pioneered by Raleigh in 

1885, but the first investigation was performed by the Curie brothers in 1880 [73],[74]. 

QCM is a simple, cost effective technique, which is used to detect the mass changes and 

physical properties of thin layers deposited on crystal surfaces [66],[73]. A single QCM 

is a thin quartz disc with metal electrodes attached to both sides (see Figure 6), the 
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3. Monolayer characterisation methods 

quartz crystal is an anisotropic piezoelectric material. Typically, for QCM applications, 

quartz crystals a few tenths of a mm in thickness are cut in the AT form, at an angle of 

approximately 35° with respect to the X-axis [66],[73],[75],[76]. This geometry provides 

stable oscillations, which contribute to the extremely sensitive nature of piezoelectric 

devices towards mass changes. 

Quartz disc 

~ 
Back gold electrode 

Topgold .,..ctmde ~ 

// 
Contact 

Connecting plugs 

Figure 6 Schematic of a QCM with deposited electrodes. 

A resonant oscillation is achieved when the crystal is included in an oscillation circuit, 

in which the electric and the mechanical oscillations are near to the fundamental 

frequency of the crystal. The fundamental frequency depends on the thickness of the 

wafer, its chemical structure, its shape and its mass. In 1959, Sauerbrey [77] provided a 

description and experimental verification of the mass/frequency relationship of rigid 

deposited layers on the quartz crystal electrodes. The results from this work are 

embodied in the Sauerbrey equation, which relate the mass change per unit area at the 

crystal electrode surface to the observed change in oscillation frequency of the crystal: 

Mi' = -2Fo1 t:.rn (1) 
A✓pq . µ q 
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3. Mono layer characterisation methods 

Where iJF is the calculated frequency shift; Fo the unperturbed resonant frequency 

( obtained without mass adsorption); L1m the mass change; A the piezoelectrically active 

area of the excitation electrodes (0.196 cm2 in many applications); pq the density of 

quartz (2.65 g/cm3
) and µq the shear modulus of quartz (2.95-1011 dyn/cm2

) . 

According to equation (J) the resonant frequency decreases proportionally to the mass 

of the layer adsorbed on the electrodes. 

There has been increasing interest in use of the QCM technique for aqueous-based 

biological applications [66],[74],[78]. Moreover, due to its inherent ability to monitor 

processes in real-time, it has found a wide range of applications in the areas of 

environmental, food and clinical analysis [7 4]. 

3.2 Current - Voltage (1-V) characterisation using scanning 

tunnelling microscopy (STM) 

Gerd Binnig and Heinrich Rohrer, from the IBM Research Laboratory in Zurich, 

received the Nobel Prize in Physics for the invention of the STM [79]. This 

development lead to the understanding of surface topography, composition, structure 

and mechanical properties [31]. STM allowed, for the first time, the production of real

space images of electrically conductive surfaces with resolution on the sub-nanometer 

scale [80],[8 l]. 

STM is a part of STS, and is related to scanning probe microscopies (SPMs). A 

significant advantage of SPMs is that they can operate in different media; such as air, 

liquid and gas streams, therefore allowing investigations in environments that are more 

easily accessible and less expensive than UHV [81],[80]. The main principles of STM 

operation and also SPM are the same. The tip or probe (usually Ptlr or Au), the end of 

which is formed by a single atom, is connected to a source of bias voltage (typically 

applied bias voltage ~ 1.5 V with respect to the sample surface), which causes the tip to 

be positioned above the surface. When the tip is brought to within 2-5 A (~ atomic 

diameters) of a conducting surface, electrons are forced to tunnel across the gap (it is 
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3. Monolayer characterisation methods 

called the tunnelling current) from the sample through the gap into the tip (see Figure 

7a), or vice versa (see Figure 7b), depending on the experimental setup. The interaction 

between the sharp tip and the conductive sample surface is observed as a change in 

current during scanning. The tunnelling current decays exponentially with the gap 

between the two conductors (see Chapter 4.1.). Therefore a small change in tip-sample 

distance results in a large change in the tunnelling current. 

(a) (b) 

L L 
e 

Figure 7 Schematic of the STM studies of molecular monolayers, showing the tunnelling barrier 
between the sample and STM tip. The diagram is not to scale. 

While the tip is moved in the X and Y directions across the surface, using a piezoelectric 

crystal, a detection system records the tunnelling current at each scanning point ( current 

is usually in the range of a few hundred pA to a few nA). This creates the current

voltage characteristics of the materials under study [82],[83], and atomic/molecular 

scale resolution images [84],[85],[86]. The quality of results is strongly limited by 

factors such as the bias voltage dependence and special tip states (generally the sharper 

the better) [87],[88],[89]. With the atomic resolution of STM, it is possible to determine 

the structure and conformation of adsorbed molecules on a metallic substrate 

[82],[88],[89]. It is important to consider how the presence of a molecule in the STM 

junction influences the electron transport. When the sample is biased negatively, 

electrons travel from the filled surface states to the tip through the highest occupied 

molecular orbital (HOMO) of the molecule. Whereas in the opposite case, of a 

positively charged sample, the lowest unoccupied molecular orbital (LUMO) of a 

molecule is involved. In both cases, the HOMO and LUMO are closer to the Fermi 

energy level of the substrate and tip respectively. 
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3. Monolayer characterisation methods 

The main challenge in STM measurements is the positioning of the tip. The distance 

between the tip and the sample has to be precisely controlled without any interference, 

such as electrical or mechanical noises, or thermal effects, to prevent penetration of the 

tip into the sample. The control is maintained via a feedback loop, which is responsible 

for height adjustment of the tip, controlled by a piezoelectric element to keep the current 

constant. The feedback loop moves the tip away from the surface when the tunnelling 

current increases; if the tip is brought closer, the tunnelling current decreases. In the 

event of an atomically flat substrate, the tip is kept at a constant Z-distance position, so 

there is no need for control over the tunnelling current. The biggest limitation of STM is 

that it cannot image thick insulating layers, but according to estimates, the thickness of 

a non-conducting layer can be, at maximum around 2 nm at probing currents in the 

picoampere range [81]. 

An early demonstration of electrical characteristics, from relatively symmetric to highly 

asymmetric ( or rectifying), obtained by STM, was made by Pomerantz et al. [90]. 

Copper phthalocyanine molecules were chemically attached to highly oriented pyrolytic 

graphite (HOPG). However, the observed asymmetry may have been due to formation 

of a Schottky barrier (described in more detail in Chapter 4.2.) from the chromium salt, 

formed by an acid-base reaction at the surface. Another example of STM being used to 

measure the I-V characteristics of SAMs used alkanethiolates. These have been used as 

model systems for measurements of electron transport through molecules. 

Alkanethiolates form excellent host matrices due to their ability to self-assemble, and 

dynamic formation allows the control of film quality. Moreover, they are chemically 

inert and have low electrical conductivity. Experiments performed by Weiss et al. [4] 

involved probing a SAM of decanethiol. The film was shown to give symmetrical I-V 

characteristics. As alkanethiolates are often used as an insulating host matrix, their 

electronic characteristics establish the background currents for many of the techniques 

used to characterise other molecules. More about STM techniques can be found in 

Chapter 4.3.1. 

15 



4. Molecular electronic junctions 

4. Molecular electronic junctions 

The theme of molecular electronic junctions concerns electron transport through organic 

molecules and often involves metallic or semiconducting solids with which the 

molecules are in electrical contact. In order to transmit electrons through the molecule, 

molecular junctions incorporate one or more molecules in electrical contact, with 

usually two conductors [91]. Complete understanding of a molecular junction requires a 

view of the entire structure, as one electronic system, in order to consider perturbations 

of each component due to electronic interactions with others. Understanding how 

electrons traverse through the molecular junction is an important step towards the 

realisation of molecular electronics. 

In particular, two main transport junctions have been considered, most commonly a 

SAM deposited on a metallic surface which is then measured, e.g. with a scanning probe 

tip, and a single molecule chemically bonded to metal electrodes through thiol linking 

groups [92]. Measurements in both of these systems record a current between the 

electrodes due to an applied voltage. A single molecule junction occurs when a single 

molecule can be observed to behave independently. The term "monolayer junction" is 

reserved for many molecules in a single oriented monolayer between the conducting 

contacts. A monolayer junction is intermediate between a single-molecule junction and a 

disordered ( or crystalline) thin film device. In practice, a mono layer junction may be 

observed to exhibit molecular electronic properties such as rectification and conductance 

switching. The molecules in the junctions, on which this Chapter is focused, can be 

divided into the hard, rigid, linear structures characterised by molecular wires and the 

soft molecular organic materials such as 1,4-denzene dithiol or copper phthalocyanine. 

4.1 Electron transport in molecules 

Studying electron transport across nanometer scale metal-molecule-metal junctions is a 

key to the realisation of molecular-based electronics. The study of electronic devices 

based on molecular junctions requires characterisation of particular junctions with 

theoretical approaches to electron transport. 
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4. Molecular electronic junctions 

Electron transport mechanisms depend on molecular size, structure, temperature and the 

magnitude of the free energy difference between donor and acceptor. General electron 

transport, called tunnelling, is dictated by quantum mechanics and is based on the 

probability of an electron traversing a barrier of some thickness and height. The rate of 

tunnelling decreases exponentially with the thickness of the barrier, and is given in its 

simplest form, by the Simmons relation [93]: 

(2) 

Where J is current density, Ncm2
; Bis a constant, and depends on the applied voltage, 

thickness, and height of the energy barrier; p is a constant, proportional to the square 

root of the barrier height, nm·1 or A-1
; and dis barrier thickness. 

Although observed tunnelling rates in molecular junctions depend exponentially on the 

junction thickness, the observed value of p assumes a different value. It is known from 

the Simmons relation that p values in molecular junctions are often near 1.0 A·1 [36], 

whereas for weaker contacts this value is higher [83]. This characteristic is inversely 

proportional to the conductance. It can be used to classify the ability of molecular 

structures to provide a medium that facilitates tunnelling and to infer details of the 

electron transfer [94]. Conductance of SAMs in good contact with electrodes is 

generally dominated by superexchange [95]. Tunnelling that is assisted by 

superexchange usually occurs to ~25 A. More complex phenomena, such as diffusive 

tunnelling or hopping, dominate over these distances [83]. Another factor that 

distinguishes these mechanisms is temperature. Hopping mechanism usually refers to 

thermally activated electron transfer based on a classical Arrhenius relation, whereas, 

tunnelling with or without superexchange should not depend on temperature (with some 

exceptions like conformational changes). Hopping involves electron motion over the 

energy barrier between relatively stable sites and is inversely proportional to the 

thickness barrier [83]. 
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4. Molecular electronic junctions 

4.2 SAM based molecular junctions 

The success of vapour deposition using a variety of metals on SAMs, for making a top 

electrode contact depends, in part, on reactions between the SAM and the metal. A 

Au/monolayer/ Au junction incorporating the 2 ' -amino-4-ethynylphenyl-4' -

ethynylphenyl-5'-nitro-1-benzenothiolate presented by Reed and Tour [96],[97],[98] is 

an example of electrode fabrication. The essential feature of the fabrication process was 

the use of a nanoscale device area. The starting substrate for the device fabrication was a 

double-sided polished silicon (100) wafer, on which 50 nm of ShN4 was deposited by 

low-pressure chemical vapour deposition [98]. The authors estimated that the single 

circle hole of 30-50 nm diameter was made through the membrane by electron beam 

lithography, and contained ~ 1000 oriented structure [83]. The nanopore was filled with 

gold and then transferred into a solution to self-assemble the active component. The 

second Au electrode was evaporated on top of the molecular film, and then the device 

was diced into individual chips (see Figure 8a). 
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Figure 8 (a) Schematic illustration of the Au/SAM of 2' -amino-4-ethynylphenyl-4 ' -
ethynylphenyl-5 '-nitro-1-benzenothiolate/Aujunction in the nanopore area. (b) 1-V curve of the 
nanopore junction at 60 K. Taken from [83] . 

In this experiment the authors observed negative differential resistance (NDR) for the 

nanopore junction at 60 K (see Figure 8b). The 1-V curves were fully stable and 
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4. Molecular electronic junctions 

reversible, and were a stimulus to consideration of practical applications of molecular 

electronic devices. 

Many evaporated electrodes are oxidisable in air, for example, titanium [99],[100], 

aluminium (101] or lead [102], and this leads to Schottky barrier formation. The 

Schottky effect is attributed to the reduction of the potential barrier at interfaces of 

semiconductors with metals or others semiconductors, and it can induce very strong 

electrical asymmetries [83],[103]. A Schottky barrier usually arises from partial charge 

transfer from one phase to another at an interface, generating an electrostatic barrier. 

There are various examples of Schottky diodes, which can be observed during the 

measurement of electrical conductance for numerous different films. For example, 

alkoxynaphthalene thiol sandwiched at room temperature between Pt and an evaporated 

Ti film demonstrated strong current asymmetry with a rectification ratio of 5xl05 at ± 

2.3 V [100]. This is a perfect example of electrical asymmetry induced by metal oxide 

Schottky barrier. Another study showed a rectification ratio of more than six orders of 

magnitude for a Pd/n-Si diode at 700 °C [103]. The next class of compounds that are 

rece1vmg attention, due to their interesting electrical characteristics, are 

metalophthalocyanines. Many metalophthalocyanines are known to exhibit p-type 

semiconducting electronic transport properties, when exposed to an oxygen-containing 

atmosphere [104]. It is supposed that oxygen partially "dopes" the material, creating 

highly delocalised holes as the charge carriers. Some metalophthalocyanines exhibiting 

such interesting doping have also demonstrated the Schottky effect [105]. Other 

experiments, which use acid-base reactions to attach molecules of copper 

phthalocyanine to the surface of HOPG, exhibited a rectifying Schottky barrier [90]. 

Consequently, metal evaporated junctions could be promising; however, the Schottky 

effect leads to highly unreliable results. 

Another molecular junction, constructed between two mercury drops, or between Hg 

and solid metal (Au, Ag, Cu), was proposed by Majda [36] and Whitesides [94],[106]. 

The first reason for making these junctions was the advantage of using mercury as the 

electrode material. Mercury offers an atomically smooth, defect free, and highly 

reproducible surface for alkanethiol self-assembly. The use of Hg electrodes allows the 
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4. Molecular electronic junctions 

variation of the thickness of the assembled monolayer in a number of different ways 

[36]. The first involves the usual formation of ordered monolayers ofthiols with varying 

lengths of alkyl chains, the second relies on the hanging mercury drop electrodes 

(HMDE) [37],[38]. Careful expansion of the mercury drop by means of the micrometric 

screw that controls the volume of drop, affects the monolayer thickness. Furthermore, 

the high surface tension of Hg should reduce the likelihood of metal penetration into the 

SAM, thereby reducing short circuit formation. Figure 9 presents both junction designs, 

in both cases formed whilst the Hg drop was immersed in a solution of active 

component. 
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Figure 9 Schematic diagram of (a) Hg-SAM//SAM-Hg and (b) Hg/SAM//SAM/Au junctions. 
For (a) the two Hg drops are brought together in a solution of an alkanethiol. For (b) the Hg 
drop is lowered through the thiol solution onto the preformed SAM on the flat Au substrate. 
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4. Molecular electronic junctions 

The Hg/SAM interface is much larger in area compared to the nanopore, measuring ~ 1.0 

mm in diameter and containing 1011 
- 1013 molecules [83]. Additionally, fabrication of 

this junction avoided lithography and the risk of monolayer damage by vapour deposited 

contacts. Despite this technique having the advantage of easy assembly, it does not have 

molecular resolution and is not amenable to incorporation in a practical microelectronic 

device. Recently, a review of this technique was published [107]. It provides similar 

data to those obtained via STM and is an appropriate method for supporting results. 

The next fabrication method for molecular junctions incorporates two µm gold wires 

aligned perpendicular to each other. A SAM of the molecule of interest is deposited on 

one of the wires. The crossed-wire tunnel junction consists of the wire modified with a 

SAM, and a second wire, which can be brought into contact by fine-tuning of the 

deflection current obtained in the presence of a magnetic field. In this junction electron 

transfer occurs between closely positioned wires as a result of physical contact between 

the monolayer and the deflection wire [108],[109],[110] (see Figure 10). 

?'. 
..._.... U SAM 

Deflection Current 

Figure 10 Schematic of the crossed-wire tunnel junction [106]. 

Charge transfer measurements across a monolayer of dithiol molecules was first 

presented by Kushmerick et al. [108],[109]. Comparison of conductance measurements 

from STM and crossed-wire junction techniques, for the same group of dithiol 

molecular wires, showed that the conductance rose linearly with the number of 
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4. Molecular electronic junctions 

molecules [94],[108]. Studies on highly conjugated molecular wtres, such as 

oligo(phenylene ethylene) (OPE) and oligo (phenylene vinylene) (OPV), highlighted a 

particular contribution to molecular wire conductance [108],[109],[111]. Namely, it was 

shown that STM measurements on single molecules correlated with crossed-wire 

measurements of 103 molecules [108],[112]. The fabrication of a single molecule 

junction was performed by self-assembly of a single dithiol molecule onto a gold 

substrate, surrounded by Cl 1 thiol molecules. The important factor was the possibility 

of the C 11 molecules interacting with the nanoparticle, which would contribute to the 

overall measured tunnelling current [112]. The contact was formed via gold 

nanoparticles, to which dithiol molecules were covalently linked. This experiment 

indicated that intermolecular charge hopping did not strongly contribute to charge 

transport in a SAM [112]. 

4.3 Single molecule junction 

The experimental techniques presented above, containing SAMs sandwiched between 

two metal electrodes, have been employed to determine the electrical conductivity of 

SAMs. Several methods to measure the conductivity of single molecules, chemically 

bonded between two metal electrodes, were proposed by Haiss et al. , Cui et al. and Xu 

et al. and are presented in this Chapter. Behaviour of single molecule junctions is not 

complicated by intermolecular interactions; it can be said that they represent the lower 

limit in dimensions for molecular electronics. 

4.3.1 Scanning tunnelling microscopy (STM) techniques 

A novel and simple method to measure single molecule conductivity, using the 

spontaneous formation of molecular wires between the STM tip and a metal substrate, 

was introduced by Xu, et al. [113], and Haiss et al. [114]. To use this type of method, 

molecules must possess thiol groups at both ends, which enable adsorption to the gold 

surface and to the STM tip, the molecules must also be highly stable in the redox states 

[114],[115]. It has been shown that dithiols adsorbed on to gold for short periods of time, 

hence may form a molecular bridge between the tip and substrate contacts [115],[116] 
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(see Figure l l a). These events can be monitored in the time domain; a characteristic 

current jump is presented in Figure 11 b. 
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Figure 11 (a) Schematic diagram of an experiment showing the spontaneous formation of a 
single molecular wire between the tip and the substrate. At t1 and t3 the molecule is detached 
from the tip, and at t2 the molecule is attached to both electrodes, giving rise to an increased 
current (Af). Copied from [114]. (b) Typical current jumps recorded on Au covered with a small 
surface concentration of molecular wire. Circles: original data; line: average of four data points. 

The current-time measurements (I(t)) on surfaces, with high dithiol coverage, yielded 

large current fluctuations consistent with fast formation and breaking of molecular 

wires. Due to the high current noise no plateau formation (as shown in Figure llb) 

could be observed, and hence they were unsuitable for measurements of single molecule 

conductivity. 
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4. Molecular electronic junctions 

The conductivity of the molecules in the gap can be calculated from the current jumps 

using the tunnelling current (n as a function of time. When molecular bridges are 

formed, a sudden current jump is observed as ~I (~I = I - Io, where I - current, Io -

tunnelling current before the observation of the current jump). This method measured 

the difference in tunnelling current in the absence and presence of molecules in the 

tunnelling gap and hence, changes in conductance resulting from the incorporation of a 

molecule in the gap [ 114]. 

Observation of dithiol molecules, adsorbed on a metal substrate at low concentration, 

showed that the molecules spontaneously spanned the gap between the substrate and the 

STM tip. This was employed to investigate the current-distance dependence (l(s)) and 

hence measure the conductivity of a single molecule. This is the next simple and 

reproducible method, also introduced by Haiss et al. [115], to measure the conductivity 

of single molecules by comparison of l(s) curves in the presence and absence of 

molecules in the tunnelling gap [114],[115],[117]. The l(s) method of forming molecular 

wires between a gold STM tip and a substrate is illustrated in Figure 12. 

ITM11p • , 
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Figure 12 STM technique (called the l(s) method) of forming molecular wires between an Au 
tip and a substrate for single-molecule electrical property measurements. Taken from [117]. 

When the STM tip was brought close enough to the Au surface, which was 

experimentally achieved by increasing the tunnelling current setpoint (lo), spontaneous 

formation of stable molecular wires between the tip and the sample was observed (see 

Figure 12). The tip was then lifted keeping a constant X-Y position, and the current-
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distance I(s) relation was measured. Figure 13 presents typical current decay curves (I(s) 

scan) in the presence and absence of molecule(s) in the tunnelling gap. 
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Figure 13 l(s) scan performed in the presence (solid circles) and the absence (open circles) of 
molecule(s) between tip and substrate. Taken from [114]. 

Two distinctive classes of I(s) scans were measured. The first of which was a fast 

exponential decay, typical of tunnelling between a tip and a substrate (open circles in 

Figure 13). The second was a less abrupt decay, followed by a characteristic current (I

Io) (solid circles in Figure 13). At sufficiently large tip-sample separations the chemical 

contact of the molecular wire to the tip ( or to the surface) was broken and the current 

dropped to zero. 

The electrical conductivity of single alkanedithiol molecules was investigated over a 

range of temperature. Consideration was given to the temperature dependent conformer 

distribution and its influence on the tunnelling probability in a barrier tunnelling model 

[118]. This model also predicted an increase of the temperature dependence (in the 

range between 293 K and 353 K) of conductance with increasing chain length. 

Moreover, it has been found that the conductivity of single alkanethiol molecules is 

independent of the applied potential in the range from - 1 to +1 V [114]. Similar 

experiments, relying on conductivity measurements for alkanedithiol molecules 
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chemically bonded between two metal electrodes, were investigated by two independent 

groups; Cui et al. [119] and Xu et al. [113]. The STM technique of single molecule 

electrical current measurement is also widely used in biological systems [120]. 

4.3.2 Break junctions 

A conceptually simple configuration of a break junction would be one in which one 

molecule (or a few) is connected between metallic contacts. Such a metal-molecule(s)

metal configuration was first reported by Reed and Tour in 1997 [97],[98],[121]. The 

schematic process of the mechanically controllable break junction (MCB) is shown in 

Figure 14. 
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Figure 14 Schematic of the mechanically controllable break junction (MCB) showing split wire 
with deposited monolayer. Taken from [121]. 
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In this approach, a notched wire is stuck onto a flexible substrate and is then fractured, 

and as shown in Figure 14, the wire breaks into two parts when a "bending beam" is 

stressed. The whole process takes place in a solution of dithiol molecules, slow 

elongation allows molecular layer assembly. After the adjustable gap between two Au 

contacts is established, the two half-wires are moved close together to establish the 

contact, which occurs via a single molecule (see Figure 14). For the molecules of 

benzene-1, 4-dithiol used by Reed, I-V and conductance measurements of a singular 

observation implied that the configuration of two noninteracting self-assembled 

molecules in parallel was possible; the threshold resistance of a single molecule 

configuration was ~22 M.Q [121]. The reproducibility of a minimum conductance, at a 

consistent value, implies that the number of active molecules could be as few as one. 

The results from this system, as would be expected, yielded symmetrical 1-V 

characteristics. This technique was also used by Reichert [122], who used the same 

conductance measurements through a self-assembled metal-molecule-metal junction. 

The 1-V characteristics of a symmetrical molecule were found to be highly symmetrical, 

whereas an asymmetric contact could cause strong asymmetries in the 1-V curves. This 

asymmetry also proved that the junction indeed contained only one molecule. The rather 

strong covalent bonding to the atomically disordered metallic electrode caused sample

to-sample fluctuations [123], which are undesirable for both controlled scientific 

investigation and engineering of electronic properties. 

4.4 Summary 

All the techniques presented in this Chapter can be applied to the investigation of 

molecules that are able to form a covalent bond to the surface. It is useful to consider a 

few of the many technical challenges posed by measurements of molecular junction 

behaviour. The realisation of useful microelectronic devices, like memories or 

processors, based on molecular junctions, requires not only a large number of molecular 

junctions but also a combination of empirical characterisation, of particular junctions, 

with sophisticated application of theoretical approaches, to electron transport. 
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The variety of methods available for contacting molecules; including contacting 

monolayers, together with mercury drop electrodes (Hg-based junctions), using 

dithiolated molecules with crossed wires, and metal/SAM/metal junctions, have all 

demonstrated that contact to a single molecule is difficult to achieve. Even though the 

STM techniques and MCB techniques are reliable methods to measure the conductivity 

of a single molecule and are stable for many voltage sweeps, they still cannot be 

integrated into device geometries. Nevertheless, using the techniques of STM or MCB 

opens new possibilities for establishing mechanisms of electron transport m both 

organic molecules and transition metal complexes, with clear applications m both 

fundamental single-molecule science and single molecule technology. 
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5. Molecular wires 

One of the requirements for molecular electronics is the ability to create good electrical 

contacts in a device [124]; molecular wires are key components in this field. In their 

simplest form they can be viewed as a n-electron conjugated system that forms a one

dimensional electronic conductor to interconnect proposed molecular devices such as 

transistors, switches, and chemical sensors [12],[125],[126]. In an effort to understand 

the important characteristics of molecular wires, most research has been concentrated on 

linear, conjugated, oligomers; many synthetic methods have been presented in the 

literature [12],[127]. Transport of charge is possible due to the delocalisation of n

electrons over the entire molecule; some examples of molecular wires are shown in 

Figure 15. 

Figure 15 Examples of monomeric units of 1t-conjugated molecular wires [128]. 

Oxidation, reduction or introduction of a dopant into bulk structures can cause local 

deformation of the nuclear system and can create disturbances like polarons or charged 

solitons [129],[130]. Also, oxidation and reduction processes can make modifications to 

the structures resulting in salts with intra-chain charge carrier mobility, making it 

possible to create a junction. Good control of length, strength, periodicity and geometric 

parameters of molecular wires are useful in fabrication of nanodevices. 
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The conductivity of molecular wires is often associated with difficulties in connection of 

a single molecular wire to probes. Initially, Reed [99] developed a technique for 

determining the conductance of molecular wires using a nanopore arrangement, which 

was described in Chapter 4.2. Using this technique, 1-V characteristics could be 

recorded on a series of molecular wire systems; and temperature-controlled variations 

demonstrated that the current could be modulated via temperature-induced variations in 

the molecular conformations. Collaboration between Weiss, Allara and Tour et al. [125] 

allowed investigations using mixed SAMs of molecular wires (4,4' -di(phenylene

ethynylene )benzenethiolate derivatives) and "nonconducting" ( n-dodecanethiol) SAMs 

on Au(l l 1) (see Figure 16). 

11 

Addressing molecular 
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Figure 16 Single molecular wire inserted at grain boundaries within a SAM of dodecanothiolate 
on gold [125]. 

This technique permitted the isolation of single molecular wires from their neighbours; 

it also allowed the addressing of a vertically arranged system. Qualitative results of the 

conductance levels showed that the studied molecular wires, although topographically 

higher than the gold surface (as shown in Figure 16), were substantially more 

conducting compared to the insulating monolayer of n-dodecanethiol [125],[13 l]. This 

method, using mixed SAMs, could give more information on the conductivity of 

molecules, due to difficulties caused by the tunnelling barrier in obtaining an absolute 

value of conductivity for individual molecules. 

30 



5. Molecular wires 

Other methods allowed precise placement of molecular wire bundles at programmed 

positions [132]. This was achieved by applying controlled voltage pulses to an 

alkanethiolate SAM under a solution of molecular wires. The next challenge was to 

quantify the degree of current that could be passed through the single molecule. It was 

obtained by utilising an MCB method (described in Chapter 4.3.2.) for addressing single 

molecules. A 0.1 µA current was recorded through a single molecule of benzene-1,4-

dithiol self-assembled on the two tips (see Figure 17) [121]. 
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Figure 17 A schematic of a benzene-1,4-dithiolate SAM bridged between gold electrodes, 
formed in an MCB. End groups denoted as X can be either Hor Au, with the Au potentially 
arising from a previous contact. Taken from [121]. 

Recently, the creation of individual molecular junctions was achieved by moving a gold 

STM tip into and out of contact with a gold substrate, whilst in a solution containing 

sample molecules. Proof of this was given by Xu and Tao [l 13] who investigated the 

conductance of a single molecule of 4,4' -bipyridine. During the initial stage of pulling 

the tip out of contact with the substrate, the conductance decreased with discrete steps. 

However, when the atomic chain was broken, by pulling the tip farther away, a new 

sequence of steps in a lower conductance regime appeared in the presence of 4,4' 

bipyridine; this signalled the formation of a molecular junction. Similar measurements 

with the same molecular system were also performed using atomic force microscopy 
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(AFM) [133]. The measurements determined not only if and how the molecule was 

bonded to the probing electrode, but also took note of the electromechanical properties 

of the molecule, which depended on the molecule-electrode contacts. It also opened the 

door to the study of single-molecule electromechanical properties. 

The importance of the molecular structure on conductance is significant as well. Mayor 

and Weber presented a characterisation of molecular rods, both consisted of a bis-9, 10-

phenylanthracene core with thiol anchor groups in the meta and para positions (see 

Figure 18) [123]. It was observed that when the binding SH group of a molecule was 

connected to a benzene ring in a para position (relative to the rest of the molecular 

structure), the resulting conductance was higher than in the case of the meta position. 

The lower current in the latter case also improved the stability of the junction [134]. 

(a) 

(b) 

Figure 18 Effect of the molecular structure on conductance when the binding SH group of the 
molecule was connected to a benzene ring in (a) para, and (b) meta position relative to the rest 
of the molecular structure. Contacts between single molecules were made by MCB technique. 
Copied from [134]. 

The comparison between the molecules, presented in Figure 18 confirmed that the 

conductance did depend on the structure of the molecule, and could be altered on a 

molecular level by varying the position of the anchor group in the synthesis of the 

molecules [123]. 
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5. Molecular wires 

Using the STM technique, the electrical properties of a single molecular wire can be 

controlled by the occupancy of energy levels within the molecules, including e.g. the 

viologen bridges [115]. It was found that charge trapping in molecular states leads to 

changes in electrical behaviour. Haiss et al. [115] used 6-[1 '-(6-mercapto-hexyl)

[4,4']bipyridinium]-hexane-1-thiol iodide (see Figure 19) to measure single molecule 

conductivity. The thiol groups at both ends of the wire provided anchoring points to the 

gold surface and to the STM tip. The viologen group (redox group) has readily 

accessible energy levels, and is symmetrically placed between molecular tunnelling 

bridges at either end. In addition this molecule is highly stable in the redox state. 

+ (!\.._~ + 
HS~N~- ~ ;,N~SH 

Au STM tip 
Molecular 

\.Vire 

Figure 19 Schematic diagram of the experiment performed to study electrical properties of the 
molecule containing redox centre. Copied from [115]. 

Due to the presence of the molecular wire formed between the tip and the sample, 

current oscillations were observed. The lowest value of conductivity was 0.49 ± 0.08 nS 

at the tip-to-substrate potential difference of 0.2 V [115]. This might correspond to 

conduction through the single molecular wire. This value of conductivity can be 

compared with conductivity results of the analogues of the molecule presented above, 

chemically attached to nanoparticles incorporated in an hexanethiol monolayer on gold 

[135], which yielded a value of 0.56 ± 0.03 nS [116]. The similarity of the conductivity 

measured from both techniques indicates that this new method for the measurement of 

single molecule electrical properties is reliable. It can be applied in the electrochemical 

environment, enabling the redox state of molecules to be controlled during the 

measurements. 
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6. Molecular rectification 

6. Molecular rectification 

Molecular rectification of electrical current is a strongly asymmetric flow of electrons 

through a molecule because the conductivity from "the left side" of molecule to its 

"right" 1s very different from the conductivity going "right" to "left" 

[136],[137],[138],[139]. In rectification measurements, the rectification ratio (RR) is 

defined as: 

(3) 

Where: I (Vn+) - values of current for positive bias values Vn+; and I (Vn) - values of 

current for negative bias values Vn. corresponding to Vn+-

A rectification ratio for typical diodes based on a silicon system provides a value of two 

orders of magnitude [140]. Currently this value can be significantly extended to gain 

value in the range of 105-107 [103],[141],[142] for Schottky type diodes. Although 

molecular rectification of electrical current was first achieved a century ago, in vacuum 

diodes [143] and then in junctions of p-doped Ge accosted ton-doped Ge [144], a major 

experimental challenge has been to verify the theoretical basis provided by A viram and 

Ratner for organic systems. This electronic process occurs in diodes and can be 

monitored by observation of I-V characteristics. 

6.1 The Aviram - Ratner model 

Aviram and Ratner suggested that for an orgamc molecule to show rectifier 

characteristics, it should have the properties of a p-n junction [2]. It was suggested that it 

would be possible to create relatively electron-poor (p-type) and electron-rich (n-type) 

molecular subunits by the use of substituent groups on aromatic systems. Substituents 

are classified as electron-withdrawing groups, if they result in a decrease of the n:

electron density and thereby, raise the ionisation potential, hence can be a good electron 

acceptor (and vice-versa for electron donors). However, if the donor and acceptor 

subunits interact strongly with each other (i.e. through the molecule), the n--electron 
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6. Molecular rectification 

density of the whole molecule will reach equilibrium and the rectification ability would 

be lost. Electron motion suggests that a rectifier could consist of donor and acceptor 

moieties insulated from each other. According to A viram and Ratner, the necessary 

insulation could be provided by separating acceptor and donor parts with a-electron 

bonds, which fulfill their function as a bridge connecting the two sides. 

Aviram and Ratner presented an example of a rectifier molecule in their theoretical 

paper [2]. It was based on the acceptor tetracyanoquinodimethane (TCNQ) and the 

donor tetrathiofulvalene (TTF), separated by a a-bridge to avoid coupling of donor and 

acceptor molecular orbitals (shown in Figure 20). However, this molecule has never 

been synthesised, but it is an ideal example for understanding rectifier behaviour. 

s s 
>=< J s s 

ACCEPTOR cr- bridge DONOR 

Figure 20 The Gedankenmolekiil (D-cr-A molecule) proposed by Aviram and Ratner as a 
molecular rectifier [2]. 

This simple example of a molecular rectifier would have the potential for tunnelling 

from the electrode at one end to the acceptor, and from the donor to the electrode on the 

other side. It is more difficult for electrons to flow in the opposite direction. This 

rectifying process, of an Aviram and Ratner molecular device, can be easily explained 

by examining the energy level diagrams presented in Figure 21 . 
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Figure 21 Energy diagrams of the Aviram and Ratner model. (a) D- cr- A molecule placed 
between electrodes with no applied voltage. (b) Forward bias causing realignment required to 
enable tunnelling within molecular junction. (c) Electron transfer under reverse bias from the 
HOMO of donor to the LUMO of the acceptor. V-potential applied to the electrode, <p-work 
function of the electrode. Figure adapted from [2] . 
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For an ideal molecular rectifier, when the molecule is placed between two metal 

electrodes and no bias is applied (as shown in figure 21a), the acceptor subunit has poor 

electron density (in the range of 1-2.5 V) while the donor subunit has a high ionisation 

potential (in the range of 6-9 V). Therefore, the LUMO of the acceptor subunit is at a 

lower energy level than the LUMO of the donor subunit. Moreover, for proper rectifier 

behaviour, the LUMO of the acceptor should lie at or slightly above the Fermi level of 

the cathode; also the LUMO of the donor should be as high as possible above the Fermi 

level of the anode (see Figure 21a). 

Conduction under forward bias is a two-stage process. The first process occurs when 

electrons flow from cathode to the LUMO of the acceptor and from the HOMO of the 

donor to the anode (labelled "A" in Figure 21b). During the second process, electrons 

tunnelling within the molecule from the excited state A--cr-D+ to the ground state 

A0- cr- D0 (labelled "B" in Figure 21 b ). The possibility of electron transfer onto the 

acceptor under forward bias occurs when the cathode level overlaps the LUMO of the 

acceptor. Similarly, electron transfer from the donor to acceptor ensues when the 

HOMO of the donor overlaps the Fermi level of the anode (see Figure 21b). When the 

LUMO of the acceptor and HOMO of the donor are sufficiently close in energy, 

inelastic tunnelling of electrons may occur from the acceptor to donor. When polarity is 

reversed, as shown in Figure 21c, the LUMO of the donor would have to be lowered to 

the Fermi level of the donor. Thus the Fermi level of the cathode would have to be 

lowered below the HOMO of the acceptor in order to obtain tunnelling through these 

levels. The threshold voltage for this process would be relatively high. 

Moreover, an additional conduction mechanism could take place between the donor and 

acceptor subunits. The first step of this mechanism involves internal tunnelling from the 

HOMO of the donor to the LUMO of the acceptor. This leads to creation of a hole on 

the right side, and an electron on the left side. Tunnelling would proceed from charged 

n-levels to and from the electrodes. This mechanism also involves a threshold voltage, 

and can only happen when the HOMO of the donor is energetically at or above the 

LUMO level of the acceptor (see Figure 21c). 
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6. Molecular rectification 

Aviram and Ratner also calculated 1-V characteristics, which are presented in Figure 22. 
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Figure 22 Molecular structure of an example D-cr-A molecular rectifier with the 1-V 
characteristics proposed by Aviram and Ratner [2]. 

6.2 Other approaches of molecular rectification 

Ellenbogen and Love [145] published a different mechanism of molecular rectification. 

These studies were similar to the operational principles of Aviram and Ratner' s in the 

sense that an acceptor-bridge-donor molecule was used as a model, but the design of the 

presented molecule was different. They proposed a polyphenylene-based molecular wire 

as the conductive backbone to which donor and acceptor substituent groups were 

chemically bound (see Figure 23). 
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Acceptor 

Donor 

R 

Figure 23 Proposed polyphenylene-based molecular diode [145] . 

The structure presented in Figure 23 has two intramolecular dopant groups: electron 

donating substituent group (X) and the electron withdrawing substituent group (Y). 

Groups such as -NH2, -OH, -CH3, - CH2CH3 are commonly used as electron donating 

substituents (X), whereas groups such as -NO2, -CN, -CHO, -COR' (where R ' is an 

aliphatic chain), could be used as electron withdrawing substituents (Y). The most likely 

candidates for R were aliphatic groups such as sigma-bonded methylene or dimethylene 

groups. 

The authors described, that at forward bias, which must be sufficient to raise the Fermi 

energy level at least as high as the energy of the LUMO n-orbital of the acceptor, 

electrons could tunnel from the right contact into the LUMO of the acceptor. Then once 

again to the left contact through the central insulating barrier, and the LUMO of the 

donor. To permit electrons to pass, the LUMO of the donor and acceptor must be close 

enough. In the reverse direction there was no resonance of the Fermi levels of the 

electrodes with the LUMOs of the molecule, thus they move away from each other. This 

should yield rectification. 

Since Aviram and Ratner first theoretically demonstrated the possibility for an organic 

molecule to function as a molecular diode, a number of people have suggested using 

substituted benzene molecules (in the form of donor and acceptor molecular subunits), 

this was proposed by Majumder et al. [146] and Ellenbogen and Love [145]. The 

geometry was studied, as was the electronic structure of rectifying D-spacer-A 
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molecules. These molecules consisted of mono or disubstitued benzene with -NH2 or -

N02 functional groups, covalently linked by an insulating methylene or dimethylene 

bridge. The rectification behaviour in these molecules was analysed from the molecular 

orbital energy levels and the spatial orientations of the unoccupied molecular orbitals. 

The calculations showed that in such a molecular complex the LUMO was localised on 

the acceptor ring, whereas the HOMO was on the donor ring. The potential differences 

increased along with the tunnelling barrier length; for the monosubstitued complex the 

dimethylene bridge was found to be 2.05 eV. Also, the disubstitued rectifier complex 

had a value of potential difference of 2.76 eV. 

In 2002 Kornilovitch et al. [147] published within their theoretical work, a general 

mechanism of molecular rectification in which a single electroactive unit was positioned 

asymmetrically with respect to the electrodes. However, the HOMO and the LUMO 

were positioned asymmetrically with respect to the Fermi level. As they reported, there 

were no special requirements to obtain this kind of rectifier. The only requirement was 

one conducting molecular level placed closer to one electrode than the other. This 

molecular rectifier, with an asymmetric tunnelling barrier, was divided into five 

structural parts (see Figure 24). 

LEFT 
CLIP 

LEFT 
INSULTAOR 

HS 

RIGHT 
INSULATOR 

SH 

RIGHT 
CLIP 

Figure 24 Schematic structure of an asymmetric tunnelling barrier molecular rectifier (top). An 
example of molecular rectifier (bottom), [147]. 

The molecule contained two saturated groups of different lengths, that insulated the 

central benzene ring, and also left and right clips (or end groups) that provided a contact 

between the electrodes and the molecule. The purpose of such a construction was to 

place the energy of the conjugated part (usually the LUMO) on the same level as the 

Fermi energies of the electrodes (see Figure 25a). Most of the applied voltage dropped 

on the longer insulating barrier as a result of the proportional dependence between the 
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insulator length and voltage drop, hence electrical rectification should be observed. The 

energy diagram of molecular rectification is shown in Figure 25b,c. 

(a) 

(b) 
-------------------

(c) 

------

Figure 25 The energy diagram of molecular rectification according to the Komilovitch theory: 
(a) asymmetric molecule placed between electrodes with no applied voltage, (b) under forward 
bias the current arises when Fermi level of anode aligns with LUMO, (c) under reverse bias the 
current arises when Fermi level of cathode aligns with LUMO. A- electron affinity, <p-work 
function of the electrode, VF, VR - forward and reverse voltages. Figure adapted from [147]. 
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6. Molecular rectification 

Under positive applied bias (see Figure 25b) the Fermi energy of the left electrode and 

the LUMO of the phenyl ring are lowered. The current rises when the Fermi level of the 

right electrode aligns with the conducting molecular level. Similarly, under reverse bias 

(see Figure 25c), both the Fermi level of the left electrode and the LUMO go up with the 

energy. The current rises when the Fermi level of the left electrode aligns with the 

conducting molecular level. The authors demonstrated that under forward and reverse 

bias the voltage behaved differently. Moreover, it was thought that for such a molecule, 

with simple conducting and insulating units, a rectification ratio in excess of one 

hundred would be expected. 

Stokbro et al. [148] verified the Aviram and Ratner proposal but for a molecular wire. It 

was found that the electronic states were localised, either in the D or in the A part of the 

molecule. The exception occurred at particular biases where the voltage drop aligned 

two states, forming a resonant state delocalised over the entire molecule. The 

rectification was not observed for this investigation of a D-cr-A molecule. To obtain 

better diode characteristics the authors proposed other electroactive substituents to 

obtain a much smaller gap between the HOMO of the D part and the LUMO of the A 

part; resonant conditions could be obtained for a much smaller bias. 

6.3 Experimental work 

The first confirmed rectifier was a ground-state zwitterionic molecule, 

hexadecylquinolinium tricyanodimethanide (C16H33-Q3CNQ), depicted in Figure 26a, 

and was discovered by Ashwell, Sambles and co-workers [149],[150] in 1990. The 

active part of the molecule consists of an acceptor (excited state quinolinium moiety), 

and a donor (the excited state tricyanodimethanide: 3CNQ moiety) (see Figure 26a), 

connected by a twisted 1t-bridge (see Figure 26b). The novel D-1t-A organic molecule 

showed asymmetric 1-V characteristics when prepared as an LB monolayer situated 

between a magnesium pad on one side and platinum on the other. 
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(a) ACCEPTOR 1t-bridge DONOR (b) DONOR 1t-bridge ACCEPTOR 

Figure 26 Molecular structure of (a) the ground state and (b) an excited state ofC1Jl33-Q3CNQ 
[149],[150]. The electrons tunnel in the same direction as was predicted for the D-o--A molecule. 

The plausible mechanism for rectification of C16HJ3-Q3CNQ was attributed to the 

following mechanism: 

rt. rt. 
step I Mg I A+-1t_D-I Pt ➔ Mg I A0-n-D0 I Pt 

step II 
rt. 

Mg I A0-n-D0 I Pt ➔ Mg I A+-1t_D- I Pt 

This initial work seemed to show molecular rectification. However, magnesium is not 

the ideal material for an electrode because it oxidises easily. Further work [150] was 

concentrated in the prevention of molecular interactions with the electrodes. It was 

performed using m-tricosenoic acid layers to insulate the metal from the rectifying 

molecule. The results were shown to support the initial studies and asymmetric 1-V plots 

were obtained. The effect of bleaching modified the behaviour; junctions fabricated 

from a bleached film of C16H33-Q3CNQ exhibited different 1-V characteristics [151]. 

The loss of the strong colour of the compound was accompanied by the absence of the 

strong 1-V asymmetry that was observed in the unswitched form of the compound [152]. 

Further supporting work [136] related to the investigation of monolayers and multilayers 

of the zwitterions deposited between two aluminium electrodes. The aim was to 

eliminate the possibility that the asymmetry could arise from the different work 

functions of the electrodes. The result of this work was rectification with a current ratio 

of 26, but it is necessary to emphasise that an oxide layer covered the Al electrodes. 

Eleven years since the first confirmed rectifier was proposed, Metzger et al. [153], 

[154],[155] obtained improved rectification results for the same molecule. The organic 

43 
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material was prepared as an LB monolayer, but in this case was situated between oxide

free Au electrodes, which eliminated any Schottky barrier effects. 

6.3.1 Weak and strong molecular rectification from D-n-A molecules 

Ashwell and Gandolfo [156] in 2001 presented a new rectifier, a cationic D-n-A dye. 

One year later, they reported [157] that by altering the length of the chain on the 

cationic dye (see Figure 27) the rectification could be reserved to the opposite quadrant 

of the I-V plot. This was as a consequence of anionic interactions, which polarised the 

dye and induced changes in its structure, switching the aromatic form to the quinonoid. 

Au 

Au Au 

(b) 

Figure 27 Molecular structures of the isoquinoline hemicyanine showing the length of the (a) 
octadecyl and (b) dodecyl analogues relative to the octadecyl sulfate conterion. Copied from 
[157). 

Self-assembly has also been used to create rectifying junctions. A truncated S- C3a, link 

between the gold substrate and chromophore (as shown in Figure 28) negated the effect 

of asymmetric placement of the D-n-A unit between the electrodes [158]. The films 

exhibited asymmetric I-V characteristics (see Figure 28) with a rectification ratio of 12 

at ± 1 V. This was assigned to Aviram and Ratner type rectification [2]. 
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200 600 1000 
V/mV 

Figure 28 SAM of a cat1oruc dye with a truncated S-C3Hi; group (top), and its 1-V 
characteristics (bottom). Copied from [158]. 

The characteristics became symmetrical upon exposure of the film to HCl vapour, which 

interrupted the intramolecular charge-transfer axis by protonation of the donor group. A 

loss of electrical asymmetry when the dye was protonated suggests that the effect of 

positional asymmetry on the I-V characteristics is negligible. The electrical asymmetry 

was then restored by deprotonation upon exposure to ammonia vapour. These studies 

not only showed that the films may be suitable for the use as acid/base sensors, but also 

demonstrated useful changes in the change-transfer bands of these dyes when studying 

their electronic properties. 

Rectification of the self-assembled quinolinium hemicyanine (Au- S-C10H20-D-1t-A), 

an analogue of the dye above, was observed for four types of tip: Au and Ptlr, where the 

active D-1t-A part was located between the electrodes and isolated from the substrate by 

an insulating alkyl tail; and CsH11- S- and C10H21-S- coated Au tips [159]. 

Significantly, geometries of the quinolinium analogues showed a dihedral angle of 31 ° 

between the planes through the donor and the acceptor moieties [159]. Its analogue, 

with a long alkyl (S-C10H20) link between the Au substrate and chromophore, exhibited 
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rectification with a ratio from 5 to 18 respectively for different kinds of tip, whereas the 

pyridinium hemicyanine dye (shown in Figure 29) did not rectify (rectification ratio less 

than 1.5 at ± 1 V, once reached a rectification ratio of 3) [107],[158]. This confirms the 

fact that the - S-C10H20 tail did not induce the observed rectification effect. It was not 

expected to rectify due to it possessing a very low twist angle between the planes of the 

donor and acceptor parts of the molecule, which was estimated by modelling to be ca. 

10° [160]. 

Au ts-C10H20-N(-/; 

I 

0.2 

0 1 

-0.2 

200 oOO 1000 
VfnW 

Figure 29 Molecular structure of a SAM of a pyridinium hemicyanine dye (top), and 1-V 
characteristics probed using Ptlr tip (bottom). Copied from [158]. 

The experimental evidence shows the alkyl tail provided no significant rectification 

effect [161],[162], a statement which conflicts with Metzger's published work [163], 

[164]. He has argued that the rectifying behaviour is induced, at least in part, by the 

insulating tail. 

In order to improve rectification behaviour, further work was carried out using the 

sterically hindered dye of 1-( 10-acetylsulfanyldecyl)-4-{ 2-( 4-dimethylaminonaphthalen 
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-1-yl)-vinyl}-quinolinium iodide (see Figure 30a) [165]. This sterically hindered dye 

with a twist angle between the planes of donor and acceptor parts ( estimated by 

modelling to be of 61°, see Figure 30b), exhibited strong I-V characteristics with a 

current ratio in the range 50-150 at ± 1 V (see Figure 30c). The improved behaviour was 

attributed to controlled alignment of the sterically hindered chromophore, Au-S-C10H20-

A+-1t-D. The behaviour was indistinguishable when studied using Au or Ptlr probes. The 

higher current in the negative quadrant corresponded to electron flow from the gold

coated substrate to the acceptor and from the donor to the STM tip. Therefore, this 

direction of electron transfer was attributed to the Aviram-Ratner model. 

(a) 

Au }s-C10H20-Nt-/J 

I 

(c) 
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Figure 30 (a) Molecular and (b) geometrical optimised structure of a SAM of dye of 1-(10-
acetylsulfanyldecyl)-4-{2-( 4-dimethylaminonaphthalen-1-yl)-vinyl }-quinolinium iodide, and ( c) 
1-V characteristics probed using Ptlr tip. Taken from [165],[166]. 

This structure/property relationship highlights the dependence of the rectification upon 

steric hindrance; the D-1t-A+ moiety reported having double-ring substituents on 

opposite sides of a CH=CH bridge, which induced the nonplanarity. This improved 

rectification may also be compared to 12-18 at ± 1 V for a less sterically hindered 
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quinolinium hemicyanine analogue [159], and ca. 1.5 at ± 1 V for a pyridinium 

hernicyanine dye which had an almost planar chromophore. 

Ratios as high as 450 at ± 1 V were obtained by ionically coupling cationic molecules 

on anionic surfaces: Au- S- C3H6-SO3-I A+-n-D [167]. The much improved behaviour 

was attributed to a non planar D-n-A + moiety induced by the CH2CH2CH2 link between 

the conjugated part of the heterocycle and n-bridge (see Figure 3 la). The higher values 

were expected for SAMs as this molecules possessed substantial steric hinderance; 

modelling calculations proved that the twist angle between the planes of donor and 

acceptor (Q+ -5,6, 7,8-tetrahydroisoquinolinium) was 51 ° (see Figure 31 b ). Strong 

asymmetry with a high current ratio (see Figure 3 lc) from ultra-thin organic films was 

reported from structures contacted by non-oxidisable electrodes. 

(a) 

(c) 2.0 

1.0 

-500 500 1000 
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-1 .0 

l 
-2 .. 0 

Figure 31 (a) Molecular and (b) geometrical optimised structure of the hybrid containing 
isoquinolinium-acceptor-based Q+ -1t-CJ-l4N(CJ-19h dye deposited on top of the alkanethiol 
molecule of Au- S- C3~-SO3- Na+, and (c) 1-V characteristics contacted by the Ptlr probe. 
Taken from [167],[168]. 
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Nonetheless this rectification ratio was still much higher than previously reported values 

of 5 at ± 1 V from SAMs where the D-1t-A~ moiety was connected via a decanethiolate 

link [159] (see Figure 32). Although rectification from the molecule presented in Figure 

32 was minor it was expected to be more asymmetric due to the efficient angle of 48° 

between donor and acceptor planes [159]. The altered properties of both isoquinolinium 

dyes were attributed to the placement of the iodide counterion [167]. Thus, reduced 

rectification from SAMs of the dye presented below might be interpreted as arising from 

a mixed ground state and dipole reversal [157],[167]. However, alignment on the 

anionic surface, as presented in Figure 31 ruled out this problem. 

Au tS-C10H20-Nt-A 

I 

0.2 

0.1 

-200 

-0.1 

t 
'l 

-0.2 

H 

200 600 1000 
V/mV 

Figure 32 Molecular structure of a SAM of isoquinolinium hemicyanine dye (top), and I-V 
characteristics probed using a Ptlr tip (bottom). Taken from [159]. 

6.3.2 Rectification from mixed monolayers 

Mukherjee and Pal [60] studied a mixed monolayer of donor and acceptor molecules 

binding electrostatically to fabricate a D and an A assembly. As an example they 
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presented a monolayer of a phthalocyanine and Rose Bengal as donor and acceptor 

respectively (see Figure 33). 

~a-03S 
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~ N N-
'\ / 

1-l)~ y ~S03Na+ 

4NaO3S 

Tetrasulfonated salt of copper phthalocyanine (CuPc) 

Cl 

Rose Bengal (RB) 

Figure 33 Incorporated molecular structures by Mukherjee and Pal [60], which play the roles of 
donor and acceptor respectively. 

I-V characteristics from the monolayers composed of the individual components of the 

CuPc and the RB assemblies were found to be almost symmetrical, whereas the mixed 

CuPc-RB molecular assembly showed asymmetrical characteristics with a current ratio 

of 30 at ± 1.9 V. The direction of electron flow was from donor to acceptor, thus was 

not consistent with the A viram-Ratner proposal. Further research into different kinds of 

donor-acceptor molecular assemblies [169] confirmed the electron flow was favourable 

from donor to acceptor in both donor-acceptor and acceptor-donor assemblies. Also, 

Bryce et al. [170] observed the opposite rectification direction in D-cr-A tunnel 

junctions depending on the electrodes used. The authors explained that the behaviour 

was due to changing orientations of the molecule. Therefore, the electrical properties 

presented here have to be verified. However, the donor-acceptor monolayer approach 

opened possibilities to select a donor and an acceptor material and thus build a desired 

D-A assembly for molecular rectification. 

Ashwell et al. [171] also studied the electrical behaviour of an electrostatically coupled 

junction where cationic acceptors and anionic donors were coupled as separate layers 

(see Figure 34a). However, they incorporated covalent self-assembly for deposition of 

the first compound (onto a gold-coated substrate) to assure a well-ordered first layer 

50 



6. Molecular rectification 

(4,4'-bipyridinium) and hence in the whole structure [171]. The second component 

(copper phthalocyanine-3,4 ',4",4" ' -tetrasulfonate) was deposited on the top of the first 

by electrostatic interaction of oppositely charged counterions during immersion. When 

contacted by STM the system exhibited I-V characteristics in which the bipyridinium 

molecule acted as an acceptor and controlled the molecular alignment of the donor 

(copper phthalocyanine) in the junction (see Figure 34b). The asymmetrical behaviour 

was observed with a rectification ratio in the range 60-100 at ± 1 V, this indicates that 

the direction of the current flow was in agreement with the Aviram-Ratner model. 

(a) 

(b) 
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Figure 34 Rectifying junction investigated by Ashwell et al. [171] of (a) SAM of a bipyridinium 
acceptor and electrostatic self-assembled copper phthalocyanine (CuPc(SO3-)4(Na+)n where 
experimental studies suggest 1 ~ n ~ 2, and (b) 1-V curve with a rectification ratio of 60-100 at ± 
1 V. 
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A similar experiment was performed by Ashwell et al. a year later [ 172] but this time 

the ionically coupled rectifying junction consisted of TCNQ- as the donor top layer and, 

the previously described, self-assembled bipyridinium acceptor (see Figure 35a). This 

acceptor-donor bilayer arrangement exhibited diode-like behaviour with a rectification 

ratio in the range 20-30 at± 1 V, as shown in Figure 35b. The tunnelling occurred in the 

same direction as the previous example, from cathode to bipyridinium acceptor on one 

side of the device, and from TCNQ- donor to the anode on the other side. 
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Figure 35 Schematic representation of the rectifying junction showing (a) molecular structures 
of the self-assembled acceptor and ionically coupled donor, and (b) 1-V curve with rectification 
ratio of 20-30 at± 1 V, [172). 

52 



6. Molecular rectification 

6.3.3 Rectification from molecular wires 

Research on molecular electronics has provided a large number of molecular wire 

candidates [173),(174). Features such as a linear chain structure and the electron 

delocalisation along the chain show why molecular wires are expected to exhibit novel 

electronic and optical properties, and why they could find applications in future large 

scale integrated circuits. 

Reed et al. [21),[99],[175) have developed a novel technique of vapour deposition of 

metals on to a SAM, to perform direct measurement of the conduction through a small 

number of molecules. The authors used the molecule 4-thioacetylbiphenyl, as shown in 

Figure 36a, to construct a sandwich-type structure with a length of about 12 A. This 

molecule exhibited strong rectifying behaviour (see Figure 36b), which was thought to 

arise from the asymmetry of the molecule. The I-V curves of the device presented in 

Figure 36b were measured at room temperature and correspond to electron flow from 

Au/Ti top electrode into the SAM, and then to the bottom Au electrode. Moreover, 

temperature dependence was observed, namely the current decreased monotonically 

with temperature under both positive and negative biases. 

(a) (b) 

top electrode 

.... 
g 
:::s u 

bottom electrode 
-0.4 

1'·"··1r ~=~ -~ · o 
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0.4 

Figure 36 A nanopore device used by Reed and coworkers [99],[175]. (a) Only one side of the 
molecule used has a thiol for covalent bonding to the Au electrode, and a Ti layer was 
evaporated on the phenyl end group of the SAM before the Au layer was evaporated, likely 
reacting with the organic layer. (b) 1-V characteristics at room temperature; magnified view of 
the negative bias part in the inset. 
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6. Molecular rectification 

The example presented above concerns the vertical metal-evaporated junction is one of 

many, where the electrical asymmetry arises from the organic layer being overwhelmed 

by oxide induced Schottky barrier effect and assignment of the properties could be 

ambiguous to a large extent. It is the same problem that was also shown in the other 

experiment [195] where further studies (XPS) showed formation of titanium oxide 

layers (TiO2 and TiO3) , as a result of the presence of residual gases in the evaporation 

chamber. 

Kushmerick et al. [109],[l 76],[177] demonstrated current rectification in metal

molecule-metal junctions, through control of the interaction strength of one of the two 

metal-molecule contacts. It was demonstrated that the thiolate bound conjugated 

organic molecules with a nitre or pyridine termination (see Figure 37), showed 

characteristics of a molecular diode. These molecular wires were deposited as SAMs on 

a gold wire and contacted by a second gold wire. 

(1) SAc--G--==--CN 

(2) SAc 

Figure 37 Chemical structures of molecular wires used to make SAMs by Kushmerick et al. 
[109],[l 76],[l 77]. 

Studies of the electrical properties of the compounds presented above were performed 

along with analogues of compound (1) and (2) with a higher affinity for gold, but they 

showed no rectification [l 77],[178]. The junction formed from compound (2), which 

was only a mechanical phenyl-Au contact, exhibited a rectification ratio of 3.8 at± 0.9 

V. The pyridyl-Au contact of (1) showed a rectification ratio of 1.8 at± 1 V. The results 

of (2) were supported by SIM measurements performed by Dhiriani and co-workers 

[179]. They also confirmed the observations of the previous group; that the extent of 

rectification in the molecular junction correlated well with the extent of coupling 

between the chemical linker and metal electrode. 
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6. Molecular rectification 

Morales et al. [180] presented an example of a molecular diode that could reversibly 

alter the rectifying direction. They proposed a new molecule in which the dipyrimidinyl 

moiety was connected with diphenyl groups (see Figure 38a). STM studies revealed that 

this molecule not only yielded rectifying behaviour, but also exhibited a reversible effect 

- the ability to alter the rectifying direction after protonation on the nitrogen atoms by 

exposure to a strong acid. The 1-V characteristics of the unprotonated assembly 

molecular wires exhibited asymmetrical behaviour in the positive quadrant, the average 

rectification ratio was around of 7.4 at ± 1.5 V (see Figure 38b). The most interesting 

result was the reversible change in the rectifying direction by protonation/deprotonation 

of the dipyrimidinyl moiety (see Figure 38c). This inverse rectification possessed an 

average current ratio of around 9.2 at± 1.5 V (this was the most pronounced rectifying 

effect observed). 
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Figure 38 (a) Diblock oligomer proposed by Morales et al. [180]. Average I-V curves measured 
for: (b) deprotonated assembly wire, I-sample before protonation, III-sample after protonation
deprotonation, (c) assembly protonated. Copied from [180]. 
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6. Molecular rectification 

Ochs et al. [181] proposed a molecular rod that consisted of two weakly coupled 

electronic n-systems with mutually shifted energy levels. This molecule, with its donor 

and acceptor moiety specially designed to act as a diode, was contacted with gold 

electrodes from both sides. The authors utilised an MCB junction technique to 

immobilise the individual molecular rods for investigation of the electronic properties. 

The molecular rectifiers are presented in Figure 39. The I-V characteristics of the 

molecule presented in Figure 39a exhibited diode-like behaviour. In contrast to that, 

control experiments with symmetrical rods (showed in Figure 39b) did not show 

significant electrical asymmetries. 

(a) F. F 

~s s~ 
F F 

(b) R R R R 

~s s~ 
R R R R 

Figure 39 Molecular rods proposed by Ochs et al. [181] immobilised between Au electrodes of 
a MBC technique. R=F or R=H. 

In the original work of Aviram and Ratner [2], rectification was a consequence of 

different step heights of the current at positive and negative bias. Experimental work 

published by Ochs and co-workers revealed that the fluorine part of the molecule was 

more conducting than the opposite part. Therefore, the current was higher at forward 

bias, thus a diode-like shape was observed in the 1-V characteristics. Even though this 

conclusion is in agreement with Aviram and Ratner, the current flow was in the opposite 

direction, from donor to acceptor. 

56 



7. Phthalocyanines 

7. Phthalocyanines 

Phthalocyanine (Pc) is an 18 n-electron aromatic macrocycle, which is closely related to 

the naturally occurring porphyrins. This intensively coloured dye consists of four 

isoindole rings conjugated by a nitrogen bridge, as shown in Figure 40. 

Figure 40 Molecular structure of unsubstituted metalophthalocyanine (MPc), M-metal ion. 

Like the porphyrins, the Pc macrocycle can play host to over seventy different metal 

. ( C 2+ Al3+ Z 2+ F 2+ V2+ N'2+) . . 1 . 0 f h ions e.g. u , , n , e , , 1 m its centra cavity. ne o t e most 

important advantages of Pc, over other organic materials, is their exceptional thermo

and chemical stability [182]. Since its discovery over eighty years ago by Deisbach and 

Weid [183], Pc and its derivatives have been extensively used as dyes and pigments 

[184]. More recently they have been employed in several applications such as the 

photoconducting material in laser printers and the light-absorbing layer in recordable 

CDs [185]. They are also used as photosensitisers in photodynamic therapy (PDT) 

[186],[187], (publication Vin Chapter 12.). Most of these applications require the use of 

phthalocyanines in the form of thin films [188],[l 89],[1 90]. The synthesis and 

application of Pc materials is a very dynamic and multidisciplinary field of research. 

The tetrasulfonated salt of copper(II) phthalocyanine (structure was presented earlier in 

Chapter 6.3.2., Figure 33), along with a different MPc, was the object of intensive 

studies and demonstrated different electrical properties. 
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7. Phthalocyanines 

Dekker et al. [82] published topographic STM images and the electrical properties of 

CuPc. The authors used an evaporation technique to deposit molecules on a liquid 

nitrogen-cooled (at about 200 K) graphite substrate, which avoided clustering of 

individual molecules at random positions. The 1-V curves taken for CuPc were almost 

symmetrical and did not differ much from those on the bare substrate for tip voltages 

ranging from - 0.8 to +0.3 V. However, a reproducible step was observed in the 1-V 

curves of CuPc, where the tip voltage varied between 0.3 and 0.5 V. The peak observed 

in the STM studies, and also displayed from the calculated derivative dl/dV versus V, 

was attributed to resonant tunnelling through a molecular level of CuPc. 

Zhang et al. [191] proposed a binuclear cobalt-phthalocyanine (CoPc-CoPc) system 

(see Figure 41), which might have had a potential application as a unimolecular rectifier. 

HOPG Ptlr 

Co(I) Donor Co(III) Acceptor 

Figure 41 The chemical structure of CoPc-CoPc studied by Zhang et al. [ 191]. 

The molecules were deposited on HOPG and then studied by STM using a Ptlr tip in air 

at 22 °C. The STM experiments indicated asymmetrical 1-V curves for both the mono 

and double layer planar binuclear phthalocyanine systems. XPS data confirmed that the 

CoPc- CoPc molecule existed in the configuration of Co(I)Pc- Co(III)Pc and that it 

aligned with the Co(I) section adjacent to the HOPG surface as shown in Figure 41 . The 
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7. Phthalocyanines 

authors showed that the I-V curves which indicated rectification behaviour arose from 

the material asymmetry. Co(I)Pc-Co(III)Pc is an asymmetrical molecule because the 

valency of the two coupled ions within the molecule are different to each other. The 

asymmetry creates a dipole moment and leads to intermolecular, one-direction charge 

transfer. In this case rectification was believed to be of the Aviram-Ratner type in such 

that the Co(I)Pc and Co(III)Pc were considered as donor and acceptor respectively. 

Moreover, if the coupling between the acceptor and donor was too strong, the 

asymmetry of the I-V characteristics would be broken, thus charge transfer would be 

possible in both directions. 

One potential application of molecular nanotechnology is the integration of molecular 

electronic functions with advanced current technology. One step towards this process is 

the manipulation of individual molecules at specific locations on a surface. Hersam et 

al. [192] reported the fabrication of arrays of individual isolated CuPc molecules on 

Si(I00) surfaces patterned with ultrahigh vacuum STM. The STM analysis was 

performed via constant topography images and tunnelling conductance imaging. The 

fourfold symmetry and central copper atom of CuPc were clearly observed at positive 

sample bias. Spatial tunnelling conductance maps of CuPc illustrated charge transfer 

from the surrounding substrate, when the molecule was bound to the surface via its 

central copper atom. On the other hand, when the CuPc molecule interacted with the 

substrate via an outer benzene ring, molecular rotation was observed. Overall, the 

wealth of molecular scale information generated by this initial experiment performed by 

Hersam and co-workers [ 192], suggests the suitability of this experimental technique for 

empirically screening molecules for various applications. Electrical interfaces open 

many possibilities for fabrication of molecular electronic devices. 
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8. Experimental 

8. Experimental 

8.1 Substrate preparation and apparatus 

The 10 MHz AT-cut quartz crystals (for QCM characterisation) were plasma cleaned 

(using a Plasma Prep 2) and then rinsed with the appropriate solvents depending on the 

solvent used during monolayer deposition. They were then left to dry in a cool place to 

avoid any temperature distortion of the quartz crystals. The plasma cleaner apparatus, 

Plasma Prep 2 manufactured by Gala Instrument used for cleaning quartz crystals is 

shown in Figure 42. 

Figure 42 Plasma cleaner, Plasma Prep 2 (Gala Instrument) . 

The cleaning procedure for quartz crystals by plasma cleaner consists of the following 

stages: 

1) Quartz crystals were placed into the plasma cleaner; 

2) The plasma cleaner was closed and the vacuum pump switched on for 3 minutes; 

3) After this time the gas was switched on for 3 minutes; 

4) Then the generator was switched on; 

5) The generator was automatically turned off by the timer, and the gas along with 

the pump were switched off as well; 
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8. Experimental 

6) This operation was always repeated a second time in order to clean the other side 

of gold-coated quartz crystals. 

Thermal evaporation, under vacuum, for gold coating was used extensively on different 

substrates. Due to the requirements of this thesis, HOPG substrates coated with gold 

were used for the formation of SAMs prior to the STM study. This technique is 

commonly used for deposition of metal layers with a specific thickness, which was ~50 

nm for HOPG. The thermal coating of gold was performed using an Edwards 360A unit 

(see Figure 43) in a clean room environment. A pre-determined mass of pure gold 

(99.99%) purchased from Sigma-Aldrich Chemicals Ltd. was put into a heating boat 

connected to a current circuit. HOPG substrates were attached to a holder and placed in 

a vacuum chamber above the heating boat (see Figure 44). 

Figure 43 A photograph of a coater unit, Edwards 360A. 
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8. Experimental 

Figure 44 An illustration of a UHV chamber for thermal evaporation process of thin metal films . 

When the pressure of the vacuum chamber was reduced to 2x 1 o-6 Torr the gold was 

gently warmed up until melted, then allowed to evaporate onto substrates. The process 

was controlled by the use of a single quartz crystal monitor until the desired gold 

thickness was reached. Adjustment of the current going through the molybdenum 

heating boat allows control of the deposition rate of around 0. 5 nm per second. 

8.2 Monolayer preparation 

A SAM was fabricated by immersion of a substrate, e.g. gold-coated substrates such as 

quartz crystals or HOPG, or platinum-coated glass slide, into a freshly prepared sample 

solution (0.05- 0.1 mg cm-3 in typically ethanol, methanol or tetrahydrofuran) of the 

compounds of interest for the appropriate period of time. Between immersions the 

substrates were rinsed with solvents to remove any physisorbed impurities from the 

surface and left to dry. It was found that immersion of substrates for short periods of 

time, interrupted by rinsing with solvents, delivered better monolayers than films 

obtained as a result of a single long immersion. 
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8. Experimental 

The thioacetate group, used to protect the sulphur of the deposited molecule, was 

removed by addition of a few drops of ammonium hydroxide to the solution. When the 

cyanoethyl protected group was present, sodium methoxide was added to facilitate 

deposition. Thus, the self-assembly deposition rate was increased. 

8.3 Measurement methods and apparatus 

8.3.1 Quartz crystal microbalance (QCM) 

The International Crystal Manufacturing Co manufactured the gold-coated quartz 

crystals, with a nominal frequency of 10 MHz and thickness of 0.2 mm used in the 

experiments. They were used in conjunction with a Thandar TS3021 S generator 

delivering a direct current of 0.01 A and 9 V. An electronic circuit connected to the gold 

electrodes of the quartz crystal drove the crystal oscillations. The changes in frequency 

were monitored using a Hewlett Packard 5313 lA frequency counter (see Figure 45). 

Power supply Crystal holder Frequency counter 

Figure 45 An illustration of QCM apparatus. 

For SAM deposition the crystals were repeatedly immersed into sample solution for a 

determined amount of time, typically 10 minutes intervals, and washed each time. 
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8. Experimental 

Throughout the SA process, the frequency was monitored for deposition on the gold

coated 10 MHz quartz crystals. The process was continued until the frequency 

measurements stabilised, this means that the molecules had created a complete coverage 

(perfect monolayer). 

Calculation of the area was possible after transformation of the basic Sauerbrey relation 

(equation (I), see Chapter 3.1.) to determine the mass change per unit area, and then the 

area per molecule of the investigated material. The known parameters are: F0 -

fundamental frequency of the crystal (10x 106 Hz), A - surface area of the resonator 

(2.059x10-5 m2
) , pq - density of quartz (2.648x l06 g m-3

) , µq - the shear modulus of 

quartz (2.947x1013 g/ms2
). The final equation for the change of the adsorbed mass on a 

quartz resonator is: 

/lm = -(9.09 ± 0.01) X 10- IO flF (4) 

Knowing the molecular mass of the molecule, and the change in frequency due to the 

monolayer, the area per molecule can be calculated and is reported in nm2 molecule- 1
. 

8.3.2 UV /visible spectroscopy 

UV/visible spectra of the SAMs of studied compounds were obtained on a 10 nm thick 

platinum-coated glass substrate using a UV/visible Super Aquarius 9000 

spectrophotometer. Measured spectra were used for identification of the investigated 

compounds that absorb the light in UV and visible regions of the electronic spectrum, 

and to analyse the transitions resulting from them. A schematic diagram of the 

UV/visible spectrophotometer is presented in Figure 46. 

Light 
source Monochromator 

Reference 

Sample 

Detector 

Detector 

Figure 46 Schematic diagram of a UV/visible spectrophotometer. 

64 

Ratio Output 



8. Experimental 

8.3.3 X-ray photoelectron spectroscopy 

The XPS analyses were obtained from an AXIS Ultra spectrometer with a 

monochromatic Al X-ray source at 150 W, manufactured by Kratos Analytical Co (see 

Figure 47). Each analysis started with a survey scan from O to 1200 eV with a dwell 

time of 100 ms, pass energy of 160 eV at steps of 1 eV (with 1 sweep). For the higher

resolution scans, the pass energy was lowered to 80, 40, or 20 eV (depending on the 

intensity of peaks) at steps of 400, 200, and 100 meV respectively. The dwell time was 

also changed to 250 ms and the number of sweeps was increased to 5. The spectra of 

SAMs on gold were referenced to the Au 4f712 line at 84.0 eV. Data was collected using 

CasaXPS Version 1.1 software. The XPS studies were performed by Dr Barry Wood at 

University of Queensland in Brisbane, Australia. 

Figure 47 An illustration of X-ray photoelectron spectrometer, Kratos. 

8.3.4 Scanning tunnelling spectroscopy 

STM studies were performed with a Digital Instruments Multimode instrument using a 

Nanoscope IV control box. Additionally the STM apparatus was connected to a 

vibration isolation control unit. A schematic representation of the STM is presented in 

Figure 48. 
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Figure 48 Schematic representation of STM [193]. 

8. Experimental 

Photographs of the STM head that was utilised for electrical measurements can be seen 

in Figure 49. 

STMtip Sample 

Figure 49 Digital Instruments Multimode STM. 
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8. Experimental 

For the studies described in this thesis, commercially available Ptlr tips (Vecco 

International), and also plain gold tips were used, but only after prior plasma cleaning 

and rinsing with standard solvents. When the tip had been successfully landed and was 

scanning the surface, an even part of the substrate was located, and the tip was switched 

to the current-voltage (1-V) mode. A study of a gold surface, which was in contact with 

the HOPG, is presented in Figure 50. 

Figure 50 (a) 157 run x 157 run and (b) 58.8 run x 58.8 run surface of gold film coated on 
HOPG. The image was obtained with a Ptlr tip at a set point current of 800 pA and a substrate 
bias of- 1 V. 
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8. Experimental 

There are many parameters that influence operation of the STM and they are controlled 

by a computer. Parameters were adjusted for I-V studies, in order for the tip to reach a 

stable position at an adequate distance from the sample; in the range of 20-300 m V for 

the bias and 0.2-2 nA for the set point current. The I-V curves were an average of 

10-30 single scans performed within a voltage range of - 1.024 V to 1.024 V. All STM 

results presented in this thesis were obtained in the constant current mode. 

8.4 Studied materials 

Overall, this thesis contains the study of: 

1) Molecular diodes (A- 1t- D ID); 

2) Rectifying junctions (A ID); 

3) Molecular wires. 

The first part of the experimental work, which was performed during the first year of 

study is concerned with measurements of a new type of films in which a SAM of a 

cationic moiety was coupled with anionic donors: Au- S- C10H20-A+- 1t- D ID- and 

Au- S- C3IL;- A+ - 1t- D In -. SAMs of cationic donor- (1t-bridge)- acceptor molecules and 

a strong donor, the copper(II) phthalocyanine-3,4' ,4",4"'-tetrasulfonate salt (purchased 

from Sigma-Aldrich Chemical Co., Gillingham,UK), have resulted in highly rectifying 

devices. The cationic dyes were synthesised at Cranfield University by Dr Anne J. 

Whittam (Figure 51, 52, 53) and Dr Abdul Mohib (Figure 54). The electrical properties 

of these chromophores were studied before [158),(159],[165] but, in this dissertation, 

they are presented as molecular systems ionically coupled with a strong donor. 

The second part of this thesis concerns single-molecule electrical studies of different 

length molecular wires, synthesised at the University of Durham by Changsheng Wang 

(Figure 55, 58) and Richard Jones (Figure 59 - 62). Moreover, this dissertation presents 

the measurements of a new type of organic rectifying junctions. Protonated cationic 

wires are electron accepting components in combination with an adjacent electron 

donating layer of the aforementioned copper(II) phthalocyanine or LiTCNQ (also 

purchased from Sigma-Aldrich Chemical Co., Gillingham,UK). 
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8. Experimental 

8.4.1 Hemicyanine dyes 

2 

Figure 51 Molecular structure of bis-[ 1-(1 0-decyl)-4-(2-( 4-dimethylaminophenyl)vinyl)py
ridinium iodide]- disulfide (dye 1). 

2 

Figure 52 Molecular structure of bis-[l-{(3-propyl)-4-(2-(4-dimethylaminophenyl) vinyl) 
quinolinium}]disulfide diodide (dye 2). 

2 

Figure 53 Molecular structure of bis-[l-(10-decyl)-5-(4-dimethylaminobenzylidene)-5,6, 7,8-
tetrahydroisoquinolinium iodide]disulfide (dye 3) . 

Figure 54 Molecular structure of 1-(10-acetylsulfanyldecyl)-4-{2-(4-dimethylaminonaphthalen
l-yl)-vinyl}-quinolinium iodide (dye 4). 
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8.4.2 Arylene-ethynylene molecular wires with fluorene unit 

5 

6 

7 

NCJ 

8 

Figure 55 Molecular structure of the: (5) 4 nm, (6, 7) 7 nm and (8) 10 nm long molecular wires 
with the terminal sulphur showing the cyanoethyl group. 
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8.4.3 Molecules used as a strong donor in rectifying junctions 

Figure 56 Molecule 
(CuPc(NaS03)4) . 

~a-03S 

~a-03S-Cq-.c ~ N"i:?~ Ji 

~ N N-
\. / 

~i>~ y ~S03Na+ 

~a-03S 

of copper(II) phthalocyanine-3, 4', 4' ', 4' '' -tetrasulfonate salt, 

Figure 57 Molecule of lithium tertacyanoquinodimethane (LiTCNQ), TCNQ = 7,7',8,8' 
tertacyanoquinodimethane. 

8.4.4 Structures of 2 nm long thiol terminated oligo(phenylene-ethynylene) 

oligomers 

H3C 
' 0 

H3C--{ 
0 0 

'J--CH3 
s s 

0 
' CH3 

Figure 58 Molecule of l ,4-bis[4-(acetylsulfanyl)phenylethynyl)]-2,5-dimethoxbenzene, 
(molecule 9) . 
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0 
I 

C5H13 

Figure 59 Molecule of l ,4-bis[4-(acetylsulfanyl)phenylethynyl)]-2,5-dihexyloxybenzene, 
(molecule 10) . 
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Figure 60 Molecule of l ,4-bis[4-(cyanoethylsulfanyl)phenylethynyl]-2,5-dihexyloxybenzene, 
(molecule 11). 

I\ 
NC S 

I\ 
S CN 

Figure 61 Molecule of l,4-bis[4-(cyanoethylsulfanyl)phenylethynyl]-thiophene, (molecule 12). 

I\ 
NC S 

I\ 
S CN 

Figure 62 Molecule of 1,4-bis[ 4-( cyanoethylsulfanyl)phenylethynyl]-1,8-fluorene, (molecule 
13). 
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9. Results and discussion 

9.1 Hemicyanine dyes 

Four types of cationic donor-(n-bridge)-acceptor molecules (dye 1, 2, 3 and 4) in a 

solution of the tetrasodium salt of copper(II) phthalocyanine-3,4' ,4" ,4"' -tetrasulfonate 

were studied (see Figure 56). In each case, the films of the compound under study were 

prepared in the same way, using a one-stage process in which the gold-coated substrates 

were immersed in solutions of both the cationic and anionic dyes. Initial attempts at 

deposition of the films, which focused upon a two-stage process, were unsuccessful as 

the iodide probably located between the chemisorbed molecules and was inaccessible. 

During the deposition process the films were rinsed with a sequence of solvents to 

remove physisorbed material and with copious volumes of water to remove sodium 

iodide. 

A SAM of the cationic moiety was coupled with that of a strong amomc donor 

(CuPc(S03f 4) and formed Au- S- C3H6-A+- 1t- DID- or Au- S- C10H20- A+- 1t-D ID

structures. The inorganic ions, Na+ from CuPc(NaS03)4 and r from the cationic donor-(1t 

bridge)-acceptor molecules, were displaced during the deposition process as Nal salt. 

All results were obtained by locating an anionic donor adjacent to the electron-donating 

end of a cationic D- 1t- A+ dye, the latter being connected to, and aligned by, the gold 

substrate. Evidence of the deposition process was provided by XPS analysis for two of 

the complete systems, additional verification was also provided by the UV/visible 

spectra for each ionically coupled structures. 

9.1.1 Deposition of a self-assembled pyridinium hemicyanine dye (D- 1t- A 1 and 

the tetrasodium salt of copper(II) phthalocyanine (Dl 

The cationic dye with a S- C10H20 group was deposited from a disulfide precursor (dye 

1) with the tetrasodium salt of copper(II) phthalocyanine dye. It was assumed that the 

S- S bond breaks when the molecules were adsorbed to the gold surface to form Au- S 
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bonds. Figure 63 presents a SAM deposited on a gold substrate of ionically coupled 

cationic dye 1 with anionic strong donor CuPc(SO3 -)4. 

CH3 

N'cH
3 

[ CuPc(SO3)4 ]~_25 

Figure 63 Dye 1 assembled to gold ionically coupled with copper(II) phthalocyanine. 

A SAM of both dyes (see Figure 63) was successfully deposited on gold-coated 

substrates in an ethanol solution of pyridinium hemicyanine dye (1. 7x 10·5 M) and 

copper(II) phthalocyanine (9.0x l0·6 M). The optimum deposition on QCM was obtained 

by short immersion times (5 minutes each) and thorough rinsing sequentially with 

chloroform, methanol, distillated water and ethanol to remove any physisorbed material. 

The deposition of a complete mono layer of the investigated mixture was seen at I 00 

minutes. The area per molecule was calculated by means of the Sauerbrey equation to be 

2.89 ± 0.10 nm2 molecule- 1 for [Au- S- C10H20- A+-1t- D]4[CuPc(SO3- )4]), (see Figure 

64). For other possible combinations of molecules, the area per molecule amounted to: 

2.47 nm2 molecule-1 for [Au- S- C10H20- A+-1t- Dh[CuPc(SO3-)4 Na+], 

2.00 nm2 molecule-1 for [Au- S- C10H20- A+- 1t- D]2[CuPc(SO3J4(Na+)2], 

1.59 nm2 molecule-1 for [Au-S- C10H20- A+- 1t- D] [CuPc(SO3-)4(Nal3]. 

A Sauerbrey analysis of the data, that yielded the above-mentioned values of the 

molecular area, is only an estimation of the real values, and it is difficult to assess which 

combination of the molecules would be the most probable. On the basis of the previous 

research, molecular areas of the self-assembled pyridinium hemicyanine dye and copper 

phthalocyanine dye, deposited on gold, amounted to 0.3 and 0.9 nm2 molecule- 1 

respectively. Comparison of the obtained molecular areas with the van der Waals cross

section of the components indicates that there is sufficient space for coexistence of both 

dyes in the same layer. 
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Figure 64 Variation of the molecular area versus the total period of immersion of quartz crystal 
in a mixture of ethanol solution of pyridinium hemicyanine dye and copper(II) phthalocyanine. 
Molecular area was calculated for different molecular mass depending on how many Na+ and r 
ions were eliminated. Individual sign means molecular mass for: one cationic and one anionic 
dye (■), two cationic and one anionic dye (•), three cationic and one anionic dye (A), four 
cationic and one anionic dye ( T ). 

The UV/visible spectrum, which is shown in Figure 65, consists of two absorption 

bands. The first of which is characteristic of the charge-transfer band of the D- n- A + 

chromophore, with a maximum at 490 nm, the second is within the range 593-700 nm, 

which is characteristic of CuPc(SO3 -)4. 
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Figure 65 UV/visible spectrum of the self-assembled structures on platinum-coated glass. 
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9. Results and discussion 

Asymmetric 1-V curves for self- assembled films of pyridinium hemicyanine dye and a 

tetrasodium salt of copper(II) phthalocyanine dye (Au-S-C10H20- A + - n:-D ID-) were 

measured at many points on the sample (gold-coated HOPG). Data was obtained with a 

Ptlr tip and exhibited a higher current in the negative quadrant as expected (see Figure 

66), which corresponds to electron flow from the gold substrate (cathode) to the LUMO 

of the acceptor (cationic dye) and from the HOMO of the donor (anionic dye) to the tip 

(anode). The calculated rectification ratios were from 17 to 70 at± 1 Vin the range from 

2.5 nA to 800 pA for the current set point (see Figure 66). It is necessary to emphasise 

that this value was significantly higher than that obtained for SAMs of the same iodide 

pyridinium hemicyanine dye studied at Cranfield University. This almost planar 

pyridinum analogue with an iodide counter ion exhibited symmetrical 1-V characteristics 

with a rectification ratio less than 1.5 ± 1 V [159]. 
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Figure 66 Typical 1- V characteristics of a SAM of the ionically coupled dyes: pyridinium 
hemicyanine (D- 1t- A+) and copper(ll) phthalocyanine (D-). 

9.1.2 Deposition of SAMs of D-n:-A + chromophore connected via Au-S-(CH2) 3 

bridge and the tetrasodium salt of copper(II) phthalocyanine 

The cationic dye with a truncated S- C3a; group was deposited from a disulfide 

precursor (dye 2) with the tetrasodium copper(II) phthalocyanine (see Figure 67). A 

shorter allcyl chain was used in order to decrease the resistance of the linking group, but 
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9. Results and discussion 

the advantage obtained from having a reduced insulation may be counteracted by the 

inevitably less ordered nature of the SAMs of these structures [194]. 

Figure 67 Molecular structure of SAM of dye 2 linked to the gold substrate and adjacent quarter 
part of copper(II) phthalocyanine. 

Molecules were assembled on gold via immersion of a gold substrate into a mixture of 

2xl0-4 M cationic dye and lxl0-4 M copper(II) phthalocyanine. After 100 minutes total 

immersion of a QCM, in an ethanol solution of a quinolinium hemicyanine dye and 

copper(II) phthalocyanine dye, the frequency stabilised. The area occupied by ionically 

coupled molecules was calculated to be: 

1.66 nm2 molecule-I for [ Au-S-C3JL;-A + - rc-DJ4(CuPc(S03-)4], 

1.42 nm2 molecule-1 for [Au-S-C3H6-A+-rc- Dh[CuPc(S03-)4 (Na+)], 

1.18 nm2 molecule-' for [ Au-S-C3H6-A + -rc-D]i[CuPc(S03 J4 (Na +)i], 

0.94 nm2 molecule-I for [Au- S- C3H6-A+-rc-D] [CuPc(S03-)4 (NaJ3], (see Figure 68). 
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Figure 68 The area per molecule versus immersion time graph for the Au-S-C3H6-A+ -1t-D Io
monolayer. Molecular area was calculated for different molecular masses depending on how 
many Na+ and r ions were eliminated. Individual sign means molecular mass for: one cationic 
and one anionic dye ( ■ ), two cationic and one anionic dye ( • ), three cationic and one anionic 
dye(.&), four cationic and one anionic dye(*). 
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9. Results and discussion 

Comparison of the molecular areas obtained on the basis of Sauerbrey analysis with the 

van der Waals cross-section of the components indicates that there is insufficient space 

for coexistence in the same layer for both the cationic and anionic dyes. It is assumed 

that the film structure comprises a chemisorbed cationic species with its anions located 

at the surface. 

The UV/visible spectrum exhibited a transition in the range 600-650 nm, characteristic 

of the charge-transfer band of D- 1t-A+, and another at 680 nm that corresponds to the 

Q-band of CuPc(SO3 J4 (see Figure 69). 
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Figure 69 UV/visible spectrum of the SAM on platinum-coated glass substrate. 

The asymmetric 1-V characteristics of the film on gold-coated HOPG were investigated 

by STM with a Ptlr tip and a typical plot is shown in Figure 70. The 1-V characteristics 

obtained for the Au- S- C3JL;-A + -1t-D I n-1 Au exhibited higher current in the negative 

quadrant (see Figure 70), which would suggest that the preferred movement of electrons 

was from the gold surface through the molecule then to the Ptlr tip. This is consistent 

with the Aviram-Ratner theory of rectification [2]. The calculated rectification ratios 

amount to 30- 40 at ±1 V, which is almost four times higher than that obtained from 

SAMs of the same dye but with an iodide counter ion (the highest value of RR 

amounted to 12 at ±1 V [158]), which was also tested at Cranfield University. 
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Figure 70 Typical 1- V characteristics from a SAM of the CuPc(S03r4 salt and the quinolinium 
hemicyanine dye. Electrons tunnel from the substrate (cathode) to acceptor on one side of the 
device, and from the donor to probe (anode) on the other. 

9.1.3 Deposition of a SAM of isoquinolinium hemicyanine dye and the 

tetrasodium salt of copper(II) phthalocyanine 

Films of the rectifying material were obtained by molecular self-assembly ofbis-[N-(1O

decyl)-5-( 4-dimethylamino benzylidene )-5, 6, 7, 8-tetrahydroisoquinolinium ]disulfide 

diiodide (2.4x lO-4 M), (dye 3) and the tetrasodium salt of copper(II) phthalocyanine 

(l x lO-4 M), (see Figure 71). 
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Figure 71 Molecular structure of SAM of dye 3 linked to the gold substrate and adjacent quarter 
part of copper(II) phthalocyanine. 

The monitored frequency of the gold-coated quartz crystal stabilised to a constant value 

after ca. 65 minutes with data which correspond to a limiting area of ca. 1.57 ± 0.10 nm
2 

molecule- 1 for [Au- S- C10H20-A+ - 1t- D]4[CuPc(S03J4], (see Figure 72). For other 

combinations of molecules the molecular area amounted to: 

1.33 nm2 molecule- 1 for [Au- S-C10H20-A+-1t-Dh[CuPc(S03-)4 Na+], 
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9. Results and discussion 

1.10 nm2 molecule-1 for [ Au-S-C10H20- A + - 1t- Dh [CuPc(SO3-)4 (Na +)2], 

0.85 nm2 molecule-1 for [Au-S-C10H20-A+-1t-D] [CuPc(SO3-)4 (Nal3]. 

The values of the molecular area specified above confirm insufficient space for both 

ionically coupled components, to occupy the same layer and it is assumed that, the film 

structure comprises a chemisorbed cationic dyes with its anions located at the surface . 
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Figure 72 Variation of the molecular area versus the total period of immersion of quartz crystal 
in a mixture of methanol solution of isoquinolinium hemicyanine dye and copper(Il) 
phthalocyanine. Molecular area was calculated for different molecular masses depending on 
how many Na+ and r ions were eliminated. Individual sign means molecular mass for: one 
cationic and one anionic dye (■), two cationic and one anionic dye ( • ), three cationic and one 
anionic dye ( ~ ), four cationic and one anionic dye ( T). 

Comparison with the van der Waals cross-section of the components indicated that the 

self-assembled and ionically coupled species formed separate layers. This was also 

confirmed by SPR studies. A two-layer analysis of the SPR data yielded a thickness of 

2.8 ± 0.2 nm, this is consistent with the anion forming a separate layer. This contrasts 

with 1.9 nm obtained for SAMs of the iodide salt in which spherical anions probably 

located between the D-1t-A+ moieties (Chapter 12, publication II). The area and 

thickness suggest a vertical arrangement of self-assembled cationic chromophores with 

the planar counterions being on edge and tilted towards the substrate. 
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9. Results and discussion 

Confirmation of metathesis was provided by XPS. The spectrum exhibited peaks at 162 

and 167 e V, which are distinctive of the binding energies of the two types of sulphur (S 

2p, Figure 73a) present in the gold thiolate link and sulfonate groups of the cationic and 

anionic species, respectively. The areas under the curves are in a ratio of ca. 1: 1, which 

is consistent with the described molecular structure. Moreover, the peak at 399- 401 eV 

corresponds to the nitrogen (N ls, Figure 73b) of the isoquinolinium dye and 

phthalocyanine dye. Peaks that correspond to the Na+ and r ions are either weak or not 

evident from spectra obtained, whereas those at 533 eV (0 ls, Figure 73c) and 935 eV 

(Cu 2p, Figure 73d) are unique to the CuPc(SO3-)4 counterion that replaces the iodide. 
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Figure 73 XPS spectra of the sulphur (2p), nitrogen (ls), oxygen (ls), copper (2p) core levels 
from a SAM of isoquinolinium hemicyanine dye and copper(II) phthalocyanine on gold. 
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9. Results and discussion 

Verification of metathesis was also provided by the UV/visible spectrum of the SAM on 

a platinum-coated glass substrate. The spectrum exhibited a transition at 480 nm, 

characteristic of the charge-transfer band ofD-n-A+, and two other bands which come 

from CuPc(SO3f4: Soret band at 340 nm and a broad Q-band in the range of 600-730 

nm with a maximum intense peak at 690 nm, which is due to the n➔n• transition (see 

Figure 74). 
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Figure 74 UV/visible spectrum of the SAM of a isoquinolinium hemicyanine dye and the 
copper(II) phthalocyanine on platinum-coated glass. 

1-V characteristics of the organic film, on gold-coated HOPG measured by the STM, 

were reproducibility confirmed by varying the set point current and voltage for multiple 

scans. Each of four films was investigated and without exception every one exhibited 

electrical asymmetry unparalleled by any other organic diode. They exhibit strong 

asymmetry with rectification ratio in excess of 3000 at ± 1 V when contacted by either 

Ptlr or Au probes (see Figure 75a,b). The rectification ratio is almost three orders of 

magnitude higher than obtained from SAMs of the same iodide salt of the same dye 

(RR~s at± 1 V [159]). The much improved rectification is attributed to two key factors: 

(a) a non planar D- n- A+ moiety induced by the CH2CH2CH2 link between the 

heterocycle and n-bridge, this is vital as out of plane rotations of the donor and acceptor 

disrupt the conjugation but maintain the integrity of the electroactive end groups (see 

Chapter 12, publication II); (b) the location of the CuPc(SO3J4 anion at the surface 
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9. Results and discussion 

increases the electron donating capability of the electroactive device, which 1s 

represented here as Au-S-C10H20-A+-1t-DID-IAu. 

STM images of the ionically coupled molecular structures on gold-coated HOPG were 

obtained using a gold probe and a set point current of O .1 nA at a sample bias of - 1 V, 

all films exhibited "streaks" approximately 2 nm long, as shown in Figure 75c. These 

streaks probably correspond to the van der Waals dimension of the edge of the 

phthalocyanine anion. This is consistent with a surface arrangement indicated by the 

thickness and area from SPR and QCM studies respectively. The STM images revealed 

a highly disordered surface arrangement, as the positive charges of the underlying 

cationic lattice are not ideally placed to locate the four S03 - groups of CuPc(S03 J4. 
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Figure 75 (a) and (b) Typical I- V characteristics from a SAM of the CuPc(S03r 4 salt and the 
isoquinolinium hemicyanine dye studied using Ptlr and Au probe respectively. (c) A 10 nm x 10 
nm STM image of the hughly disordered surface structure of SAM on Au. 
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9. Results and discussion 

This rectification is substantially higher than ratios reported from other organic films to 

date. This high value of the current ratio is on par with characteristic ratios from metal

insulator-metal structures obtained by McCreery [83],[195], where the behaviour arises 

from oxide-induced Schottky contacts. 

9.1.4 Deposition of cationic dye (1-(10-acetylsulfanyldecyl)-4-{2-(4-

dimethylamino-naphthalen-1-yl)-vinyl}-q uinolinium iodide) and the 

tetrasodium salt of copper(II) phthalocyanine 

Films were obtained by immersing HOPG, quartz crystal and platinum-coated glass in a 

mixture of ethanol solutions of 1 x 104 M dye 4 and 4x 10·5 M tetrasulfonated salt of 

copper(II) phthalocyanine. Figure 76 presents a SAM of the ionically coupled 

compounds. 

Figure 76 Molecular structure of a SAM of quinolinium cationic dye linked to the gold substrate 
and adjacent quarter part of copper phthalocyanine. 

Optimum conditions for chemisorption were obtained by monitoring the frequency of 

the quartz crystals, which stabilised to a constant value after an immersion period of 200 

minutes, the calculated molecular area amounted to 1.64 ± 0.10 nm2 molecule- 1 for: 

[Au- S- C10H20- A+- 1t-D]4[CuPc(S03-)4], (see Figure 77). For other combinations of 

molecules, molecular area amounted to: 

1.37 nm2 molecu1e·1 for [Au- S-C10H20-A+ -1t- Dh[CuPc(S03J4 Na+], 

1.10 nm2 molecu1e·1 for [Au- S- C10H20-A+-1t-D]2[CuPc(S03-)4 (Na+)2], 

0.82 nm2 molecu1e·1for [Au- S- C10H20- A+-1t- D] [CuPc(S03J4 (Na+)3]. 

The calculated areas by means of Sauerbrey equation suggest that the cationic moieties 

are closely packed with insufficient space for the iodide counterions to be located 
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between. It also may indicate the self-assembled and ionically species form separate 

layers. 
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Figure 77 Variation of the molecular area versus the total period of immersion of quartz crystal 
in a mixture of ethanol solution of 1-(10-acetylsulfanyldecyl)-4-{2-(4-
dimethylaminonaphthalen-l -yl)-vinyl}-quinolinium iodide and copper(Il) phthalocyanine. 
Molecular area was calculated for different molecular mass depending on how many Na+ and r 
ions were eliminated. Individual sign means molecular mass for: one cationic and one anionic 
dye ( ■ ), two cationic and one anionic dye ( • ), three cationic and one anionic dye (A), four 
cationic and one anionic dye(*). 

Evidence of metathesis was provided by the XPS studies and the UV/visible spectrum 

(see Figure 78). The distinctive binding energies of the two types of sulphur occurred at 

126 eV, for the Au-Slink of the cationic dye, and at 167 eV, for the SO3- groups of the 

counterion. 
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Figure 78 UV/visible spectrum of the self-assmebled dyes on platinum-coated glass. 

Spectroscopic studies exhibited (see Figure 78) two absorption bands centered at 340 

nm and 680 nm, which are characteristic for copper(II) phthalocyanine, and one broad 

band from the cationic dye in the range 500-655 nm, with a maximum at 630 nm. 

Asymmetric 1-V characteristics were obtained for Au- S- C1oH20- A + - 1t- D Io- using Au 

and Ptlr probes for three different films. For these films 80% provided rectification 

ratios in excess of 90 at ± 1 V (Figure 79a), of which 40% exhibited values in the range 

200-500 at ± 1 V (Figure 79b,c), some exhibited values in the range from 600 to 900 at 

± I V (Figure 79d). The previous study, for the iodide salt of the compound, gave 

rectification ratios in the range 50- 150 at± 1 V [165]. 
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Figure 79 Typical 1- V characteristics of Au- S-C10H20-A + -1t-D Io- obtained for set point 
currents of 0.8-1.0 nA and a substrate voltage of 0.04-0.05 V studied using Ptlr (a,d), and Au 
(b,c) probes. 

9.1.5 Summary 

The I-V characteristics for the iodide salts of the same D-n-A dyes (presented in 

Chapter 6.3 .1.) showed rectification that was dependent upon the extent of the twist of 

the bridge (the molecule being sterically hindered to enforce a non-planar D-1t-A 

structure). These results are not sufficient to have any practical significance; therefore, 

fabricating molecular systems with improved electrical asymmetries has become the 

new challenge. 
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Electrical behaviours obtained by measuring the I-V characteristics, were observed for 

all Au-S- CnH2n- A+ - 1t-D In- systems. High rectification ratio values were obtained by 

locating an anionic donor adjacent to the electron-donating end of a cationic D-1t-A + 

dyes, the latter being connected to, and aligned by a gold substrate. The SAM 

measurements revealed higher current in the negative quadrant of the I-V plots. It 

follows that the direction of the electron flow, for all rectifying structures, was in 

accordance with the Aviram and Ratner model; this was from the cathode (substrate) to 

the acceptor of the cationic dye, and from the anionic donor to the anode (tip). The 

rectification was expected for the SAMs as the cationic molecules alone possessed 

varied steric hinderance. However, much higher rectification ratios were observed for 

Au- S- CnH2n-A + - 1t-D I n- systems as a result of ionic-electrostatic interactions of the 

cationic dyes with an anionic strong donor. Rectification ratios in a wide range of 20-

500 at ±1 V and even in excess of 3000 at ±1 V (in case of the isoquinolinium 

hemicyanine dye 3) are the highest to date for molecular diodes. These revelations have 

been published and are of great scientific importance in the field of molecular 

rectification. The details about publication can be found in Chapter 12, publication II. 
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9.2 Electrical studies on arylene-ethynylene molecular wires with a 

central fluorene unit 

Four arylene-ethynylene oligomers 5, 6, 7, 8 were studied (also presented before in 

Figure 55), which had 4, 7 and 10 nm (S·····S distances) long linear backbones, 

hexyloxy side-chains to ensure solubility in organic solvents and terminal thiol groups 

for chemisorption protected by cyanoethyl. They also incorporate a central 9-[ ( 4-

pyridyl)methylene ]fluorene unit (compound 6) or 9-[di(4-pyridyl)methylene]fluorene 

(compounds 5, 7, 8) moiety. Additionally, both 7 nm long wires (6, 7) incorporated 9-

fluorenone units in its backbone to impart electron-accepting characteristics despite 

being separated by weak dialkoxyphenyl donors. SAMs of wires 5, 6, 7 and 8 were 

fabricated by immersion of gold-coated substrates (QCM and HOPG) in a 

tetrahydrofuran (THF) solution to which sodium methoxide was added to facilitate 

removal of the cyanoethyl groups. Substrates were repeatedly immersed into solutions 

of studied compounds and washed each time with THF to remove physisorbed material 

from the surface. 

9.2.1 Single-molecule electrical studies 

9.2.1.1 A 4 nm long conjugated molecular wire 

SH 

Figure 80 The assembled structure of the deprotected wire 5. 

A monolayer of compound 5 (see Figure 80) was prepared from a 0.08 mg mr
1 

solution 

in THF using a sequence of 10 minutes immersions. Optimum deposition for wire 5 was 

achieved after ca. 120 minutes (see Figure 81). The resultant monolayer had an area per 

molecule of 1.5 ± 0.2 nm2 molecule-1 for deposition from solution with or without 

deprotecting agent. In the absence or presence of sodium methoxide, the immersion time 
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was similar. The area is consistent with the calculated values from the van der Waals 

dimensions of the molecular wire. 

12 • 

'i 
Ql 

~ 9 
Ql 

0 
E 

N 

E 
~ 6 
e 
<( 

3 

• 

0 

• 

• 

• • •• .. . .. . , .. ... . 
40 80 

Time/min 

120 

• 

160 

Figure 81 Variations of the molecular area with the combined period of immersion of a gold
coated 10 MHz quartz crystal in a THF solution of the self-assembling molecular wire 5 (0.08 
mg m1- 1

) to which sodium methoxide was added(•), and without deprotection (•). 

SAMs of the 4 nm long molecular wire exhibited symmetrical 1-V characteristics (see 

Figure 82), although slight electrical asymmetries were observed albeit infrequently. 

Symmetrical 1-V characteristics have been obtained for both Au and Ptlr tips, which is 

not unexpected as their work functions are similar (-5.5 eV for Ptlr [196] and -5.3 eV for 

Au [197]). This is a common feature from STM studies on wire-like molecules. The set 

point current and voltage had very little effect on the profile of the 1-V curves, but they 

did affect the magnitude of the tunnelling current by influencing the distance between 

the probe and the surface. The curves presented in Figure 82 were obtained using a set 

point current and voltage of 0.6-0.9 nA and 0.04-0.3 V, respectively. 
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Figure 82 1-V characteristics of the molecular wire 5 deposited with the deprotecting agent as a 
SAM on gold-coated quartz crystal and contacted by a gold tip. 

Using the methods of Haiss et al. [114],[115],[118], to measure the electrical 

conductivity of single molecules, the electronic properties of single 4 nm long arylene

ethynylene wire 5 were studied. Both methods were based on trapping molecules 

between an STM tip and a substrate. The spontaneous adsorption and desorption of 

wires, with abrupt changes in the tunnelling current, was easy to observe within the time 

frame and the tip-sample distance domains used. Each adsorption/desorption of wire 5 

persisted for ca. 110 ms (see Figure 83a) with almost 25 % of all current jumps within 

the range 0.15-0.20 ± 0.05 nA for a surface bias of - 0.3 V (see Figure 83b). The single 

molecule current of ca. 0.2 nA at -0.3 Vis about one order of magnitude larger than the 

value displayed by the 1-V plot at this voltage (see Figure 82). This can be explained by 

the latter being dependent upon the set point conditions which influenced the distance 

between the probe and the surface, whereas the former is independent of the set point 

current [114] as the molecule is chemisorbed by both electrodes. However, the upper 

limiting current exhibited by 1-V curves of thiol-terminated molecules approached the 

corresponding single-molecule value obtained from the current-jump method as the set 

point conditions were altered to minimise the gap between the surface and probe. 
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Figure 83 (a) Current jump with the gold STM probe located at a fixed height above the SAM 
with a sample bias of -0 .3 V. (b) Histogram of 172 recorded current jumps at a sample bias of 
-0.3 V . 

The I(s) relation was measured in two ways; first relied on slowly bringing the STM tip 

close enough to the Au surface, then quickly lifting the tip while keeping the X-Y 

position constant; the second relied on quickly bringing the tip to the surface and slow 

lifting. Results of the spontaneous formation of a stable molecular wire of 5 between the 

gold STM tip and the sample, obtained using the second method, better illustrated the 
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9. Results and discussion 

studied phenomenon. Figure 84 presents some typical examples of I(s) scans obtained 

for molecular wire 5. 
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Figure 84 Current decay scans (I(s) scans) for molecule 5 on Au in air measured at 0.3 nA and 
0.03 V. (a), (b) and (c) present current pletau at lower values ofl (ca. 0.18, 0.19 and 0.25 nA) 
that corresponds to the conductance through the single molecule wire, (d) current pletau at 
higher value ofl (ca. 0.39 nA) that corresponds to the conductance through the few molecules. 

The current plateau that could be observed in the I(s) curves for many contact events 

have clear maxima in the range 0.18- 0.39 nA (see Figure 84a,b,c,d). The comparison of 

the results of the I(t) and I(s)methods shows an important feature: the current 

corresponding to the basic conductance unit is the same for both techniques. 
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9. Results and discussion 

9.2.1.2 A 7 nm long conjugated molecular wire with one central pyridyl unit 

SH 

Figure 85 The self assembled structure of the deproteced wire 6. 

A monolayer of compound 6 (see Figure 85) was prepared from a 0.05 mg mr' solution 

in THF using a sequence of 10 minutes immersions. Substrates were repeatedly 

immersed for 15 minutes intervals and washed with THF to remove physisorbed 

material from the surface. Throughout this process, self-assembly was monitored from 

the frequency change on a gold-coated 10 MHz quartz crystals. The frequency stabilised 

to a constant value after 2 hours, and a Sauerbrey analysis of the data provided a mean 

area of 1.7 ± 0.4 nm2 molecule- 1 for the chemisorbed wire (see Figure 86). The same 

value was also obtained by omitting the deprotecting agent - sodium methoxide, but the 

timescale for assembly was considerably longer (Chapter 12, publication I). However, 

the area was consistent with the van der Waals dimensions of the molecular wire but 

only if partial overlap of these highly tilted molecules was assumed. 
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Figure 86 Variations of the molecular area with the combined period of immersion of a gold
coated 10 :MHz quartz crystal in a THF solution of the self-assembling molecular wire 6 to 
which sodium methoxide was added. 
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9. Results and discussion 

UV/visible spectra on a platinum-coated glass slide, which exhibited a peak at 400 nm 

in both cases (cf 400 nm in THF solution), confirmed the self-assembly of the studied 

compound. UV/visible spectra are presented in Figure 87. 
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Figure 87 UV/visible absorption spectrum of SAMs of 6 on a platinum-coated glass (solid line) 
and the spectrum of 6 in THF solution (dotted line). 

SAMs of the 7 nm long molecular wire 6 (Figure 85) exhibited symmetrical 1-V 

characteristics (see Figure 88), although slight electrical asymmetries were observed, 

albeit infrequently. The subtle difference in the shape of 1-V curves is a result of the 

varied parameters, e.g. the set point current was varied from 0.5 to 0.8 nA at a constant 

bias 0.05 V. Symmetrical 1-V characteristics have been obtained for both Au and Ptlr 

tips, and do not seem to be anything unusual as their work functions are similar. 
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Figure 88 1-V characteristics of molecular wire 6 deposited as a SAM on gold-coated HOPG 
and contacted by a gold tip. 

Single molecule studies were performed by monitoring the single molecule current as a 

function of time. Measurements were performed at a surface bias of - 0.3 V and a 

tunnelling current jump, via a single molecule contacted by - SH groups to both Au 

contacts, is shown in Figure 89. 
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Figure 89 Typical current jump of molecular wire 6 with the gold STM tip located at a fixed 
height above the SAM with a sample bias of-0.3 V. 
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9. Results and discussion 

The spontaneous adsorption/desoprtion process was easy to observe, and persisted for 

160 ms for the clearest observable current jumps. The current jumps were reproducible 

for each point that was probed by an Au tip. Almost 50 % of all current jumps were 

within the range 0.35-0.4 ± 0.05 nA, for a surface bias of -0.3 V (Figure 90). This was 

attributed to the single molecule current, with adsorption via a single thiolate link to the 

tip. Observations of current jumps allowed the construction of a histogram showing 

eighty-one recorded events of 6 (see Figure 90). Six events of 6 exhibited current jumps 

of 0.7 ± 0.05 nA, which were almost double the aforementioned values and probably 

corresponded to the probe contacting two molecules. There is also evidence of higher 

numbers of molecules, with four events centred about 1.0 ± 0.05 nA, these being 

indicative of three-molecule contact, and another about 1.3 nA and even 1.6 nA. 
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Figure 90 Histogram of 81 recorded current jumps at a sample bias of-0.3 V for molecular wire 
6. 

9.2.1.3 A 7 nm long conjugated molecular wire with two central pyridyl units 

SH 

Figure 91 The self assembled structure of the deproteced wire 7. 
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9. Results and discussion 

Gold-coated substrates were immersed in a THF solution of 7 (0.05 mg ml- 1
) containing 

sodium methoxide, and the formation of a SAM (see Figure 91) was monitored from the 

frequency changes following depositions on a gold-coated crystal. The frequency 

stabilised after about 0.5 hour to a constant value of about 1.30 ± 0.06 nm2 molecule-1 

for the chemisorbed wire (see Figure 92). In the absence of deprotecting agent the 

immersion time increased to 4 hours The area is consistent with the calculated value 

from the van der Waals dimensions of the molecular wire, assuming partial overlap of 

the highly tilted molecules in the SAM. 
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Figure 92 Variation of the molecular area with the period of immersion of a gold-coated crystal 
in a THF solution of 7 (0.05 mg m1- 1

) to which sodium methoxide was added(•), and without 
deprotection ( • ). 

Evidence of self-assembly of 7 was provided by XPS study, which revealed an S dublet 

at 162.1 and 163. 5 e V (S 2p) corresponding to the binding energy of the gold thiolate 

link. Another doublet characteristic for a surface-based terminal thiol group was 

observed at 163 and 164.6 eV. The UV/visible spectrum of the SAM on platinum-coated 

glass exhibited a peak at about 400 nm when corrected for the absorbance of the 

substrate. The characteristic peak from the SAM of 7 is similar to the solution spectrum 

in THF of the same compound (Amax 402 nm), (see Figure 93). 
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Figure 93 UV/visible absorption spectrum of a SAM of 7 on platinum-coated glass (solid line) 
and the spectrum of 7 in THF solution (dotted line). 

STM investigation of SAMs of the molecular wire on gold-coated HOPG yielded 

symmetrical I-V characteristics, as expected from symmetrical wire-like molecules 

located between gold contacts (see Figure 94). The set point current and voltage had 

very little effect on the profile of the I-V curves but they affected the magnitude of the 

tunnelling current between the surface and the probe. STM studies were performed for a 

set point current in the range of 0.5 to 0.8 nA, and a voltage bias of 0.035 to 0.3 V, and 

each time symmetrical characteristics were obtained. 
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Figure 941-V characteristic of molecular wire 7 deposited as a SAM on gold-coated HOPG and 
contacted by a Ptlr tip. 

99 



9. Results and discussion 

Single molecule electrical conductivity studies of wire 7 were performed, and the 

observed current jumps were reproducible at each point that was probed by an Au tip. 

Usually the adsorption/desorption process persisted for ca. 10 to 300 ms, and the most 

observable current jumps were within the range 0.35 ± 0.05 nA at - 0.3 V. The effect of 

tip-single molecular wire contact via an -SH group, as a tunnelling current in the time 

domain is shown in Figure 95. 
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Figure 95 Typical current jump of molecular wire 7 with the gold STM probe located at a fixed 
height above the SAM with the sample bias of - 0.3 V. the increased current, which was 
attributed to adsorption of the terminal thiol group to the gold probe, persisted for ca. 260 ms in 
this case. 

A large number of current jumps, recorded at different locations on the substrate were 

analysed to yield the histogram that is shown in Figure 96. The most intensive column 

lies within the range 0.35 ± 0.05 nA, and represents almost 50 % of all current jumps 

and as mentioned above it was attributed to the single molecule current. Significantly, 

thirteen of the recorded events exhibited current jumps of 0.65 ± 0.05 nA (see Figure 

96), which are almost double the aforementioned values, and probably correspond to the 

probe contacting two molecules. There is also tentative evidence of higher e.g. three and 

four molecule contacts with two events centred about 1. 0 nA, and another centred about 

1.4 nA (Figure 96). 
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Figure 96 Histogram of 99-recorded current jumps at a sample bias of - 0 .3 V for molecular wire 
7. 

The experimental results of the wire were compared with a detailed ab inito simulation 

of electron transport through the non-protonated self-assembled molecule. To compute 

the conductance a combination of the density functional theory (DFT) code SIESTA and 

Green's function scattering approach was used [200],[201], as encapsulated in the non

equilibrium molecular electronics SMEAGOL code. The studies were done by Iain 

Grace at Lancaster University, and the molecular model is presented in Figure 97. 

Figure 97 Molecular structure of arylene-ethynylene molecular wire 7 with 7 nm long backbone 
and thiolated termini. 
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9. Results and discussion 

9.2.1.4 A 10 nm long conjugated molecular wire 

Figure 98 The self assembled structure of the deproteced wire 8. 

The molecular wire 8 was prepared as a SAM on gold (see Figure 98) using a sequence 

of 10 minutes immersions into a 0.05 mg mr1 solution in THF. Throughout this process, 

SA was monitored from the frequency change for deposition on gold-coated quartz 

crystal. The frequency stabilised to a constant value after ca. 90 and 300 minutes for 

deposition from solution in which deprotecting agent was used and not respectively. A 

Sauerbrey analysis of the data provided a mean consistent area of 2.90 ± 0.04 nm2 

molecule- 1 for the chemisorbed wire (see Figure 99). 
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Figure 99 Variation of the molecular area with the period of immersion of a gold-coated crystal 
in THF solution of 8 (0.05 mg mr1

) to which sodium methoxide was added(•), and without 
deprotection agent(•). 

Confirmation of this SAM was observed in the UV/visible spectrum, on a platinum

coated glass slide, which exhibited a peak at Amax 398 nm indicatives of the wire 8 (cf 

404 nm in THF solution), (see Figure 100). 
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Figure 100 UV/visible absorption spectrum of a SAM of 8 on a platinum-coated glass slide 
(solid line) and the spectrum of 8 in THF solution (dotted line). 

I-V characteristics of the 10 nm long molecular wire 8 exhibited symmetrical or slightly 

asymmetrical behaviour (see Figure 101). The symmetry was unaffected as the 

conditions to land the probe were varied. The substrate bias was varied by an order of 

magnitude, from 0.05 to 0.5 V at a constant set point current 0.4 nA, and similar shape 

ofl-V curves was observed each time. 
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Figure 101 I-V characteristic of molecular wire 8 deposited as a SAM on gold-coated HOPG 
and contacted by a gold tip. 
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9. Results and discussion 

Characteristic jumps in the tunnelling current were observed by placing the tip at 

different locations on the substrate surface. A typical current jump, recorded on gold 

covered with a small surface concentration of molecular wire 8, is presented in Figure 

102. These large current fluctuations, consistent with fast formation and breaking of 

thiol-gold contacts of the molecular wire, were analysed to yield the histogram shown in 

Figure 103. This exhibits a pronounced maximum (about 40 % of all current jumps) in 

the range 0.10- 0.15 ± 0.05 nA at a sample bias of - 0.3 V, and this may correspond to 

the probe contacting one molecule. Eight of the 104 recorded events exhibited current 

jumps in the range 0.20-0.25 ± 0.05 nA, which was double the aforementioned value, 

and probably corresponds to the probe contacting two molecules. There was also 

evidence of higher multiples, which might be indicative of several molecule contacts. 

These events correspond to only 10 % of the total, and therefore the histogram reveals a 

current for a single molecule of 8 ( see Figure 103). 
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Figure 102 Typical current jump of molecular wire 8 with the gold STM probe located at a fixed 
height above the SAM with the sample bias of - 0.3 V. The increased current was attributed to 
the attachment of the terminal thiol group to the gold probe. 
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Figure 103 Histogram of the 104 current jumps for molecular wire 8, recorded at a sample bias 
of- 0.3 V. 

The presence of molecular wire 8 was also observed directly as a function of decay of 

the current with distance (see Figure 104). The plateau observed at a current I was 

attributed to the conduction through the studied molecular wire 8 formed between the tip 

and the substrate by chemical bonding of the -SH groups to the gold contacts. The 

current plateau that could be observed in the l(s) curves for many contact events have 

clear maxima in the range 0.12- 0.5 nA and are shown in, a, band c of Figure 104. 
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Figure 104 Typical I(s) scans performed in air in the presence of molecular wire 8 between tip 
and substrate at 0.3 nA and 0.03 V. (a) and (b) present current pletau at lower values of I (ca. 
0.12 and 0.14 nA) and (c) current pletau at higher value ofl (ca. 0.50 nA) that correspond to the 
conductance through a few molecules . 

The comparison of the results of the l(t) method which correspond to the I(s) method, 

shows an important feature: the current corresponding to the basic conductance unit is 

the same for both techniques. 
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9. Results and discussion 

9.2.2 Organic rectifying junctions from an electron-accepting molecular wire and 

an electron-donating layer of CuPc(S03 l 4(N a +)4 or LtTCNQ-

The pyridyl functionality of wire molecules 5, 6, 7 and 8 has been utilised to obtain a 

rectifying junction in which the cationic wire was the electron accepting component, 

which was used in combination with an adjacent anionic electron-donating layer. To 

achieve this, SAMs of molecular wires were modified by protonation of the pyridyl 

units to provide the following forms: [Au-SH/\Cll2], [Au- 6lt'Ci-], [Au- 7H/+(Cll2] 

and [Au-8Hl+(Cl12]. Exposure of the SAMs to HCl vapour did not affect the I-V 

characteristics. These protonated SAMs of the studied molecular wires were immersed 

in an aqueous acetone solution of CuPc(S03 l4(Na +)4 or in an aqueous ethanol solution 

of LtTCNQ- for an appropriate time, and washed with ultra-pure water ( deposition 

interrupted by sequential rinsing with water) to remove NaCl or LiCI from the lattice 

(depending on the donor used). All bilayer structures were investigated in the same 

manner, as ionically coupled accepting and donating layers seemed to have a great 

potential in molecular assembly. 

The molecular structure of the system after exchanging the chloride counterion of the 

protonated 4 nm wire 5 with LtTCNQ- is schematically presented in Figure 105. 

Figure 105 SAMs of protonated wire 5 ionically coupled with TCNQ-. 

The metathesis process was monitored with QCM apparatus and the deposition process 

of the second mono layer ( on the SAM of the protonated wire 5) was interrupted by 

sequential rinsing with water and ethanol, and stabilised to a constant value after 100 

minutes to provide a mean area of 0.26 ± 0.01 nm2 molecule-1 for the negatively 

charged TCNQ (see Figure 106). 
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Figure 106 Variation of the mean molecular area with the combined period of immersion time 
of quartz crystal in an aqueous ethanol solution of the self-assembling Lt (TCNQr (0.1 mg 
rn1- 1

) onto the prior deposited and protonated wire 5. 

Electrical studies of the protonated molecular wire 5 ([Au-5H/+(ClJ2]) showed 

symmetrical 1-V characteristics (Figure 107a), whereas 1-V characteristics of ionic 

bilayer assemblies exhibited rectifying curves with a current ratio of 7 at ± 0.9 V for 

Au- SH/+[(TCNQ)l and typical curve is shown in Figure 107b. I-V characteristics 

were obtained for both SAMs of the protonated wire and for the ionically coupled 

system with TCNQ- by using a gold probe, and by varying the set point current of 0.3-

0.6 nA and voltage throughout the range 0.02-0.3 V. The higher current was observed in 

the negative quadrant of the I-V plot (Figure 107b ), which corresponds to electron flow 

from the substrate (cathode) to the LUMO of the protonated wire 5 on one side of the 

device, and from the HOMO of the TCNQ- to the probe (anode) on the other side. 
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Figure 107 (a) 1-V characteristic of protonated form of 5 contacted by an Au probe, the data 
being obtained for a set point current of 0.3 nA and bias of 0.3 V. (b) 1-V characteristic of 
protonated wire 5 ionically coupled with TCNQ- obtained using a set point current of 0.6 nA 
and sample bias of 0.02 V. 

The next formation of an organic rectifying junction was obtained by protonating the 9-

[( 4-pyridyl)methylene ]fluorene unit of the molecular wire 6 by exposure to HCl and 

exchanging the chloride counterion with an electron-donating phthalocyanine (Figure 

108). 
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SH [CuPc(SO3).(Na•Jn)11c4.ni 

Figure 108 The assembled structure of the protonated wire 6 ionically coupled with 
CuPc(SOn4(Na+)n, 

This was achieved by immersion of the protonated SAMs in an aqueous acetone 

solution of the CuPc(SO3-)4(Na+)n for an appropriate time, and washing with water to 

remove NaCl from the lattice. To assess the effectiveness of this process, XPS analysis 

was performed for the system presented in Figure I 06. XPS confirmed the presence of 

the most characteristic atoms. For example, a copper peak at 936 eV (Cu 2p) and 

sodium at 1074 eV (Na ls) correspond to the binding energies of atoms unique to the 

anionic layer of the phthalocyanine component. 

UV /visible spectroscopy also provided essential information about the presence of the 

assembled bilayer films on a platinum-coated glass. The spectrum exhibited a peak at 

Amax 450 nm indicative of the wire 6 (cf 400 nm in THF solution), and the broad 

transition with a maximum at ca. 700 nm was attributed to the Q band of the 

phthalocyanine (Figure 109). 
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Figure 109 Visible absorption spectrum of the rectifying structure 6Jr[CuPc(SO3-)4(Na+)n]11c4-n) 
on a platinum-coated glass substrate. 
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9. Results and discussion 

However, the peak (absorbance) at the longer wavelength that was attributed to the Q 

band of the phthalocyanine had less intensity, compared to the peak at the shorter 

wavelength characteristic of molecular wire 6 ( see Figure 109), and also to the SAMs of 

phthalocyanine in the other systems. This could be caused by a smaller amount of the 

anionic dye being present in the molecular structure. 

The SA process of the second monolayer of phthalocyanine was also monitored with 

QCM apparatus. Deposition of the anionic dye revealed a value of 0.69 ± 0.02 nm2 

molecule_, for [CuPc(SO3J4(Na+)3] after 120 minutes of immersion time, which was 

interrupted by sequential rinsing with water, ethanol and acetone (see Figure 110). For 

other possible combinations of the phthalocyanine molecule the area amounted to 0.64, 

0.60 and 0.56 ± 0.02 nrn2 molecule- 1 for [CuPc(SO3J4(Na+)2], [CuPc(SO3J 4Na+] and 

[CuPc(SO3J4] respectively, (Figure 110). 
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Figure 110 Variation of the mean molecular area with the combined period of immersion time 
of quartz crystal in an aqueous acetone solution of the self-assembling CuPc(SO3-)4(Na+)4 (0.02 
mg mr1

) onto the prior deposited wire 6. The individual signs relate to how many sodium 
cations and chloride anions were eliminated from the bilayer ( • NaCl, .6. 2NaCI, o 3NaCI, * 
4NaCI). 

The area is consistent with the molecules standing on edge and comparison with data 

obtained for the initially formed SAM yielded a wire 6 to CuPc(SO3-)4(Na+)n ratio of 
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9. Results and discussion 

about 1:2.8. Electrical studies of the STM junction containing the molecular wire 

ionically coupled with the copper(II) phthalocyanine (6Ir[CuPc(S03-)4(Na +)nh/(4-n)) 

showed reproducible electric behaviour for the system with the higher current in the 

negative quadrant of the I-V plot (see Figure 11 la). The I-V characteristics of the 

bilayer assemblies of protonated wire 6 with phthalocyanine counterions in the upper 

layer exhibited rectifying curves with current ratios in the range of 20-80 at ± I V, a 

typical curve is shown in Figure 11 la. However, the protonated form of the deposited 

wire with chloride counterion [Au- 6IrCl-] exhibited symmetrical I-V characteristics 

(see Figure 111 b ). 
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Figure 1111-V characteristics of(a) Au--6W[CuPc(SQ3-)4{Na+)n]11c4-nJ, and (b) protonated form 
of wire [Au-6IrCr]. SAMs contacted by a gold probe for set point current and sample bias of 
(a) 0.5 nA, 0.05 V, (b) 1 nA, 0.04 V respectively. 
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9. Results and discussion 

1-V characteristics were obtained, as for SAMs of the protonated wire by using a gold 

probe and by varying the set point current and voltage throughout a broad range. High 

current in the negative quadrant (Figure 109a) corresponded to electron flow from the 

substrate (cathode) to the LUMO of the wire on the one side of the device, and from the 

HOMO of the phthalocyanine to the probe (anode) on the other side. The rectification 

simply arises from an energy mismatch between these orbitals and the Fermi levels of the 

contacting electrodes when the bias is reversed. 

An STM image of the Au- 6Ir[CuPc(SO3 -)4(Na +)n1v(4•n) bilayer structure on gold

coated HOPG was obtained using a gold tip at the set point current of 0.5 nA and a 

sample bias of 0.05 V. The bilayer film is highly disordered with dimensions that 

probably correspond to an edge on arrangement of phthalocyanine anions (see Figure 

112). 

Figure 112 7.7 nm x 7.7 nm STM image of the upper surface of the bilayer structure: 
Au- 6Ir[CuPc(S03-}4(Na +)n] J/(4-n). 

The next organic rectifying junction, in which the cationic wire 7 was the electron 

accepting component is one in which it was used in combination with an adjacent 

anionic donating layer of copper(II) phthalocyanine, see Figure 113. 
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9. Results and discussion 

Figure 113 The assembled structure of the protonated w1re 7 ionically coupled with 
CuPc(S03 -)4(Na +)0 • 

Evidence of the presence of the bilayer structure presented above was provided by 

UV/visible spectroscopy. The spectrum of the SAMs on platinum-coated glass exhibited 

a peak at a Amax of 400 nm was indicative of wire 7. The broad transition with the 

highest intensity of absorbance at ca. 700 nm was attributed to the Q band of the 

phthalocyanine (see Figure 114). 
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Figure 114 UV/visible absorption spectrum of the rectifying structure 
7H/+[CuPc(S03-)4(Na+)nh .1c4-n) on a platinum-coated glass substrate. 

The process was monitored from the frequency changes of the quartz crystal, which 

stabilised after about 70 minutes provided an area of about 0.82 ± 0.03 nm2 molecule- 1 

for [CuPc(SO3J 4(Na+)3]. For other possible combinations of the phthalocyanine 

molecule the area amounted to 0.78, 0.73 and 0.67 ± 0.03 nm2 molecule-1 for 

[CuPc(SO3-)4(Na +)2], [CuPc(SO3 ) 4 Na+] and [CuPc(SO3 ) 4] respectively, (see Figure 
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115). The area is consistent with the molecules standing on edge. Comparison with data 

obtained for the initially formed SAM yielded a wire to [CuPc(SO3J4(Na+)n] ratio of 

about 1: 1.6. 
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Figure 115 Variation of the mean molecular area with the combined period of immersion time 
of quartz crystal in an aqueous acetone solution of the self-assembling CuPc(SO3-)4{Na+)4(0.02 
mg ml- 1

) onto the prior deposited wire 7. The individual signs relate to how many sodium 
cations and chloride anions were eliminated from the bilayer ( • NaCl, A 2NaCl, o 3NaCl, * 
4NaCl). 

As expected, the diprotonated Wife with chloride counterions [Au- 7H/+(Ci-)2] 

exhibited symmetrical 1-V characteristics (like the neutral wire 7), (Figure 116a), 

whereas the bilayer film with phthalocyanine counterions in the upper layer exhibited 

rectifying curves with current ratios of 15-50 at ± 1 V (Figure 116b ). These arise from 

the designated donor/acceptor sequence whereby the favourable direction of electron 

flow was from substrate to electron-accepting molecular wire, and from the electron

donating phthalocyanine to the probe. In this direction the substrate and probe are the 

cathode and anode respectively. Moreover, at forward bias, the observed current was 

significantly higher than for the wire alone, this probably results from the more closely 

aligned energies of the Fermi levels with the HOMO and the LUMO of the donor and 

acceptor respectively. 
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Figure 116 1-V characteristics of (a) protonated form of wire [Au- 7H/+(Crh], and (b) bilayer 
assembly Au-7H/+[CuPc(SO3-)4(Na+)nlvC4-n)• SAMs contacted by a gold probe for set point 
current and sample bias of (a) 0.3 nA, 0.03 V, and (b) 0.8 nA, 0.035 V respectively. 

An STM image of Au-7H/+[CuPc(S03l4(Na+)nh1c4-n) bilayer structure on gold-coated 

HOPG was obtained using a gold tip at a set point current of O. 5 nA and sample bias of 

0.05 V. The bilayer film is highly disordered with dimensions that probably correspond 

to an edge on arrangement of phthalocyanine anions (see Figure 117). 
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Figure 117 8.0 run x 8.0 run STM image of the disordered surface of the bilayer structure 
Au- 7H/ +[CuPc(SO3-)4(Na+)nlv(4-n) . 

Another example of a rectifying junction was obtained by protonating the 10 nm long 

wire molecules and ionically coupling them with anionic donors (see Figure 118). In this 

case the two systems were studied to provide a donor-acceptor bilayer arrangement. The 

first system incorporated copper(II) phthalocyanine, and the second LiTCNQ. 

Figure 118 The assembled structure of the protonated wire 8 ionically coupled with anionic 
donor. In this case o- means CuPc(SOn4(Na+)n or TCNQ-. 

UV/visible spectroscopy provided essential information about the presence of the 

chemisorbed cationic layer ionically coupled with copper(II) phthalocyanine on 

platinum-coated glass. Figure 119 shows an absorption band at 395 nm characteristic of 

the molecular wire 8, it also shows the phthalocyanine Q band split into peaks at 616 nm 

and (less intensive) at 687 nm. 
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Figure 119 UV/visible absorption spectrum of the rectifying structure 
8H/+[CuPc(S03-)4{Na+)nb(4-n) on a platinum-coated glass substrate. 

QCM analysis provided an average area of about 0.61 ± 0.03 nm2 molecule- 1 for the 

negatively charged phthalocyanine, and 0.28 ± 0.02 nm2 molecule- 1 for the TCNQ

(Figure 120). Both molecules were deposited on monolayers of cationic wire 8. 

Complete monolayers were obtained after ca. 200 and 100 minutes for deposition of 

phthalocyanine and LiTCNQ respectively, both values of area are consistent with the 

molecules standing on edge. 
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Figure 120 Variation of molecular area with the combined period of immersion time of quartz 
crystal in: an aqueous acetone solution of the self-assembling CuPc(SO3-)4(Na+)4 (blue); the 
ethanol solution of the self-assembling Li+TCNQ- (green), onto the prior deposited and then 
protonated wire 8. Both calculations were done considering elimination of NaCl and LiCl from 
bilayers for depositions of phthalocyanine and LiTCNQ respectively. 

STM analysis confirmed the rectifying behaviour of both systems with the higher 

current observed at negative bias (see Figure 12la,b). This would suggest that electron 

flow was from the bottom electrode (Au-coated: quartz crystal or HOPG) through the 

cationic surface of the molecular wire to the anionic surface of phthalocyanine or 

TCNQ-, and then to the tip. The direction of electron flow was the same as for similar 

systems incorporating electron-accepting molecular wires of different lengths. 1-V 

characteristics exhibited stronger asymmetry with rectification ratios in the range 10-25 

at ± 1 V for Au- 8H22+[CuPc(SO3J4(Nal 11ht(4-n) (Figure 121a), and weaker current ratios 

in the range 7-14 at ± 1 V for Au- 8Hl+[TCNQ-] (Figure 121b). However, electrical 

studies of the protonated wire 8 exhibited reproducible symmetrical behaviour (see 

Figure 121c) as for the other protonated wires studied. 
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Figure 121 1-V characteristics: (a) bilayer assembly Au-8H/ +[CuPc(SO3-)4(Na+)n]2i(4-n) with 
typical rectification ratio of 10-25 at ± lV; (b) bilayer assembly Au- 8H/ +[TCNQ-] with typical 
rectification ratio of 7-14 at ± lV; (c) a protonated form of wire [Au- SH/+(Ci-)2]. SAMs 
contacted by a gold probe for set point current and sample bias of (a) 0.4 nA, 0.02 V; (b) 0.6 nA, 
0.02 V; (c) 0.4 nA, 0 .3 V, respectively. 

9.2.3 Summary 

In Chapter 9.2. a variety of techniques have shown that electron-accepting molecular 

wires 5, 6, 7 and 8, both in their neutral form, and when protonated by HCl, invariably 

showed non-rectifying behaviour. The single-molecule current of molecular wires 5, 6, 7 
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and 8 yielded varied results. The reason for this behaviour is certainly attributable to the 

different lengths of molecules, donor-acceptor character strength and even molecular 

structure packing. These revelations resulted in the publications I, ill and IV listed in 

Chapter 12. 

Although not discussed here, further theoretical studies (performed with the cooperation 

of Prof. C. Lambert from Lancaster University) using a combination of the DFT theory 

code SIESTA and Green's function scattering approach, were used to calculate the 

electron transport properties of the molecular wires 6 and 7. To ease the computational 

system, methoxy groups were substituted for the hexyloxy side chains. Theoretical I-V 

characteristics were in agreement with the shape of the experimental curve, and with the 

magnitude of the experimental current Gump) at 0.3 V. Moreover, the sensitivity to the 

character of the side groups attached to the fluorene unit was reflected in the energy 

levels of the isolated molecular wires. For molecule 6 the HOMO-LUMO gap was much 

larger than that of molecule 7, and also the three LUMO resonances were more varied. 

In molecule 7, the LUMO resonances consisted of two levels close together, with one 

further away. These results suggest that molecular wires 6 and 7 possess useful 

structural features, which allowed the conductance of the molecules to be altered by 

changing the properties of the side groups attached to the fluorene backbone units. This 

opens up the possibility of using these molecular wires as single-molecule sensors. 

These revelations resulted in the publications III and IV, see Chapter 12. 

The SAMs of molecular wires with electron accepting character (5H/\Cr)2, 6IrCl-, 

7H/+(Cr)2, and 8H/+(Cr)2) and an electron donating upper layer of copper(II) 

phthalocyanine ( or TCNQl were specifically chosen to create rectifying devices. There 

are few examples of organic rectifying junctions [104],[171],[198],[199]. However they 

do involve layers of donors and acceptors. The junctions reported here possessed 

monolayers of each, and exhibited diode-like behaviour; the polarity for rectification 

was consistent with that suggested by Aviram-Ratner model. Asymmetric I-V curves 

obtained from these bilayer structures exhibited higher rectification ratios with the 

phthalocyanine upper layer, and this revelation resulted in publications I and IV (see 

Chapter 12). The striking difference in the I-V characteristics of the SAMs of the neutral 
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wires 5, 6, 7 and 8 and the ionic bilayers assemblies; 5H?n-, 6HTI- m?n- SH?n

with symmetrical I-V characteristics, and rectifying behaviour, respectively, in STM 

experiments conclusively proved the presence of the wires in the junctions. 
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9. Results and discussion 

9.3 Electrical studies of the 2 nm long thiol terminated phenylene

ethynylene molecular wires 

To reveal the nature of the 2 nm long phenylene-ethynylene rigid oligomers, further 

electrical investigations were performed. The I(t) method previously developed by Haiss 

et al. , using STM, was used for the measurements of single-molecule current of these 

wires. The starting point for these measurements was the adsorption of a low coverage 

of dithiol molecules on gold-coated surfaces. This condition resulted in flat-lying 

molecules and enabled the formation of single-molecule wires with high probability. 

The structures of molecular wires 9, 10 and 11 are similar; the difference is only in the 

side-chains on the central ring and the terminal protecting group. 

SAMs of molecular wire 9 (see Figure 122) were formed by immersion of gold-coated 

substrates in THF solution (0.05 mg ml- 1
), and the process was monitored from the 

frequency changes following deposition onto quartz crystal and through rinsing with 

THF to remove the physisorbed material. 

0 
I 

Figure 122 Molecular structure of wire 9 with the terminal sulphur showing the acetyl group 
intact when formed without the deprotecting agent. 

The mean area occupied by the molecule was 0.60 ± 0.09 nm2 molecule- 1 for deposition 

from THF solution of 9, and 0.5 ± 0.1 nm2 molecule- 1 for deposition from the same 

solution to which a few drops of ammonia were added to deprotect the thiolates (see 

Figure 123). The frequency stabilised after about 150 minutes in the presence of the 

deprotecting agent, whereas in its absence the time increased to about 400 minutes. 
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9. Results and discussion 

Figure 123 Variation of the molecular area with the period of immersion time for wire 9 in THF 
(black circles) and to the same solution to which deprotecting agent was added (red circles). 

With regards to the concentration effects on the quality of the monolayer, STM studies 

were performed on quartz crystals as well as HOPG. Results of monolayer deposition on 

gold-coated quartz crystals showed a high level of noise, but only in some cases. 

Nevertheless, the obtained electrical results were exactly the same for both gold-coated 

substrates. 

Examples of the 1-V characteristics of wire 9 on gold are presented in Figure 124. All 

curves from six samples contacted by Au or Ptlr tip were symmetrical. The only 

difference was in the current, depending on the sample and the initial current set point, 

which was within the range 0.5-1.5 nA The deprotecting agent used during the 

deposition affected, and thus improved, the shape of the 1-V characteristics (see Figure 

124). 
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Figure 124 1-V characteristics of the Au-9 structure contacted by an Au probe. Curves red and 
black are characteristic of deprotected and non-deprotected molecules, respectively. 

The l(t) technique, which allowed the study of the dependence of a single molecule 

current on the contact spacing, was used to characterise the wire. A typical current trace 

recorded by this method during the formation and breaking of a molecular bridge 

between the gold STM tip and gold substrate is shown in Figure 125a. Observations of 

direct molecular contact allowed construction of a histogram showing a large number of 

current jumps recorded at different locations on the substrate. The histogram of 73 

current jumps is shown in Figure 125b. About 50 % (36 events) of all current jumps 

were in the range 0.45-0.50 ± 0.05 nA, and each adsorption/desorption persisted from 10 

to 450 ms. Nine of the seventy-three recorded events exhibited current jumps in the 

range 0.95-1.00 ± 0.05 nA, which was double the aforementioned value and probably 

corresponds to the probe contacting two molecules. There was also evidence of higher 

multiples, with two events centred at 1.5 and 2.0 nA (Figure 125b), which is indicative 

of three-molecule contacts. These events correspond to only 2 % of the total, and 

therefore the histogram reveals a current for a single-molecule of 9. 

Single-molecule current studies of the molecule 9 performed by Haiss et al. [202] also 

showed reproducible characteristic for single and multi contact events, resulting in a rise 

of current jump events. Moreover, it was revealed that changing the angle between the 
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planes of the central phenyl ring and the outer (co-planar) phenyl rings of the molecule 

(from 60° to 0°) was seen to result in an increase in the conductivity. 
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Figure 125 (a) Typical current jump with the gold STM probe located at a fixed height above 
the SAM with a sample bias of - 0.3 V. The increased current, which was attributed to 
adsorption of the terminal thiol group to the gold probe persisted for ca. 450 ms in this case, and 
is the longest of the recorded events. (b) Histogram of 73 current jumps for 9, recorded at a 
sample bias of- 0.3 V, and a set point current of 1 nA. 

Another conformationally rigid molecular wire (10, see Figure 126), an analogue of the 

molecular wire 9 was investigated to reveal the electrical behaviour. 

126 
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Figure 126 Molecular structure of the wire 10 with the terminal sulphur showing the acetyl 
group intact when formed without the deprotecting agent. 

For wire 10, the frequency stabilised after 650 minutes, Sauerbrey analysis provided an 

area of 0.65 ± 0.50 nm2 molecule- 1 for deposition from solution without the presence of 

the deprotecting agent. In the presence of ammonia the time decreased to ca. 350 

minutes, and the calculated area was 1.20 ± 0.04 nm2 molecule- 1 (Figure 127). 
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Figure 127 Variation of the molecular area with the period of immersion time for wire 10 in 
THF (black circles) and to the same solution to which deprotecting agent was added (red 
circles). 
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The deposition process in the presence of ammonia was less ordered, significantly 

yielded a higher value of molecular area than previously observed for the same 

molecule, which may indicate that the physisorption process dominated under blocks of 

chemisorbed wires. 

SAMs of 10 on gold-coated HOPG were investigated using STM techniques, each time 

the film was investigated at several locations across the surface. The I-V characteristics 

were averaged from multiple scans and were symmetrical as expected; a representative 

scan is presented in Figure 128. 

0.6 

0.3 

500 1000 
V/mV 

-0.3 

-0.6 

Figure 128 1-V characteristics of the Au-10 structure contacted by an Au probe with a set point 
current of 0.4 nA and sample bias of 0.02 V. 

The electrical conductivity of a single molecule of wire 10 that possessed chemical, and 

hence electrical, contacts to metal electrodes at both ends can be observed in Figure 

129a. I(t) measurements on the surfaces showed large current fluctuations consistent 

with fast formation and breaking of thiol-gold contacts of molecular wires. A large 

number of current jumps, recorded at different locations on the substrate, were analysed 

to yield the histogram shown in Figure 129b. The single molecule current was calculated 

from a group of events demonstrating the highest column. It was attributed to the current 

jumps resulting from molecular bridging recorded at 0.2 ± 0.05 nA for a surface bias of -

0.3 V. Also, periodic current jump features can be observed, so it could be assumed that 

for other current columns, the STM tip probes higher numbers of molecules. 
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Figure 129 (a) Typical current jump with the gold STM probe located at a fixed height above 
the SAM with a sample bias of - 0.3 V. (b) Histogram of 80 current jumps for 10, recorded at a 
sample bias of- 0.3 V, and a set point current of 0.4 nA. 

The same molecule, but with cyanoethyl protection groups, was also investigated in 

order to confirm the electronic properties, and the SAM on gold is presented in Figure 

130. 
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Figure 130 Molecular structure of wire 11 with the terminal sulphur showing the cyanoethyl 
group intact when formed without the deprotecting agent. 

QCM studies were performed for four crystals and deposition, similar to wire 10 without 

deprotection, lasted about 10 hours with a mean area of 0.57 ± 0.23 nm2 molecule- 1 

(Figure 131 ) . For deposition in the presence of sodium methoxide a similar the mean 

area was achieved with a value of0.47 ± 0.12 nm2 molecule- 1 (Figure 131). 
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Figure 131 Variation of the molecular area with the period of immersion time for wire 11 in 
THF (black circles) and to the same solution to which deprotecting agent was added (red 
circles). 
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STM studies of molecule 11 were straightforward and the registered 1-V plots were 

symmetrical (see Figure 130). The symmetry was unaffected as the conditions to land 

the probe were varied; for example the substrate bias was varied from 0.02 to 1 V, at a 

constant set point current of 0.4 nA and symmetrical or almost symmetrical 1-V 

characteristics were obtained each time. 
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Figure 132 1-V characteristics of the Au-11 structure contacted by an Au probe. 

The current flowing through a single molecule of 11 was determined from histograms of 

current jumps, which were collected at different sample bias in the range of 0.02-1 V. 

The corresponding single molecule conductance did not depend on the applied potential 

significantly in the studied range, and all values were found to be 0.20 ± 0.05 nA. The 

histogram ofl(t) jumps measured at -0.3 V, and a constant tunnelling current of 0.4 nA, 

predominantly exhibited the attachment of a single molecule, and is presented in Figure 

133. Conductivity measurements of single molecules at different sample bias lead to the 

following conclusion; the adsorption of the terminal thiol group to the gold probe, 

which was attributed to the increased current, persisted for shorter time with increasing 

sample bias. The longest recorded event lasted for ca. 520 ms and was measured at 20 

mV. Measurements of molecule conductance revealed another difference, namely, 

jumps that persisted for a longer time (recorded at a small sample bias) were smoother 

compared to the current jumps recorded at a large bias. The average times of adsorption 

persistence for a single molecule current at an individual sample bias were collected and 

are compared in Table 1. 
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Figure 133 Histogram of 92 current jumps for 11, recorded at a sample bias of-0.3 V, and a set 
point current of 0.4 nA. 

Table 1. The average times of the adsorption persistence of molecule 11 to the gold probe at an 
individual sample bias. 

Average time / ms Sample bias/ mV 

210 20 

100 50 

100 100 

100 300 

90 400 

90 500 

70 700 

30 1000 

Even though the statistics of the formation of molecular bridges did not influence the 

different sample bias, the time of persisting current jumps decreased with increasing 

sample bias. This feature is in good agreement with theory, and it is considered that with 

this technique, it is possible to measure the electrical conductivity of single molecules 

[114],[115],[116],[118]. 
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The SAMs of the next two compounds were prepared using a sequence of 5 or 10 

minutes immersions from 0.08 mg ml-1 solutions of each wire in THF. The structures of 

molecular wires 12 and 13 are similar; the difference is in the central part, one of them 

contains thiophene, and the other a fluorene unit. Molecular wire 12 self-assembled to 

gold is presented in Figure 134. 
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Figure 134 Molecular structure of wire 12 with the terminal sulphur showing the cyanoethyl 
group intact when formed without the deprotecting agent. 

The optimum deposition for the non-deprotected molecular wire 12 was achieved after 

ca. 400 minutes and the resultant monolayer had an area per molecule of 0.46 ± 0.13 

nm2 molecule- 1 (see Figure 135). In the presence of sodium methoxide the time 

decreased to about 250 minutes yielded an area of0.40 ± 0.06 nm2 molecule- 1
. 
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Figure 135 Variation of the molecular area with the period of immersion time for wire 12 in 
THF (black circles) and to the same solution to which deprotecting agent was added (red 
circles). 
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The 1-V plots of molecule 12 obtained by STM using a gold tip were symmetrical (see 

Figure 136), showing no rectification at all. The set point current and voltage only did 

affect the magnitude of the tunnelling current by influencing the distance between the 

probe and the surface. 
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Figure 1361-V characteristic of the Au-12 structure contacted by an Au probe. 

l(t) measurements on gold surfaces showed large current fluctuations consistent with 

fast formation and breaking of molecular wires, and a typical current trace is shown in 

Figure 137a. A large number of current jumps, recorded at different locations on the 

substrate, were analysed to yield the histogram shown in Figure 137b. This exhibits a 

pronounced maximum at 0.15 ± 0.01 nA, which may be attributed to the single molecule 

current and therefore adsorption via a single thiolate link to the gold probe. Attachment 

of two molecules to the gold probe (multiple molecular junctions) was also possible 

(Figure 137b). 
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Figure 137 (a) Typical current jump with the gold STM probe located at a fixed height above 
the SAM with a sample bias of -0.3 V. (b) Histogram of 66 current jumps for 12, recorded at a 
sample bias of - 0.3 V, and a set point current of 0.4 nA. The fundamental peak in the histogram 
corresponds to the conductivity of the single molecular wire. 

The next studies on self-assembly were performed using molecular wire 13, which was 

an analogue of the wire 12. The molecular structure of 13 self-assembled to gold is 

presented in Figure 138. 
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Figure 138 Molecular structure of wire 13 with the terminal sulphur showing the cyanoethyl 
group intact when formed without the deprotecting agent. 

The result of the QCM analysis of wire 13 is presented in Figure 139. The mean 

molecular area amounted to 0.54 ± 0.07 nm2 molecule-1 for the chemisorbed wire 

without deprotecting agent. In the presence of sodium methoxide the time decreased 

resulting in an area per molecule of0.64 ± 0.02 nm2 molecule-1
. 

4.--------------~ 

3 

'Cll ::i 
0 
Q) 

It 

• 

0 • 
E 

"' 2 i.E 
C 
«l 
Q) 

~ ••• •• 

0 

,. ,. ....... ,. ...... 
100 200 

Time/min 

300 

• • •••• 
400 

Figure 139 Variation of the molecular area with the period of immersion time for wire 13 in 
THF (black circles) and to the same solution to which deprotecting agent was added (red 
circles) . 

The 1-V plots of molecule 13 obtained by STM using a gold tip were symmetrical. The 

set point current and voltage had very little effect on the profile of the 1-V curves but 

they did affect the magnitude of the tunnelling current by influencing the distance 

between the probe and the surface (see Figure 140). This is a common feature from 

STM studies on wire-like molecules. This behaviour was reproducible for all films 

investigated as well as for different regions of each. 

136 



0.8 

0.4 

-0.4 

-0.8 

20 mV, 400 pA 
300 mV, 400 pA 

500 1000 
V/mV 

9. Results and discussion 

Figure 140 The extreme 1-V characteristics of the Au- 13 structure contacted by an Au probe. 

The STM "current jump" method seemed to work effectively for the Au- 13 structure, as 

the observed current jumps were reproducible for each point of the SAM that was 

probed by an Au tip. The most common current jump observed with time is presented in 

Figure 141a. Observations of direct molecular contact allowed construction of a 

histogram showing all recorded current jumps. Determination of the current flowing 

through a single molecule was from the histogram of 139 current jumps shown in Figure 

141b. This data was collected at a sample bias of- 0.3 Vand set point current of 0.4 nA, 

and the most observable current jump was 0.10 ± 0.02 nA. The statistic describing the 

formation of multiple junctions leading to the formation of two, three and even higher 

multiples of molecular junctions was also observed (Figure 141b). 
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Figure 141 (a) Typical current jump with the gold STM probe located at a fixed height above 
the SAM with a sample bias of - 0.3 V. (b) Histogram of 136 current jumps for 13, recorded at a 
sample bias of -0 .3 V, and a set point current of O .4 nA. 
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9. Results and discussion 

9.3.1 Summary 

Reproducible electrical behaviour from I-V characteristics was observed for all 

conformationally rigid molecular wires. Each film exhibited electrical symmetry in a 

similar range, and deprotection of the molecules did not significantly affect the shape of 

the I-V curves. 

The STM I(t) method used for determination of the single-molecule current of 

individual wires seemed to work effectively. The electrical properties of molecular 

wires, registered, as current jumps were also reproducible. The single molecule current 

of the molecules 9-13 gave varied results. The reason for this behaviour was almost 

certainly attributable to the donor-acceptor character strength, and even molecular 

structure packing. The value of single molecule current of 9 obtained with the I(t) 

technique was higher compared to the results of the analogues 10 and 11. The reason for 

this might be the close packing of the molecules of 9 on the gold surface, additionally 

facilitated by the short side-chains on the central phenyl ring. This could increase the 

possibility of the molecule adsorption via the single thiolate link to the gold probe. 

Furthermore, molecular wires 10 and 11 could deposit in different arrangements due to 

their bulky hexyloxy side-chains on the central phenyl ring of both molecules. In this 

case, the formation of the molecular bridges between the STM gold tip and substrate by 

thiol link was unlikely. Consequently, the consistent value of single-molecule current of 

10 and 11 could be due to contacting different parts of the molecules by the STM tip. 

Single-molecule measurements of 10, performed at different sample bias in the range 

0. 2-1. 0 V, and at the constant set point current of O. 4 nA, did not change with increasing 

sample bias. However, it was also observed that for the smaller tip-sample separations 

the probability of the wire formations increased. Thus this is in good agreement with 

theory. 
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10. Conclusions 

10. Conclusions 

The study of the Au-S-CnH2n- A + - 11:-D I D- systems has been used to investigate 

ionically coupled cationic acceptors to anionic donor layers in the formation of 

rectifying junctions. The structures are akin to the Aviram and Ratner model. Thus it 

can be assumed that on one side of the device electrons flowed from the substrate to the 

LUMO of the acceptor, and from the HOMO of the donor to the tip on the other side. 

The results have varied with rectification ratios from 30 to 3000 at ± 1 V. The most 

significant rectification ratio emanated from the location of an anionic donor of 

copper(Il) phthalocyanine to the electron donating end of an isoquinolinium 

hemicyanine dye (3), the latter being connected to and aligned by a gold substrate. The 

method of assembling the rectifying monolayer structures from an aqueous solution of 

the component cationic and anionic dyes seems to have great potential in developing 

assemblies for molecular electronic applications. The advantage of this in the form of 

the resulting I-V characteristics can be seen in Figure 142. Also, the system 

incorporating the quinolinium iodide ( 4) and copper(II) phthalocyanine ( deposited in 

the same way) showed comparable results and is a significant enhancement compared 

with values for the iodide salt of this cationic moiety. These rectification ratios are 

substantially higher than intrinsic ratios reported from other organic films, and are on a 

par with characteristic ratios from structures where the behaviour arose from oxide

induced Schottky contacts. 
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Figure 142 The 1-V characteristics exhibited by Au- S- C1oH20- A+-1t- D Io- system. 
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10. Conclusions 

The new molecular diodes presented in this thesis, incorporating cationic donor-(1t

bridge )-acceptor dyes coupled with anionic donors yielded radically improved 

rectification behaviour. Significant rectification depends on a strong donor-acceptor 

combination, and the application of the phthalocyanine dye had a direct influence in 

improved electrical asymmetry from films of the ionically coupled structures. These 

results were published in a paper in Physical Chemistry Chemical Physics. It was the 

most-accessed paper in 2006, and the third most-accessed paper in 2007. Furthermore, 

the article was designated as a "Hot Article" by the Royal Society of Chemistry, 

reviewed in Chemistry World and Chemical Science and also highlighted in several 

other countries. 

The pyridyl functionality of the conjugated molecular wires of different lengths served 

to obtain rectifying junctions. Therefore, a new effective method of assembling bilayer 

structures with electron accepting molecular wires of different lengths and an electron 

donating upper layer of copper(II) phthalocyanine or TCNQ- was found that resulted in 

high rectification ratios in the range 10-80 at ± 1 V. STM measurements showed the 

higher current at forward bias in the negative quadrant of the I-V curves. The direction 

of the current flow occurred in accordance with the Aviram-Ratner model, and an 

example I-V plot presenting diode-like behaviour along with the characteristics from a 

symmetrical neutral wire are shown in Figure 143. 
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Figure 143 Rectifying 1-V characteristics of the Au- 7H/ +[CuPc(S03-)4(NaJ0 ] 21c4-n) bilayer 
assembly (red) . 1-V characteristics of the molecular wire 7 deposited as a SAM on gold-coated 
HOPG (back). 
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10. Conclusions 

The striking difference in the I-V characteristics of SAMs of the non-protonated wires 

and the ionic bilayer assemblies conclusively proves the presence of the wire molecules 

in junctions. This electrostatic interaction between the protonated molecular wires and 

electron-donating layer provide an easy and effective way of assessing molecules for 

their suitability for use in rectifying junction. Results of the 7 nm long molecular wires 

were published in Chemical Communications, and the article was designated as a "Hot 

Article" and as a "Top Ten Article" by the Royal Society of Chemistry, also it was 

reviewed in Utilise Gold bulletin. 

The STM I(t) and I(s) methods were used for the first time to reveal single-molecule 

current of individual wires. It has been found that the current of single wires 6 and 7 

exhibited the same value, whereas for the longest molecular wire 8 the value of single

molecule current was the smallest. The upper limiting current exhibited by I-V curves of 

all molecular wires studied, approached the corresponding single molecule values 

obtained from the current jump method as the set point conditions were altered to 

minimise the gap between the surface and the STM tip. 

Further single-molecule studies of the 2 nm long phenylene-ethynylene molecular wires 

that have chemical, and hence electrical, contacts to metal electrodes at both ends, have 

been demonstrated, and it has been found that the current could be attributed to the 

single molecule was reproducible each time. The studies performed at different sample 

bias in the range 0.2-1.0 V, and at the constant set point current of 400 pA, are in good 

agreement with theory, and confirmed that the time of persisting current jumps 

decreased with increasing sample bias. Observations of single molecular current using 

both I(t) and I(s) methods should be a standard technique that could help with the 

calculations of conductance of single molecules. 
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11 . Outlook 

11. Outlook 

Molecules are obvious candidates for bottom-up assembly of electronic devices, and a 

single molecule represents the smallest unit of matter with well-defined connectivity. 

To make even the simplest electronic device such as molecules connected between two 

electrodes, several practical difficulties appear. Most importantly is the verification of 

the molecule in the junction, connected and oriented to the electrodes in the intended 

way. Fabrication of the new organic electronic devices is a challenge because of the 

difference in scale between a molecule, the electrodes and the small gap between them. 

An important issue in technological progress for the near future is to find efficient 

techniques of placing molecules in circuits, providing good electrical contacts and 

mechanically stable junctions. Many interesting methods have been employed to create 

metal-molecule-metal junctions, and some of them were presented in this thesis such as: 

MCBJ, crossed wires, mercury junctions, nanopores and STM junctions. The presented 

results of the single-molecule current and the current asymmetry measurements have 

also made a significant contribution in this matter and can be used for further studies in 

the molecular electronics area. 

Understanding charge transport at the molecular level is the crucial factor for 

developing molecular assemblies with uncommon properties for novel applications. 

Taking full advantage of the latest achievements of nano-scale microscopy and 

spectroscopy, it is possible to study the properties of single molecules. Synthetic 

chemistry has also made enormous progress and more organic components, which can 

be used for building molecular electronic systems, have become commercially available. 

The variety of the demonstrated structures has led to original ideas for the architecture 

of future molecular electronic circuits. However, the present strategy is based on the 

adaptation of molecular functional elements into the architectural concept of current 

inorganic devices. Building hybrid silicon - organic field-effect transistors (FE Ts), 

compatible with existing technology, would be more beneficial than a complete 

replacement of the manufacturing processes in order to apply unconventional solutions. 
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