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Abstract

This research considers the requirements for molecular electronics to be a realistic
complement to silicon electronics. Results of the studies presented here clearly show that
simple molecular components can be used for creating complex structures on solid
substrates via self-assembly, followed by a series of im-situ reactions. Electrical
properties of these systems may be finely tuned by the incorporation of appropriate
functional units into their core structures during the synthetic process, or by structural
modification of previously self-assembled molecular wires. A variety of such molecular
systems were sampled and their specific structural and electronic properties were
investigated. Implantation of electron-donating and electron-accepting units into
n-conjugated systems resulted in exceptional current rectifying molecular wires.
A rectification ratio of ca. 44 at +1 V was obtained for a system with a sequence of two
electron-donating elements and two electron-accepting units linked with n-conjugated
spacers. Much higher rectification, of ca. 200 at £1 V was observed for a dual-layer
organic structure containing densely packed self-assembled cationic molecular wires,
coupled with anionic molecules of an adlayer. The technique of in-situ synthesis has also
led to the successful formation of a previously designed molecular wire across
a ca. 3.6 nm gap of a prefabricated skeleton electrode structure. Electrical measurements
on this junction have revealed large molecule-induced currents, relative to the residual
current through the empty device. The current — voltage profiles of this molecular
junction matched those from STM studies of self-assembled films on planar substrates
and were consistent with theoretical calculations. Moreover, a novel method for a precise
and reliable estimation of the current flow asymmetry through STM probed films
is presented, and applied to the rectification measurements. This technique was based on
a statistical approach to the analysis of the current — voltage characteristics and was

registered at various STM tip — molecule separations.
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List of physical constants

Symbol | Constant Value
R Gas constant 8314 JK ' mol™
Ny Avogadro’s number 6.022 x 10* molecules mol™
h Planck’s constant 6.626 x 107 J s
e Electron charge 1.602 x 107" C
m, Electron Mass 9.109 x 107 kg
kg Boltzmann’s constant (=R x N, ') 1.381 x 102 1K™
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1 Introduction

1 Introduction

Molecular electronics is currently recognised as a key-element of technological
progress in the near future. Interest from the world’s leading electronics manufacturers in
organic electronic devices is increasing rapidly. The market for organic light emitting
diodes (OLEDs), organic thin-film transistors (TFTs) and other organic electronics is set
to grow 70 % each year, reaching ca. $20 billion in 2012, according to industry analysis
firm NanoMarkets LC '. Commercialisation of organic electronics, and the continuous
increase in investments in this technology, clearly highlights the need for further
academic research. The requirement for miniaturisation naturally leads to the
development of new, better materials. For example; solution-processable molecular
materials promise larger, cheaper and more efficient displays, flexible thin-film
transistors and many improvements for other electronic applications. The natural
continuation of this trend is towards single molecule electronics. The new molecular
materials, techniques for studying their properties and ideas how to achieve the desired

level of miniaturisation are studied in this thesis.

1.1 Silicon electronics

The invention of the transistor, together with the development of an integrated
circuit manufacturing method, led to the production of low-dimension electronic devices.
Soon afterwards, continuous progress in electronics began. This has been stimulated by
the reduction of transistor dimensions and increasing complexity of integrated circuits.
At the very beginning of this process, in 1965, Gordon Moore predicted that the number
of transistors on a computer chip would double every 18 to 24 months, whilst its
price would remain relatively stable 2. Today, one can see that his prophecy has been
fulfilled and will hold, at least during the next few years. This will be possible due to
the replacement of silicon dioxide dielectrics and polysilicon elements of gate electrodes

with high-permittivity (high-k) insulators and metallic gates, and also with the



1 Introduction

implementation of a tri-gate transistor architecture. A combination of these three
improvements will significantly reduce leakage power, which is the crucial problem
relating to current field-effect transistors (FETs) and should enable a decrease in
transistor size down to 32 nm before the end of this decade **. It is likely that the
application of a three-dimensional (3D) transistor array on microchips will be the last big
innovation in silicon technology. According to recent announcements of a leading
processor manufacturer, specialists in the field have already overcome technological

problems of producing such structures and demonstrated the first 3D microchip °.

1.2 Technological progress

Huge progress in electronics would not have been possible without the invention
of photolithography and related techniques. Apart from the bulk material imperfections
and energy dissipation effects, optical lithography limitations have always been the major
technological barrier. Evaluation of this method is naturally strongly dependant on the
light source applied. Treating this problem briefly: the lower the wavelength of
electromagnetic radiation — the lower the dimensions of the final product. Current 65 nm
transistor technology uses 193 nm argon-fluoride excimer lasers, the application of which
can be extended for manufacturing another generation of microchips. This is going to be
possible due to the invention of immersion lithography. This technique leads to
an increase of the effective numerical aperture of lenses by using water, or any other fluid
with high refractive index and low absorption at certain wavelength, being exposed
between the lens and the photoresist during irradiation. This solution guarantees higher
optical resolution compared to the standard technique. Additionally, this provides greater
depth of focus than traditional air lithography because of the smaller phase of light
change upon crossing the lens — medium and the medium — photoresist interfaces.
Another innovative technique currently being tested by leading chip manufacturers is the
extreme ultra-violet lithography (EUV) using a 13.5 nm wavelength. As the dimensions
of devices can not be extended far below the wavelength of the light applied, this

technology is probably going to be the most economical replacement for the 193 nm
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system. There is also electron-beam lithography (EB), which is regarded as
a complementary technique to the optical method. EB is more precise than EUV, but too
slow to be used alone. Other techniques, such as X-ray and non-optical nanolithography
methods, are currently out of range for commercial applications due to economical

reasons.

1.3 Fundamental limitations of silicon technology

A variety of methods for nano-scale manufacturing are available and their
potential is enormous. This is why the long-term future of electronics should be
considered as being dependent on limitations of matter, principles of thermodynamics,
quantum mechanics and electromagnetics, rather than technological barriers ©.
However, (from the point of view of this thesis) more important are the limitations
of the currently used silicon technology and their impact on the progress of
nanotechnologies, molecular electronics in particular. Many attempts have been made to
assess the critical size limits of silicon-based electronic devices ', but this is still
a non-trivial task considering the high number of variables. Undoubtedly, a reduction
in transistor dimensions without any radical innovations will not significantly improve
the efficiency of electronic devices. Miniaturisation of these devices has already become
more than just a simple scaling of their components. Evolution in the applied materials
and their architecture is becoming more and more distinctive '®'7. However, there are
currently no practical ideas for effective miniaturisation to progress beyond the next
decade. Transistor dimensions, according to the International Technology Roadmap for
Semiconductors '*, will approach an electron wavelength where quantum effects will start
to dominate their performance. These effects have already been found to cause serious
problems, since the silicon dioxide gate reached a thickness of 1.2 nm. This distance is
sufficiently low for intensive electron tunnelling to occur. To attain the proper functional
characteristic of the transistors, the gate silicon dioxide needs to be replaced by high-k
insulators. There are other important limitations: the discrete character of dopant atoms

should be maintained for the proper operation of devices, and the power dissipation
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problem, which is associated with electron scattering and leakage mechanisms Rl

It is highly probable that the next few years will be crucial for settling the matter of
silicon technology limitations; the economic factors may be solved by physics. This
could be an opportunity for revolutionary solutions involving the integration of silicon

technology with functional molecular components.

1.4 Molecular electronics

Many devices and techniques have been proposed as possible alternatives to
silicon technology. The potential of the most feasible structures: carbon nanotube FETs,
resonant tunnelling diodes, single-electron transistors, quantum cellular automata,
and others have been widely reviewed in the literature '***’. At present, molecular
electronics is one of the most promising alternatives for current materials and solutions.
In 1974, A. Aviram and M.A. Ratner mentioned the first visionary idea that organic
molecules might act as diodes **. Soon after they presented the theoretical concept of
a molecular rectifier *°, initiating studies on molecular electronics. This resulted in the
discovery of a wide range of molecular rectifiers, wires, switches and other nano-scale
devices. At the very beginning, due to the lack of sophisticated analytical techniques,
the practical research into molecular electronics was focused on macroscopic electrical
and electro-optical features of bulky organic materials. Many solutions that originated
from this early stage have already found practical applications, for example:
photocopiers, piezo-electric transducers, liquid crystal displays, the aforementioned
OLEDs, TFTs and others. Nowadays, taking full advantage of the latest achievements
of nano-scale microscopy, spectroscopy, nano-manipulation techniques and powerful
computers, it is possible to study the properties of single molecules. Synthetic chemistry
has also made enormous progress, as the preparation of various complex functional

structures has been widely demonstrated **'

. More 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 novel ideas for the

architecture of future molecular electronic circuits **>*. However, the present strategy
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is based on the adaptation of molecular functional elements into the architectural concept
of current inorganic devices. Building hybrid silicon — organic FETs, compatible with
existing technology, would be more beneficial than a complete replacement of the

manufacturing processes, required to apply unconventional solutions.

1.5 Aims

The research work presented in this thesis was inspired by the so-called
bottom-up approach for manufacturing the next generation of logic elements for
electronic devices. This idea is based on creating functional elements, or even complete
devices, from small molecular components using the principles of chemistry and
self-assembly. It is strongly believed that the investigated concepts and solutions will
provide advancements in nano-science. The major technological challenge of molecular
electronics is to find efficient techniques of placing molecules in circuits, providing good
electrical contacts and mechanically stable junctions. Improvement in this field, by
developing a method of positioning molecular wires inside predefined silicon-based
skeleton structures, which can be mass-produced, was one of the objectives of this
project. The other aim was to investigate methods for the in-situ functionalisation of
the molecular wires in order to achieve specific conducting properties and rectifying
behaviour of these structures. Two different methods, which might be useful for further
technological applications, were studied. Examining the electronic properties of the
molecular structures at different stages of their modification, and by comparing features
of the converted systems with those of the prototypical structures are also essential for
understanding the mechanisms of electronic transport.

Experimental studies on small molecular systems are complex. Therefore, both
structural analysis and electrical probing, supported by theoretical modelling, are
necessary to obtain a broad data set for describing the investigated processes. For this
purpose, three major techniques were employed, among other supportive methods.
For studying the composition and molecular arrangement of molecular layers on

gold-coated substrates, the following techniques were found to be useful: X-ray
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photoelectron spectroscopy (XPS), quartz crystal microbalance (QCM) and scanning
tunnelling microscopy (STM). Measuring conductivity of the investigated molecular
junctions and current-flow asymmetry through the chemisorbed molecular wires required
the incorporation of scanning tunnelling spectroscopy (STS) as a major tool available for

nano-probing.
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2 Background and literature

The most important subjects, regarding the described research work, are reviewed
in this chapter. First of all, molecular self-assembly is described in Section 2.1, with
special attention paid to the adsorption of thiols onto gold substrates. Recent discoveries,
including the mechanism and kinetics of the adsorption process and structural properties
of self-assembled monolayers (SAMs), are discussed. The theoretical background of
physicochemical properties of surfaces and molecules is given where necessary.
The major experimental techniques for the structural studies are presented in Section 2.2.
The last part, Section 2.3, contains a description of STM with a brief discussion of
the tunnelling process, mechanisms of electronic transmission mediated by molecules,

current rectification and methods of molecular junction formation using STM.

2.1 Molecular self-assembly

Pioneering research by Zisman ef al. in the 1940’s *° revealed physisorption of
surfactants on clean metal substrates. It was demonstrated that specific molecules tended
to form dense monolayers, the physicochemical properties of which were different from
those observed for bare substrates. For many years this publication received a limited
level of interest. This was mainly due to a lack of experimental techniques for studying
molecular-scale structures and processes. This has been gradually changing since 1983,
when Nuzzo and Allara *® observed the chemisorption of alkanethiolates on gold,
a phenomenon which turned out to be very important for nano-scale science. Formation
of densely packed and highly oriented monolayers of thiols were later reported on

37,38 38-40 4142

silver , copper , mercury , iron “

4344 , and indium

, gallium arsenide
phosphide *® surfaces. Further experiments have also revealed chemisorptive character of
other combinations of molecular head groups and substrates ***. However, because of

the low reactivity of gold with the surrounding atmosphere, it has been the most widely
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used substrate for molecular self-assembly. Thus, thiolate monolayers on gold still

remain the most studied area of interest.
2.1.1 Solid surfaces — structure and reactivity

Understanding the physicochemistry of solid surfaces is necessary for designing
molecules that are capable of forming SAMs and for effective control of the deposition of
these molecules. The molecules for self-assembly usually require crystalline surfaces in
order to form highly ordered SAMs over a large substrate area. Most metals form face-
-centered cubic (fce) lattices during crystallisation onto other substrates. Unreconstructed
surfaces of the fcc materials, and adsorption places on fec [111] surfaces are presented in
Fig. 2.1.1-1. These ideal crystallographic structures of the surfaces, which reflect atomic
arrangement in the bulk of the solid, are thermodynamically unstable. As each of the
surface atoms has at least one unbound site, the clean surfaces of solid materials have
a natural susceptibility to bind chemical species, minimising surface free energy. Most
metallic and semiconductive surfaces undergo oxidation when exposed to air. The lack
of strong chemisorption of air particles onto flat gold substrates, opposite to the formation
of strong sulfur — gold bonds, mean that this metal is the prime substrate used for
molecular self-assembly.

The parameter, called heat of adsorption (AH,4, or adsorption enthalpy), which
is defined as the energy required to break an adsorbate — surface bond, is typically used
for evaluating the stability of the adsorbed moieties. This allows one to distinguish
covalent bonding from other, weaker, adsorbate — surface attractive interactions, which
are generally termed as physisorption. The bonding formation between surface atoms and
adsorbate is normally followed by a reconstruction of the outer layer of surface atoms,
which additionally increases stability of the adsorbed adlayer *. The total binding energy

of the adlayer is also intensified by lateral inter-adsorbate attractive interactions.
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fcc [100] fcc [110]

LC C 3¢ 8 0.

fcc

top

hcp

bridge

fcc [111]

Fig. 2.1.1-1 Unreconstructed surfaces of the fcc materials 4. adsorption sites denoted
for fcc [111] surface.
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Detailed studies have proven physisorption (AH,s < 60 kJ/mol) of such impurities
as water, oxygen and carbon monoxide onto flat gold surfaces at room temperature >*".
It was found that amounts of Oz, CO, NO and adsorption enthalpies of these moieties

on solid surfaces increased with surface roughness Al

. Rates of molecular self-assembly
were also expected to be limited by the presence of these impurities. Although,
experiments have shown that thiol-terminated molecules are capable of displacing small
physisorbed molecules of adventitious materials from the flat surfaces of noble metals **.
This is highly important, as these surfaces are practically never free of impurities.
Adsorption of particles from a vaporous surrounding medium onto freshly formed
surfaces is very fast, and typically lasts nanoseconds under normal conditions.
Considering the ideal model, where each molecule striking a surface becomes
permanently bound, the time (f) required to passivate the solid material at given

temperature (7) and pressure (P), in order to obtain optimal surface concentration of

the particles, is given by the equation:

- o27MRT

NP Eqn 2.1.1-1
In this equation, o is surface coverage and M is average molar weight of the gaseous
species. Self-assembly from solution takes longer, as it is determined mainly by
a diffusion of molecules through a liquid. Additional phenomena, such as intermolecular
interactions, co-adsorption and desorption, also affect the duration of the surface

coverage process.
2.1.2 Mechanism and kinetics of thiol self-assembly on gold

Several approaches have been made to determine the nature of thiol self-assembly
onto gold 486062 various experimental techniques have proved that these molecules, after
deprotonation at the gold surface, form highly energetic, covalent S—Au bonds with some
ionic character . The measured value of chemisorption enthalpy varied for different

experiments, however, it is generally agreed that AH,4; slightly exceeds 120 kJ/mol Lt

10
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In fact, the effective binding energy was significantly higher due to lateral interactions,
which consolidated the monolayer and contributed to the total adsorption enthalpy. This
also varied for different molecules; for example, van der Waals forces between the alkyl
chains of the neighbouring molecules add AH,4 ~ 6 kJ/mol per each methylene segment
70,73

to a total value of AH4

The mechanism of self-assembly has been considered as an oxidative addition of

the S—H bond to the gold surface, followed by reductive elimination of the hydrogen :

R-S-H + Au, —» R-S“-Au™ + Au,.1 + %H,

The fate of a hydrogen atom from the thiol after deprotonation remains uncertain.
Desorption of molecular hydrogen seems to be the most feasible mechanism of its loss in
the deoxygenated environment ®"*, This is consistent with the theoretical prediction
that hydrogen cleavage is energetically favoured when a path for formation of molecular
hydrogen is provided ®7. In the presence of oxygen, the oxidative conversion of Ha to
H20 or H20; may occur L Experiments also revealed desorption of alkenethiolates,
although the mechanism of this process was not a reversal of the adsorption presented
above. This was mainly due to the lack of hydrogen in the system. Strong interactions
between the self-assembled molecules may lead to partial desorption of the thiolates as
disulfides %">75% 1p pure solvent, this was a spontaneous process, which occurred until
a solvent-dependant equilibrium for the molecule — substrate interface was reached.
Kinetics of this reaction are not fully understood, mainly because it is a multi-
-phenomenon process, strongly dependent on the individual features of molecules and
substrates, as well as on reaction environment. However, several empirical formulae
have been successfully applied in order to match experimental data to theoretical
predictions ">*'"*. The simplest example, and the most frequently referenced, is the
Langmuir model of adsorption, which describes a time-dependent function of surface

coverage, @(f):

O =1-g Eqn 2.1.2-1

=T1=
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Here, ¢ and k; are concentration of the adsorbate and rate constant of the adsorption
process respectively. There are no environmental limitations, desorption from the surface
and intermolecular interactions are included in this formula. These assumptions, in most
cases, are very far from describing the real behaviour of molecules during deposition,
especially for self-assembly from solution. Environmental and thermodynamic conditions
should affect the adsorption in a similar manner as for any other chemical reaction.
Moreover, for the deposition from solution, these factors can control the process by
influencing the diffusion of molecules through a solvent. Thus, mainly temperature 86.87
and solvent nature %% determine reaction kinetics, especially at the initial stage of self-

-assembly and when the concentration of the compound in solution is low. For this

reason, a diffusion-limited Langmuir model was proposed *:

o)=1- e_”””r' Eqn 2.1.2-2

Here, k;p is rate constant of the diffusion-limited adsorption. When the mean
inter-adsorbate distance decreases below 1 nm during the self-assembly process, mutual
interactions between molecules start to influence ordering, favouring certain adsorbate
configurations over others. The initially adsorbed molecules rearrange analogously to
the well-known phase transition phenomena in the bulk of a material. At this stage of
self-assembly the structural ordering, the packing density and kinetics of the adsorption
depend strongly on the shape and size of molecules, and the character of intermolecular
interactions (see Section 2.1.3). If these interactions are relatively strong, as in the case of
long-chain alkenethiols, much more significant deviations from Langmuir kinetics should

be observed °"*%.

-12-
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2.1.3 Structure of self-assembled films on gold

SAMs of n-alkanethiol molecules have been the most commonly studied for the
investigation of surface arrangement. The characteristic simple structure of these
molecules, small cross-section, alkyl chain flexibility and lateral interactions can affect
the formation of various surface phases. The conditions associated with self-assembly
have also been found to strongly determine the structure of SAMs, when deposited

86,89 8687 and nature of the

from solution. The concentration of adsorbate , temperature
solvent **%? are important for controlling the density of packing and the amount of
structural defects. Surface crystallography and surface free energy distribution, favouring
particular bonding sites over others, are also very important factors in the structural
arrangement of thiolates.

Exact localisation of the attachement site of sulfur elements in the crystalline
surface lattice is highly problematic. In the case of deposition onto Au(111), which is
the natural structure of evaporated and annealed gold films, there are four (major)
possible adsorption sites (see Fig. 2.1.1-1). However, there is no agreement which
configuration is the most stable, as contradictory results have been obtained. Density
functional theory (DFT) calculations have consistently indicated the local energy minima
for adsorption in the high coordinated sites 399 On the other hand, experimental results
have suggested an on-top position to be more likely 68.100-103 "The most recent studies
have provided new evidence that the real structure of the gold — molecule interface could
be more complex than previously expected. The structure of this interface is probably
strongly dependent on dynamic processes taking place during adsorption. According to
one of the novel theories, molecules in a monolayer may occupy two different adsorption
sites, even if one of these positions is energetically less favorable 104196 1t is highly
probable, for steric reasons, that the molecules primarily physisorb at on-top sites and
then diffuse to other available places. This process would be strongly affected by
the crystalline structure of gold surfaces and the presence of other molecules, especially
chain — chain interactions between them. Occupation of the different sites in such a case

would be determined by trapping a fraction of the molecules in place. This is less

favourable for separated molecules, but acts as sufficiently stable binding sites when

=13 =
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the thiolate molecules formation is sufficiently dense. This concept provides a better
explanation of the observed geometries of the molecular arrangement in these systems,
compared to the one-site model. A separate theory, based on STM observations and
DFT calculations, has also been developed 197 This new model considers a strong
reconstruction of the gold surface upon self-assembly, and the possibility of lifting gold
atoms from the lattice by adsorbed molecules (see Fig. 2.1.3-1). A dynamic equilibrium
has been found for the system, where each adsorbed molecule was bound to a gold atom
from the crystalline surface lattice and additionally to a lifted adatom, which was shared
with other neighbouring molecules. Thiol radicals could also be bound to the surface via
a single adatom situated in a hollow site (fcc or hep) 68108 pffectively, the interface
would be characterised by large atomic roughness with both adatoms and vacancies.
Such interfaces have actually been proven to exist via X-ray diffraction measurements
supported by molecular dynamic simulations 199 Other indirect evidence ''*''! has also

supported this theory.

Fig. 2.1.3-1  Schematic model of thermodynamically optimal ways of thiolate sulfur
attachment to Au(111) surface via lifted gold adatoms, according to
M. Yu "% (left) and P. Maksymovych model 197 (right); S element can
be bound to gold via Au adatom situated in fcc or hep site (left), or can
be attached directly to Au(111) near on-top position, and share Au
adatom, lifted to bridge site, with S of other molecule (right).

= Jhs



2 Background and literature

As previously stated, adsorbed thiolates are dynamic systems and undergo
transformations whilst reaching equilibrium conditions. These changes can be observed
as surface phase transitions of the formed adsorbate complexes and modifications of
the initial crystallography of the monolayers -3 * At low coverage, separate molecules
are free to diffuse to neighbouring sites of similar local potential minima upon thermal
fluctuations. Such a phase is known as a lattice gas. If the intermolecular interactions are
sufficiently strong, molecules tend to group into, so-called, domains, or islands ''*11.
They can also form lying-down configurations, which have been observed as striped
phases of n-alkanethiolate SAMs with an area per molecule of 0.54 — 0.83 nm’
(see Fig. 2.1.3-2). Ordering of the aforementioned forms demonstrate a balance between
the crystallography of surfaces, surface — molecule interactions, and lateral interactions
between molecules. At higher coverage, other (more or less organised) forms can be
observed. If the packing density is high, but molecular formation is highly disordered,
the adsorbate is usually referred to as a two-dimension liquid phase. The presence of
this phase is common for the shortest-chain n-alkanethiolates (n < 6) 7 where
interactions between molecules are weak. The liquid phase has also been observed for
other structures at higher temperatures "8 For cases of extremely dense packing, the
structure develops a unit cell that repeats periodically across the surface.

Generally, thiol groups of molecules comprising SAMs tend to adopt
the arrangement of elemental sulfur on a particular metal substrate 19121 For the
deposition onto Au(111), the metal — sulfur interaction drives the assembly to the
limiting case, where the gold surface is covered by a (3 x +3) R30° overlayer of
thiolates (see Fig.2.1.3-2). However, there is also a secondary ordering corresponding
to a 24/3 x 3 superlattice, that is traditionally referred to as ¢ (4 x 2). These structures
have been extensively studied and the results of which have been reviewed by several
authors ‘861106122124 15 poth configurations, the distance between alkyl chains of
neighbouring molecules was ca. 0.5 nm, and the average area occupied per molecule
was ca. 0.215 nm®. FT-IR studies have indicated that a mean tilt angle of alkyl chains

from the surface normal was ca. 20 — 40° and with a mean twist angle about the
molecular axis of ca. 50 — 550 3&7LEMIRIZIN Both vary with the chains length and
y

nature of the terminal groups.
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Structure: Area per
molecule
(nm?):
‘lattice gas’ <0.83
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striped phases 0.83 - 0.54

‘2D liquid’
or highly 0.54-0.22
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(V3 x V3) R30° 0.215
(or 23 x 3)
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Y Y (¥ %)
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A N o ) r'v}o (V3 x V3) R30°
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Fig. 2.1.3-2 Schematic representation of n-alkanethiolate structures on Au(111) ®.
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Formation of the uniform hexagonal (v3 x +3) R30° phase is conditioned by
the rule of the highest possible packing. On the other hand, the process of transformation
of this phase to the 243 x 3 structure, and the arrangement of molecules in such
monolayers, remains unsolved. There seems to be more than one molecular configuration
compatible with this unit cell (see Fig. 2.1.1-4). There are also two major theories
explaining different surface orientations of the self-assembled molecules. The first

considers the coexistence of two different binding sites '®°

. The second suggests
the presence of two different configurations of molecular attachment at the equivalent
binding sites in such a way that the alkyl chains are perpendicular to each other 127

The studies of long alkanethiols (» > 12) have revealed that the (3 x +/3) R30¢ lattice
was predominantly formed at room temperature. The phase transition to the 243 x 3
structure for these molecules occurs upon annealing. For short-chain alkanethiols,

the domains of the 243 x 3 structure were found to dominate at room temperature '>°.

7 ‘A.A'.‘AQA' A A SV YR VY Ry YN
- - (‘) ' ‘A‘A' ‘A'A'\‘A‘A(‘)

'.‘ A-u"‘n-u' ‘AVA
' ‘L'A' "‘ ‘. 7 ‘AV

¥ owi ' V. ¢ ¥ -I"’A'A"'Jn‘*
'A"‘A'A"‘A'A‘ ~7 A 'A'.‘ 'A' ‘A'A" -
'.‘ 'A' ‘ 'A'.‘Ai .’ ¥ ‘ 'A' ‘A'Ar ‘ I"‘
'A' ‘ 'A' ‘1'*"‘ 'Af“p-uf ‘A'A' ‘
'.‘A'A"‘A‘A' ‘A”A"‘ "‘L‘A' ‘A'A' ‘A‘A"‘
f. .\'(‘Y'\':('T‘\' .'f.Y‘}'f'Y.\'r'Y‘\'

Fig. 2.1.1-4  Schematic diagram of 23 x 3 adlayer structure presenting two different
ways of molecular orientation '%®; molecules are tilted or shifted as
indicated (arrows); unit cells of the gold substrate (black rhombus) and
the adlayer (red rectangle) are also denoted.
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There is also strong evidence of striped phases of the short-chain homologues
developing a unit cell of p x 3, (4 < p < 10), which were observed after annealing 128 or

after long term storage 17129 Experiments suggest that molecules forming these dense
phases have a stand-up configuration, which is in contrast to the laying-down structures
observed for the intermediate stages of deposition. Molecules are believed to form highly
ordered linear domains. This behaviour could be a consequence of partial desorption of
a small fraction of molecules from the monolayer.

Aromatic thiols, except short one-ring systems, also tend to form highly oriented
and dense SAMs '*°. However, in the case of the phenyl-based molecules, stronger
interactions of these systems with substrates, greater stiffness of their backbone structure
and steric hindrance all have a strong impact on the monolayers growth and the final
molecular arrangement '*'"'*. It has also been found that the degree of ordering increased
with the number of phenyl rings 130 and varied depending on the nature of the terminal
group '**. Additionally, a higher number of phenyl rings in the thioaromatic molecules,
causing stronger intermolecular interactions, resulted in a less inclined orientation of

these molecules in respective SAMs "'

. The tilt angles from the surface normal also
varied among thioaromatic molecules with different terminal groups 134 However, their
inclination was generally smaller than that found for n-alkanethiolates, which reflects
the fact that the cross-section of thioaromatic molecules is larger than the cross-section of
alkanethiols. Thus, the lateral interactions did not induce a large tilt.

Linear oligoarylenes [CgHs—(CgHa4),—SH] generally exhibit the (3 x +/3) R30°
lattice of the S elements attachment to Au(111) surfaces, when a limiting mass coverage
for the standing-up phase is achieved. However, the higher cross-section of the phenyl
rings compared to the alkyl chains leads to the (243 x +/3) R30° lattice of the molecular
backbone structure, with a herringbone phenyl plane arrangement in the monolayer B
A less dense highly-ordered standing-up phase was also observed for monolayers of these
molecules °2. On the other hand, incorporation of the methyl terminal group, resulted in
the (3 x /3) R30° lattice with a larger amount of structural defects, which may be due to
conformational changes towards increasing the steric hindrance 132,136 Quch a mismatch

of the two-dimensional lattice of molecular adlayers and Au(111) structure usually results

in domains of the (43 x +/3) R30° lattice surrounded by other less ordered phases.
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A different, atypical molecular arrangement, incompatible with the crystalline
gold structure, was observed for conjugated arylthiols [CgHz—(C=C—CgHy),~SH] '*'.
Their arrangement is similar to the herringbone structure of oligoarylenes, revealing
a (243 x +/3) R30° superlattice, but a mismatch of the molecular adlayer structure and the
crystalline gold lattice underneath occurs. The new rectangular unit cell containing two
molecules was proposed for this system (see Fig. 2.1.1-5). Such a monolayer consists of
molecular rows being oriented +5° with respect to the three (121) directions of the
Au(111) lattice. According to this model, molecules must occupy two different sites of

the gold lattice (attachment via lifted Au adatom is not considered here).
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Fig. 2.1.1-5  Schematic diagram of the proposed (2V3 x \/3) R30° arrangement for
4., 4'-bis(phenylethynyl)benzenethiolates on Au(111); crystallographic
directions, unit cells and hypothetical sites for sulfur attachment are
indicated (source: G. Yang et al. *7).
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2.2 Selected techniques for monolayer characterisation

Nowadays, there is a vast number of complementary experimental techniques
for characterisation of SAMs available. Vibration and electron spectroscopies, probe
microscopy, diffraction methods, and many others can be distinguished. Recently,
C. Vericat et al. '** have comprehensively reviewed these techniques. Undoubtly, STM
is one of the most versatile and frequently applied tools for determineing the structural
properties of SAMs. However, because of another unique ability of STM, which is
studying electronic properties of molecular systems, this technique has been reviewed
separately (see Section 2.3). This section describes the two techniques, which have
been used by the author in order to find an average density of arrangement and chemical

composition of molecular films.
2.2.1 X-ray photoelectron spectroscopy

Being classed as a kind of photoemission spectroscopy (PES), XPS, sometimes
called ESCA (electron spectroscopy for chemical analysis) is one of the most powerful
methods of elemental surface analysis. It provides both qualitative and quantitative
information about surface composition (except for hydrogen and helium) of the top
ca. 1 — 20 nm of any material, which is stable in ultrahigh vacuum. Moreover, it enables
acquisition of valuable information about the chemical bonding and electronic structures
of a studied material. Its most sophisticated version, angle resolved X-ray photoelectron

spectroscopy (ARXPS), is also used for depth composition profiling "**'*!.

Theoretical background

XPS was developed in the mid-1960s by K. Siegbahn and his research group '**.
This technique is based on the photoelectric effect outlined in 1905 by Einstein ',
According to his concept, photons interact with atomic orbital electrons. In the absence
of electron scattering, there is total and complete transfer of the incident photon’s

energy to the electron. Ejection of an electron occurs when the photon energy (Av) is at
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least equal to the binding energy (E3) of the electron. The kinetic energy (Ex) of such

a photoelectron is:

E,=hv-E, Eqn 2.2.1-1

Generally, an XPS instrument measures the number of electrons of different Ej, ejected
from a sample, and calculates E}, values for the core atomic orbital of each element in the
sample. This gives rise to a characteristic set of peaks at specific binding energies in the
photoelectron spectrum. The position of peaks in the energy scale reveals the qualitative
nature of the sample, and a determination of intensities of the separate peaks enables
quantitative analysis.

The physical description of the photoelectric effect, given by Eqn 2.2.1-1, where
Ey is simply a reference to the vacuum level, defined as zero energy, is a simplified case
of the energy balance of a real XPS experiment. Thus, this applies to separated molecules
in a gas phase only. In typical experiments, the detected E} values need to be corrected by
the sample work functions (¢°), surface charge energies, electronic structure relaxation
38

effects, and other instrumental energy losses, including those on the radiation emitter '

(the last three were entirely denoted as Ejs;):

E’=hv-E, -¢°-E,, Eqn 2.2.1-2

In such a case, core electron binding energy, denoted as E", is referenced to the Fermi

level of the sample.
Instrumentation and operation

A typical XPS instrument consists of an X-ray gun, a monochromator, a sample
mounting assembly in a vacuum chamber, an analyser and a detector '** (see Fig. 2.2.1-1).
The X-ray gun is a source of X-ray radiation (Al Ka, or Mg Ka). The radiation is
obtained when high-energy electrons, emitted by a filament and accelerated by high
tension between a filament and an Al or Mg anode face, bombard the anode. They knock
out electrons from core orbitals of anode atoms. Created holes are filled with electrons

from an upper orbital, and excess energy is emitted in the form of X-ray photons.
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Although X-ray emission is dominated by the sharp, intensive and well-defined K and
Ka, peak doublet, there are other less intensive satellite peaks, and so called white
radiation, which need to be filtered out for rigorous analysis of thin-layer organic
materials. This is achieved by X-ray diffraction through quartz crystals mounted to
a toroidal glass substrate, according to the Bragg condition, and also the Roland Circle

design, this is to simultaneously focus the monochromated radiation on a sample.

hemispherical
energy analyser

quartz crystal
disperser

j electron detector

electron lenses

—— sample

filament X-ray gun

Fig. 2.2.1-1 Schematic of XPS analysis with major components of the instrumentation,
. . . . . . 2
according to the description given in the reference cited !
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Electrons ejected from the sample are focused onto the hemispherical analyser
entrance slit by a set of electrostatic lens units. Electrostatic fields are established to only
allow electrons of a given energy, i.e. pass energy (PE), to reach the detector slits.
Electrons of a specific initial £, are measured by setting voltages for the electrostatic lens
system. This focuses photoelectrons of the required initial energy, and retards their
velocity so that their kinetic energy (after passing through the lens system) matches
the PE of the hemispherical analyser. To record a spectrum over a range of initial
excitation energies it is necessary to scan the voltages applied to these lenses. The value
of PE also needs to be adjusted to meet experimental requirements. The higher values
of PE give stronger signals but lower energy resolution, and vice versa: lower values give

higher energy resolution but weaker signal intensities 138,
2.2.2 Quartz crystal microbalance

Compared to other techniques for studying the self-assembly process and
monolayer properties, QCM is a relatively simple and cheap method. It is commonly
applied for monitoring adsorption kinetics of organic and inorganic moieties in both
gaseous and liquid environments 143-145 1t is very useful for determining an average
packing density of thiolate SAMs 6684 and can also be adopted for recognition of
molecules on functional monolayers "',

In the late 1950°s G. Sauerbrey "%, based on his previous experiments, proposed
a device that was capable of ultra-sensitive mass measurements. He found that changes
in vibration frequency (Af) of a piezoelectric crystal, oscillating in an applied electric

field, were directly proportional to the mass of adsorbate (Am) attached to the surface of

the crystal. The formula describing this relation for measurements performed in air is:

A
Am = —Af% Eqn2.2.2-1
0

In this equation, 4 is the active vibrating area, p, is the density of quartz, 4 is the shear

modulus of quartz and f; is the resonant frequency of the quartz resonator.
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A typical model of a QCM for the studies of molecular self-assembly processes
is shown in Fig. 2.2.2-1. It consists of a thin wafer of quartz and gold electrodes,

evaporated on the two major faces of the crystal.

gold ;

electrodes %_—éFQ
A

electrical i

contacts '

Fig. 2.2.2-1 Pattern of a standard QCM: top and side views.

Measurements of Am, indicating the adsorption of molecules on both electrodes
of the sensor, as a function of deposition time, enable one to obtain the kinetic parameters
of the process. Moreover, this data contains information about structural properties of the
molecular adlayers. These are revealed by converting Am into the total number of

molecules (N) self-assembled onto the electrodes:
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- MNA

Eqn 2.2.2-2
w

Here; N4 is the Avogadro constant, and W is the molecular weight of the compound.
The average area occupied by a single molecule at each stage of the deposition can
now be easily calculated by dividing the area of the two gold electrodes (24) by N,

which gives:

2AW
molecule ~ Am N, Eqn 2.2.2-3

areq,
These data are useful for the control of molecular packing and for comparison with other
experimental results in order to deduce geometric configurations of thiolates in densely

packed arrangements.

2.3 Scanning tunnelling microscopy and spectroscopy

STM was developed in 1981 by IBM scientists: G. Binning and H. Rohrer "**'%°.
The general idea behind it was relatively simple: to probe the structure of surfaces or
adlayers by applying small bias voltages between the surface and an atomically sharp
metal tip. The tip scans across the surface detecting the variation in the current flow
and responds to these changes. It was the first technique, which enabled visualisation
of the nanometer-scale topography of metals, semiconductors and superconductors '
It has been an irreplaceable tool for studying adsorbed atoms, molecules and various
biological systems both separately and together. Experiments have also shown that
it can be used to manipulate atoms and molecules on a surface "%, to probe the electrical

'3* and to investigate other local features

properties of the above-mentioned systems
of adsorbed structures. This invention was quickly followed by the development of
a whole family of related techniques, which may be classified in the general category of

scanning probe microscopy (SPM).
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2.3.1 Operation

STM has two modes of operation: constant-height and constant-current mode.
The second, also called a topographic mode, is the most suitable for a vast majority of
applications. To maintain the constant-current condition at a selected set-point current
and bias voltage, a feedback loop is employed. It corrects the tip — sample separation
distance according to the local changes in sample conductivity or topography. These
changes are analysed in real-time by a control unit and displayed on a screen.
The constant-height mode can be applied only to the small-area/high-resolution scans
of atomically flat surfaces, since any structural defects can result in the tip crashing
into the surface. Fine movement of the tip in all three dimensions is controlled by
piezoelectric elements, these enable tip position adjustment with a precision higher then
0.01 nm. Unfortunately, an equivalent resolution of surface images is not achievable
due to environmental noise: vibrations of STM elements and imaged moieties in
particular. Resonant vibrations of the piezoelectric elements are the major source of
instrumental noise. This can be reduced by appropriate tuning of operational parameters
of the STM unit. Other disruptive effects are induced by the operational environment.
These acoustic and thermal vibrations of the surrounding atmosphere can, however,
be minimised by using acoustic attenuators and environmental hoods for low-temperature
measurements.

A separate mode of the same instrument, which performs surface scans at
constant bias voltage, can be applied to detect current response at varying electric field
at a fixed position of the tip above a sample. This method enables the study of electronic
properties of materials in a similar way to optical spectroscopy, which provides
information about the molecular electronic structure excited by photons with selected
energies. Thus, this electrical probing technique is referred to as scanning tunnelling
spectroscopy (STS). It is typically employed for studying current transmission through
molecular systems and various quantum phenomena affecting this process, and to
measure conductivity of temporarily formed molecular junctions. It is also used as
a method of molecular vibration analysis, analogically to the optical infrared

spectroscopy. This technique of measuring molecular vibrational modes operates on
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the same principles as inelastic electron tunnelling spectroscopy (IETS), and thus it is
sometimes called STS-IETS %,

2.3.2 Tunnelling current

STM-STS operate on a fundamental effect of quantum mechanics. Under
an applied voltage (V) electrons tunnel through a small gap (4 < 1 nm) between a sample
and an STM tip. The tunnelling current (/,,,) originates from the wave nature of electrons
and can be estimated using the standard quantum physical approach. A situation, where
a space-dependent wave function W(x) of a single electron with energy E, penetrate
a one-dimensional square barrier is shown in Fig. 2.3.2-1. The solution of the
Schrodinger equation for this model situation shows an exponential decay of the wave

function in this classically forbidden region:

Pd)=PO0) e " & Eqn 2.3.2-1

Here, ¢ is the height of the barrier. Considering this equation to be valid for electrons
tunnelling between the sample and the STM tip under a small bias voltage, when
the shape of the barrier is still approximately rectangular (e}’ << ¢, where ¢ can be
treated as an average of the sample and the tip work functions), and also taking into
account the local density of states (LDOS) of the sample (ps.s) and the tip (o) at Fermi
level (Ep):

A2m, (§-E)
-4 n d
]mn % Vpsm_'f p.'l'p e

Eqn 2.3.2-2
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Y(x), Energy
A

Fig. 2.3.2-1 Wave function ¥(d), for an electron with kinetic energy E penetrating

a thin potential barrier of height ¢ and width d, illustrating the tunnel
effect.

For better accuracy of the /,, description, a more complex formula needs to be
applied. It should consider the shape of the barrier and the spectral density of surface
states of the sample [pg.(E)] and the tip [p,,(E)], which overlap within the energy range
of the tunnelling regime. The first satisfactory quantitative treatment of tunnelling current
for a real STM experiment (currently the most commonly referenced) which became
a prototype for other, more sophisticated theories, was proposed in 1983 by J. Tersoff and
D.R. Hamann "°*>'*, One of the important aspects of their approach was the localisation
of pup(E) in the centre of a model probe with a spherical apex. This enabled the
determination of a surface — tip distance to be ca. 0.6 nm for a gold surface, and predicted
the resolution of their instrument to be ca. 0.5 nm. The simplified version of their formula
by N.D. Lang 137 for ksT << eV << ¢ conditions, describing the tunnelling current at
a fixed location (7), under V (which is considered to affect the Fermi levels of both

electrodes equaly by £ eV) is:
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5 Ep+iev

I, (V)= 8”_}23 | Poy G E+E} +LeV)p,, (7. E+E[" FLeV) M(F,E,V) dE

EF_IEL'V

Eqn 2.3.2-3

In this equation, M(#,E,V) is the tunnelling probability determined by the matrix
element, which according to J. Bardeen '*®, includes all possible states of electron wave
function inside the barrier. For the simplest model case, shown in Fig. 2.3.2-2,

the calculated tunnelling probability is:

2m, ({$)-E+Lev
my ({§)—E+1e )a’

M@F,EeV)=e " & Eqn 2.3.2-4

When the barrier shape and/or tunnelling conditions differ from this model example,

M(7,E,V) becomes very complex as matching of the wave function in different regions

is required *°.

Energy

A

tunnelling

Fig. 2.3.2-2 Energy diagram for the electron tunnelling through the model barrier
under applied bias voltage.
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The Tersoff and Hamann approach provides a qualitative interpretation of the
STM images and good explanation of the tunnelling current between the tip and the
metallic surface. On the other hand, since the realistic geometry and the atomistic
structure of the tip and its complex interaction with the sample are not included in this
model, more strict theories have been successively developed '*'®. However, this
simple picture demonstrates basic principles of STM operation and points out the most

important facts, which are:

1) the tunnelling current exponentially decreases with an increase in the tip — sample
separation distance;

2) the barrier shape strongly influences the tunnelling current;

3) STM senses LDOS as a function of the tunnelling electrons energy, rather than

the real topography of surfaces.

2.3.3 Electronic transmission through molecules

Inserting a molecule into an empty space between an STM tip and a substrate
significantly affects the electron tunnelling process, as the incorporated electronic
states of the molecule cause a substantial modification of the barrier shape. It has
a strong impact on the theoretical description of the electronic transmission, since
precise information about the electronic structure of the molecule as well as the
electronic coupling (wave function mixing) between electrodes and this molecule are
required. The methodology of determining the electronic transmission through such
molecular junctions is similar to the Tersoff — Hamann approach. However, the
transmission probability is calculated from a more general Hamiltonian matrix — the

164165 This element carries all the information about the

Green’s function matrix
electronic structure of the molecule, including the coupling between discrete molecular
orbitals and continuous bands of the electronic structure of the substrate, and can be
resolved numerically using DFT. The transmission function [7(E)], obtained from

these computations, can be applied directly for calculating the conductance [G(£)] or
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current — voltage characteristics from the formula given by R. Landauer 16 For single-

-molecule conductivity:

2¢”
GLE)= TT(E) Eqn 2.3.3-1

Considering the definition of the conductivity, this equation can be converted to the

following form, which is useful for I~V characteristic calculations:

Ep+ieV
2e 7
V)= f | T(B)dE Eqn 2.3.3-2

Lp—tel

Ballistic transport

According to Eqn 2.3.3-1, the highest possible value of the one-dimensional
systems conductivity is achieved when T(E) reaches unity. The value of such a perfect
transfer of electrons from one electrode to the other through a point contact is referred to

as the conductance quantum unit (go), and is defined as:

5

2e”

g, =—=(12.9kQ)" Eqn 2.3.3-3
This quantity was observed for the electronic transmission through single atoms, or short
strands of atoms, trapped between an STM tip and a sample 167168 " Quch transfer of
electrons was called the ‘ballistic transport’, as it occurs when a mean free path of
electrons in a medium, through which the electrons travel, is bigger than the distance
between the electrodes.

Quasi-ballistic electron transport was proven to exist in short carbon nano-
tubes """, which were stiff enough to prevent most vibrations from coupling with other
electrons, and thus could act as ‘electron waveguides’. A similar effect might be
theoretically allowed in molecular materials with completely delocalised electronic

structure along the main axis of the molecule, and in the absence of vibronic coupling,
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which could provide complete electronic transparence of such systems. However, up to
now there have been no ideas for creating molecular structures, which would be capable
of transmitting electrons, according to this model. Thus, the transparency of molecular
materials is commonly accepted to be lower than one, and molecular wires should be
considered as partial guides for electron exchange, rather then materials supporting

a permanent flux of electrons.
Superexchange

Recent observations of molecular junctions strongly suggest that the typical
mechanism of electron transport through these systems is tunnelling 2173 This is to
be expected, assuming that the Fermi level is approximately in the middle, between
the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) of neutral molecules, which are separated by a gap of ca. 1.5 — 8 eV
(see Fig. 2.3.3-1). This means that any molecular level is usually beyond external
electrons access. This is because a sufficient amount of energy can not be transferred
to the electrons without damaging the molecule, given that the energy required for
breaking the gold — thiolate bond is not much higher than 1.2 eV. However, even if
the Fermi energy of the electrodes is a significant energetic distance away from
resonance with any molecular state, and the electrons do not physically reside on the
molecule during the transfer, the presence of these states and the strength of the
molecule — electrode coupling play an important role by lowering the effective barrier
for tunnelling. Such a molecule-mediated electronic transmission is usually referred to
as superexchange in order to distinguish this process from the typical through-vacuum
tunnelling ™17,

Considering the exponential dependence of the geometric parameters on the
tunnelling probability (see Eqn 2.3.2-4), a simple description of the superexchange
phenomenon can be given based on Eqn 2.3.3-1 and 2.3.3-3. According to these

equations, the molecular off-resonant conductivity is:

G=g, e—ﬁL Eqn 2.3.3-4
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Here, L is the length of the molecule and S is the tunnelling decay constant, which
is related to the effective height of a tunnelling barrier and is obtained straight from
distance dependent STM measurements of the molecular conductivity. The values of £
have been estimated for various structures (see Fig. 2.3.3-1) using different techniques.
This parameter has generally been proven to decrease with higher conjugation of m-type
orbitals, which results in smaller HOMO — LUMO gaps 177185 The other important issue
concerning Eqn 2.3.3-4, which should be pointed out here, is the total independence of
the superexchange process on temperature. This, in fact, was observed for molecular

junctions of n-alkanethiols 7,

STRUCTURE pIA!
————————— E=0
E CP Air gap ~2
---------- <.....4............,.....................A.,Au \/\/\/\N\ ~ l

Fig. 2.3.3-1 Schematic differences in the energy level separation of frontier molecular
orbitals and the values of S, which were typically observed for the
exemplary structures I77-185. Cp is a contact potential and WF is an elec-
trode work function; the effect of strong coupling is presented (CP >> 0).
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The significance of molecule — electrode coupling was also confirmed by demon-
strating much higher transmissions for chemisorbed than physisorbed contacts R,
The strength of this coupling, especially distinctive for chemisorbed contacts, magnified
the contributions from the contact potential (CP) in lowering the barrier for tunnelling g
which was denoted in the energy diagram in Fig. 2.3.3-1. This has a strong impact on
STM experiments, as the conductivity of singly bound thiolate is always more than an
order of magnitude lower than that of a doubly bound equivalent 18 Thus, spontaneous
chemical bonding between the terminal atom of the STM tip and the thiol group of
a dithiol molecule, mono-attached to a substrate, results in a strong and a rapid increase

in observed current response at a constant bias voltage (see Section 2.3.4).
Activated transport

The analysis presented above has shown that, for the neutral saturated molecules,
it is practically impossible to achieve a model of electron transport that permits
a population of molecular orbital states. However, as shown in Fig. 2.3.3-1, such
transport is probable for high-conjugated aromatic systems with a small HOMO — LUMO
gap when a sufficiently high bias voltage is applied. This creates drastically different
conditions for electron flow through the junction, as they can physically reside on the
molecule for considerably long enough to be affected by molecular dynamic events.
A molecule is capable of trapping excess charge injected from the electrode, until it
gains additional energy to escape from a local energy minima on the molecular chain.
This is why such a sequential process is called activated transport, or simply hopping 190,
although there are other types of activated mechanisms distinguished in the literature
apart from hopping 1 The basic characterisation of the conductance for activated
electron transport over the potential barrier, the averaged height of which is described

by A, is given by the following dependence:

G N7 e_é Eqn 2.3.3-5
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In this formula, 7 is a numerical parameter in the range 1 < 1 < 2, depending on the
hopping conditions '*>'**'% It is significant that the hopping conductance is only a weak
function of molecular length, represented by the number of electron trapping sites, N.
Contrary to superexchange, the activated transport is also a function of temperature,
as it strongly depends on thermal processes affecting local electronic structure of the
molecules.

Superexchange and hopping do not exclude each other, but may both be present
within one system if the bridge state is sufficiently low in energy and its reorganisation
energy is high '"**'®. The activated transport is expected to dominate for the longer
high-conjugated molecules, as the HOMO — LUMO gap is smaller, due to the effect of

broadening molecular levels.
2.3.4 Tip — molecule — substrate junction formation

Despite the availability of precise nano-scale manipulation and testing techniques
it is still very difficult to contact molecules in the desired manner for electrical
measurements. The most problematic task is the formation of symmetrical junctions
for testing the electrical response of the molecules under optimal geometry conditions.
Thus, the statistical approach, based on nano-probing techniques such as STM-STS,
remains the most reliable form of studying the conductive properties of molecular
junctions.

There are two different methods of measuring single-molecule conductivity
of self-assembled molecules using STM-STS that have been reported in the literature:
the first by B. Xu and N.J. Tao '®, and the second by W. Haiss et al. '*°. The Xu — Tao
technique was originally demonstrated for electrical current measurements in liquid envi-
ronments, but its adaptation to air conditions was also shown by W. Haiss et al. '*"'*,
Both methods have been focused on temporal spontaneous trapping of symmetrical
molecules between substrate and STM tip, and detecting current response at a constant
bias voltage. The terminal parts of these molecules are required to reveal sufficient
affinity to gold in order to provide strong coupling to both electrodes simultaneously,

when the tip — sample separation distance reaches a sufficiently low value. In order to
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estimate the conductivity of a molecular system the difference in the current flow through
the strongly coupled two-terminated molecules and the weakly coupled system, after
the Au—S bond breaking, are compared. Thus, these methods are generally referred to as
the STM-STS break junction techniques. The difference between them is in the practical

realisation of the break junction experimental idea.
I-s STS

The first technique was called J-s STS as it was based on the measurements
of current vs. relative distance (s) in the direction perpendicular to the substrate. In the
Xu — Tao approach the STM tip was repeatedly brought into and out of contact with
a gold substrate in a solution containing the sample molecules of 4.4’-bipyridine.
Primarily, when the tip was retracted, the conductance decreased stepwise, with each step
occurring preferentially at an integer multiple of g, (see Fig. 2.3.4-1a, plot A). This
indicated a sequential breaking of monoatomic gold nanowire connections formed
by gold atoms lifted from the substrate by the tip. When the tip was sufficiently far
from the surface and all the atomic chains were broken, a new sequence of steps in
a lower conductance regime appeared. This was associated with the presence of the
studied molecules in the formed junctions (see Fig. 2.3.4-1a, plot C). In the absence of
the molecules in the solvent, no low-conductive peaks were registered (see Fig. 2.3.4-1a,
plot E). This approaching — retracting procedure was repeated until a clear statistical
picture of the measured effect was obtained, as shown in Fig. 2.3.4-1a (plots: B, D
and F). The highest peak observed at the lowest value of conductivity in the histogram
(D in Fig. 2.3.4-1a) was assigned as a response of a single molecule in the junction.
Other peaks at higher values indicated the presence of a higher number of molecules in
the junction.

To study the conductive properties of self-assembled molecules, especially in
dense arrangement, the initial contact of a substrate with the tip is not necessary.
Instead, the tip can be lowered to a certain distance above the surface (s,), which is found
to be close enough to attach a molecule to the tip (see Fig. 2.3.4-1b) '**. The further

statistical analysis is exactly the same as presented by Xu and Tao.
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Fig. 2.3.4-1 a) G-s curves and histograms of 1000 G-s (/-s) measurements from Xu and
Tao experiment described in the text (source: B. Xu and N.J. Tao 168y,
b) Typical I-s curve (red) observed by Haiss for viologen dithiol molecules
in comparison to the exponential decay curve (black) for a clean substrate;
I, characterises conductivity of the junction (source: W. Haiss ef al. 198y,
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It STS

Another technique developed by Haiss '*°, called /- STS, enabled estimation of
current flow through single molecules by using the STS constant-height operational
mode. In this experiment, the abrupt changes in current response were monitored at
constant bias voltage, when an STM tip was kept at very low altitude above a substrate.
As a slow thermal drift of the tip occurs at room temperature, a small area of the sample
can be scanned without any corrections of the tip — substrate separation made by the
feedback loop during such an experiment. When the tip approached the molecule,
a temporal junction could be formed, which was observed as a current jump in the
I-t characteristics (see Fig. 2.3.4-2). A statistically significant amount of current jumps
was further evaluated from appropriate histograms according to the procedure described

for I-s experiments.

timel/s

Fig. 2.3.4-2 Typical current jump recorded by Haiss for 1,8-octanedithiol molecule 56
at constant bias ¥ = 0.3 V; original experimental data were indicated by
circles; I, characterises conductivity of the junction.
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2.3.5 Current rectifying properties of molecular systems

Asymmetrical distribution of the frontier electron orbitals of a molecule in
a junction may be represented as a difference in the current flow, depending on the
direction of the applied electric field. It is manifested in the I-V characteristics as
asymmetry in the scans taken between the value of the bias voltage applied in one
direction (negative bias) and the equivalent value at opposite bias (positive bias).
Despite different origins, the above mentioned effect mimics that observed for current
rectification in solid-state p-n junctions, and is referred to as molecular rectification.
In the case of a molecular junction, this phenomenon originates from an asymmetrical
distribution of functional groups, characterised by different ionisation potentials and
electron affinities, or an asymmetrical coupling of the molecule to the electrodes.

In order to quantify the current asymmetry (rectification), the asymmetry ratio
(AR) can be defined:

[V,)
Iv,)

Vn = _Vm
where : Eqn 2.3.3-5
{ Vn > II/:Ml

This parameter has been conventionally assigned for current detected at V,,, = £1V,
although this is not a rule and so the value of voltage at which AR was calculated is

given.
Aviram and Ratner theory of molecular rectification

The concept presented in 1974 by Aviram and Ratner # was a pioneering idea
of an appropriate matching of electron-rich and electron-poor components in order to
obtain a specific distribution of the frontier molecular orbitals. This would facilitate
or hinder current flow depending on the electrode polarisation. It was concluded that
a molecule containing a strongly electron-donating subunit with HOMO electrons at
an energy close to Er of the electrodes in steady state, and an electron-accepting segment
with a low-lying LUMO, would be the most effective rectifier. These two parts need to

be isolated by a spacer, which is capable of preventing charge redistribution from donor
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to acceptor along the molecule. A model structure, which in theory has the most desired
features, together with a simplified energy diagram is shown in Fig. 2.3.5-1. In the
molecule proposed by Aviram and Ratner (see the black core structure in Fig. 2.3.5-1)
the electron-donating and electron-accepting subunits are separated by a saturated triple
o-electron bridge. This spacer should guarantee sufficient isolation of the frontier

molecular orbitals and provide a rigid linkage for both active parts of the system.

WF
LUMO (D)

LUMO (A)
HOMO (D)

HOMO (A)

Donor Acceptor

Fig. 2.3.5-1 Simplified energy diagram of the Aviram-Ratner molecular rectifier and
the proposed structure of a molecular device.
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A schematic description of the rectification process in the Aviram-Ratner
molecule is shown in Fig. 2.3.5-2. The top diagram presents electron transfer in the
favorable direction, where lower external bias is required. The electron passes the
potential barrier on the molecule — electrode contact, when E;” is brought into resonance
with the LUMO (A). At the same time, an electron from the HOMO (D) tunnels to the
left electrode when the Er' is low enough to accept this electron. The empty space on
HOMO (D) can now be filled by the electron, which temporarily occupies LUMO (A),
and approaches the left electrode. On the other hand, if the equivalent bias is applied
in the reverse direction, the molecular orbitals are far from any resonances with the
Fermi energy of the electrodes, and thus there should be no current observed. As shown
in the bottom diagram of Fig. 2.3.5-2, much higher external bias is needed in order to
enable resonant electron transfer through the junction, according to the abovementioned
mechanism.

Due to chemical synthesis limitations, the electrical properties of the proposed
Aviram — Ratner molecule have never been verified. Many substitutes, containing
donating and accepting subunits separated by single c-electron spacers, were synthesised
and investigated. These attempts were reviewed by one of the pioneers of these studies,
R.M. Metzger '*. However, there has been no meaningful rectification found for these
molecules. The most successful experimental manifestations of the molecular
rectification phenomenon were initiated in 1990 by G.J. Ashwell er al. ** and their
observation of such an effect in physisorbed molecules, with m-electron bridges instead of
o-electron spacers. It was found that the Aviram — Ratner theory would still be applicable
if the twist along the m-bridge was sufficiently high to prevent overlapping of the
n-orbitals of donating and accepting components. Since than, many different systems
have been proposed and investigated, although most of the values of AR reported in the
literature have not exceeded 20 at +1.5 V **'. This changed in 2005, when G.J. Ashwell
and A. Mohib ** measured rectification of 50 — 150 at +1 V for the self-assembled
Au | Au—o—(A)—-n—(D) type molecular monolayer contacted with an Au STM tip (see
Fig. 2.3.5-3). The torsion angle between aromatic rings of the donating and the accepting
subunits of this molecule was reported to be 61°. This angle was high enough to provide

the sufficient isolation of the frontier molecular orbitals of the donors and the acceptors.
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Fig. 2.3.5-2 Schematic description of the rectification process according to the Aviram
and Ratner theory; electron transfer was indicated by the blue arrows.
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Fig. 2.3.5-3  I-V characteristic observed by Ashwell and Mohib 292 for the presented
Au | Au—6—(A)—n—(D) molecular rectifier; the higher current corres-
ponds to electron flow from the substrate to the contacting tip.
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Major concerns and other theoretical explanations of molecular rectification

There has been much scepticism about the origin of rectification since the first
experimental observations of this effect were reported. The very first criticisms arose

from experimental imperfections:

1) application of easily oxidisable substrates; this results in a Schottky barrier which
can dominate the electron transport between the electrodes 2003

2) usage of different materials for substrates and top contacts, which introduces
asymmetry from the difference in electron work functions of these electrodes;

3) electron work function variations, which depend on surface roughness: smoother
surfaces yield lower work functions due to the higher uniformity of the charge
distribution *;

4) geometrical differences of substrate surfaces and probing STM tip, which affect
the electrical field between these electrodes: the field is stronger nearer the sharp

tip than close to the flat sample, and so the current is larger when the tip is

negatively biased relating to the substrate **.

The two first concerns have not been the case for the most recent experiments, as the
gold-coated substrates and gold probing tips are commonly applied. However, the last
two effects can not be overcome, but they should not induce current asymmetries higher
than 10 at =1 V for atomically sharp tips, according to the analysis provided in the cited
literature “**. Due to geometrical reasons, this effect decreases as the tip approaches the
sample.

Much scepticism was also directed towards the explanation of the rectification
that was said to be due to molecular effects. The major uncertainty concerned geometry
of the molecular rectifier itself, a spatial distribution of the frontier molecular orbitals
in particular. Molecules with long alkyl chains between the substrate and molecule
have been suggested to rectify without simultaneously engaging both donating and
accepting parts of the molecule **. This is due to a profile of electrostatic potential
between the electrodes, which is sensitive to the position of the electroactive parts of

the molecule, relative to the electrodes. Further theoretical analysis of the molecular

.
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quantum dot (the phenyl ring), asymmetrically placed between two identical electrodes,
seemed to confirm these speculations *°°. The asymmetrical coupling of the molecular
n-orbital to the electrodes via tunnelling barriers should cause asymmetrical current flow,
as the electrostatic potential drops much more rapidly along the barriers than along
the conjugated system. Thus, different values of bias voltage, depending on the
polarisation of the electrodes, are required to reach resonance with the LUMO on the
phenyl ring. The potential of rectification for such a mechanism was claimed to be very
high, but only when operated at temperatures close to 0 K. It was also calculated that
the maximum rectification values, reaching 500, were achievable only at very high
bias voltages of ca. £3 V. The AR at £1.3 V was found to be 4 — 10. Later calculations
have shown that these values were highly overestimated and there should be no
significant rectification observed at £1 V under standard measurement conditions for
such systems, and other molecular rectifiers *”’. The latest predictions were also partially
supported by experimental observations >,

Despite the evident strength of the Aviram and Ratner concept, it is very difficult
to realise it practically. There are several inconveniences, which arise from the instability

2
of molecular systems 2*:

1) in resonance conditions, the molecules are charged and may undergo irreversible
reactions;

2) thermal effects at high voltages tend to cause decomposition of the molecules;

3) sufficiently high electric fields can induce conformational changes of the

molecules, which strongly affects their electronic structure.

The last effect that can cause different forms of rectification, such as field-induced
rectification, has recently been discussed theoretically by A.Troisi and M.A. Ratner *'".
Such off-resonant molecular rectifiers have been claimed to approach an AR of ca. 100 at

voltages below £1.5 V.
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3 Experimental

This part of the thesis includes basic information about the studied materials,
chemical synthesis and analytical procedures, which have been treated briefly. This
chapter has been divided into seven major parts, and is organised as follows: the first and
the second provide basic information about the materials used (Section 3.1) and systems
investigated (Section 3.2); the next three sections show the sequence of sample
preparation, which includes wet synthesis of new compounds (Section 3.3), preparation
of surfaces for the self-assembly process (Section 3.4) and novel techniques of in-sifu
creation of complex molecular structures (Section 3.5); Section 3.6 presents a unique
method of the two-terminal molecular wire formation inside a pre-fabricated solid
skeleton structure, used for electrical testing of the molecular wires; Section 3.7 describes
operational parameters of the analytical equipement that have been applied for structural

and electrical characterisation of the systems and raw materials.

3.1 Components for the experiments

The materials that have been used for the project are shown in Table 3.1-1 and
Table 3.1-2. The molecules from Table 3.1-1 were employed to create linear conjugated
azomethines, attached to gold via sulfur groups. The compounds from Table 3.1-2 were
applied to form and modify oligo(phenylene-ethynylene) type structures. Reactants:
M1 —M9, M15 and M16, were purchased from Sigma-Aldrich Chemical Co. (Gillingham,
UK). M10 — M12 were synthesised from M1, M2, M5, M8 as part of the project (see
Section 3.3). M13 was synthesised by Ch. Wang from Durham University (UK).

Solvents (HPLC grade): methanol, ethanol, chloroform, acetone, diethyl ether,
were provided by Surechem Products Ltd. (Needham Market, UK). Acetic and hydro-
chloric acids were purchased from Sigma-Aldrich Chemical Co. The type 1 ultra-pure
water (resistivity: 18.2 MQ cm at 298 K) was produced directly before experiments from

a Millipore Direct-Q 3 system with 185 and 254 nm UV lamps.
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Table 3.1-1 Compounds used for preparing the structures from Table 3.2-1 and 3.2-2.

Code Compound Molecular mass
Ml Q‘N”ﬁ 3-Aminobenzenethiol CeH,NS | 125.19
HS
M2 HS—@—NHZ 4-Aminobenzenethiol CsH7NS 125.19
M3 HzN—©—NH2 1,4-Benzenediamine CgHgN» 108.14
M4 sz—Qnoz 4-Nitrophenylamine CeHeN,0, | 138.12
0
M5 WH Terephthalaldehyde CsHeO: | 134.13
0
O/csHu
H 0 :
/ 2,5-Bis(hexyloxy)-
Mo o:/ >\:\< :H terephthalaldehyde CaoHo04 | 33445
P
CgHya
H . CH 4-Dimethylamino-
R y Q N ’ -1-naphthaldehyde CisHisNO | 199.25
\
0 CHj
"j@’NHz 6-Amino-1H-
L HS/'\N\ -benzoimidazole-2-thiol CHNsS | 165.22
H
=
NHz 2,6-Diaminoanthra-
L Q. 5 10.quinone CiHioN;0; | 238.24
H P 4-[(4-Mercaptophenylimino)-
M10 HS—@—N/ H  -methyl]-benzaldehyde CisHiiNOS | 241.31
oA 3_@_40 4-[(3-Mercaptophenylimino)-
Ml @—N/ H -methyl]-benzaldehyde CisHuNOS | 241.31
M12 -benzoimidazol-5-ylimino)- | C sH,,N;0S | 281.33

-methyl]-benzaldehyde

H P
),—@—( 4-[(2-Mercapto-3 H-
O
HS/‘\N\
H

s llT
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Table 3.1-2 Compounds used for preparing the structures from Table 3.2-3.

Code Compound Molecular mass
N N
\_ J
=N
A==
M3 O \_7 O CorHisN3S, | 449.59
3-{4-{5-[4-(2-Cyano-ethylsulfanyl)-phenylethynyl]-
-pyridin-2-ylethynyl}-phenylsulfanyl}-propionitrile
N\ /N . .
N 7 Lithium salt of o CpHeNs™ | 206.20
Mi4 | @O . 7,7',8,8'-tetracyanoquinodimethane =
N// \\N (Li'TCNQ™) Li 6.94
Reaction assisting compound
MI15 { N—CH, 1-Methylpiperidine CeHisN 99.17
Sodium salt of methanol -
Mo N OQCHS (sodium methoxide) Na'CH,0" | 54.02

3.2 Studied systems

Structures from the first group of studied systems, azomethine thiolates (AT)

on gold (Table 3.2-1), were expected to provide very effective electron tunnelling paths

along the molecular chains in both or just one direction. In the second case asymmetrical

current transmission were to be due to incorporating appropriate electron-donating and

electron-accepting components from Table 3.1-1 into the AT chains according to the

Aviram — Ratner concept of the molecular rectification (see Section 2.3.5). Very similar

structures, oligo(phenylene-vinylenes), had previously been found to provide efficient
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electronic coupling between two reservoirs of electrons attached to their chain ends B,
However the main advantage of AT systems over oligo(phenylene-vinylenes) is
resonably simple and efficient synthesis of these structures, occuring at room tempe-
rature (see Section 3.3 and Section 4.1.2). This enabled an in-sifu extension of such
molecular wires together with an introduction of active components into the molecular
backbones.

The studied AT systems were intentionally prepared to vary in: geometry for
the attachment to the substrate, length and distribution of functional elements along
the chain. Different arrangements on the gold surface were believed to be provided by
the variant substitution of the thiol terminal group of M10, M11 and M12. The mole-
cular conformation was also a major factor in determining the successful formation of
the structures shown in Table 3.2-2 from MI1 and M9. Finally, both structural and
electronic properties of the AT systems were in the range of interest.

M13 was used for preparing the thiolate form of 2,5-di(phenylethynyl-4’-
-mercapto) pyridine (PeMP), which was further modified in-situ to obtain the systems
shown in Table 3.2-3. Oligo(phenylene-ethynylenes), had previously been reported
to effectively transmit electrons 182 and they are currently the most widely studied
molecular wires. The idea behind inserting a pyridine ring into the core oligo(phenylene-
ethynylene) structure was to monitor conductivity changes upon the chemical
modification of this reactive part of the molecule. From the point of view the molecular
electronics, the most interesting was to compare the current transmissions of a neutral
molecular wire and an equivalent system with an excess charge localised in the central
part of the core structure. Further transformation of this system was based on creating
electrically active adlayers on top of the self-assembled monolayers of modyfied PeMP

(see Table 3.2-3) in order to obtain the high molecular rectification.
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Table 3.2-1 Studied AT systems (continued on page 50).

Code Chemical formula, name of thiolates and molecular mass
H 0
A y
)/_©_< Thiolate form of .
1 ATl S@—N H 4-[(4-mercaptophenylimino)-
A -methyl]-benzaldehyde (240.30)
Thiolate form of
Au S H O
2 AT2 %7 },—@—/( 4-[(3-mercaptophenylimino)-
N " -methyl]-benzaldehyde (240.30)
H o} .
) < > /< Thiolate form of
3 AT3 " N N H 4-[(2-Mercapto-3 H-benzoimidazol-
u%s /“\N -5-ylimino)-methyl]-benzaldehyde
\ (280.32)
o)
a7
O
4 | ATI-A s—@N H
oty
Thiolate form of 2-Amino-6-{{4-[(4-mercaptophenylimino)-
-methyl]-benzylidene}-amino}-anthraquinone (460.53)
o)
PSa el
Au }S H ;sl Q \
5 | AT2-A @‘”/ H
Thiolate form of 2-Amino-6-{ {4-[(3-mercaptophenylimino)-
-methyl]-benzylidene}-amino }-anthraquinone (460.53)
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Q
N
NN N{}H =i O~
" %S/&

Thiolate form of 2-Amino-6-{ {4-[(2-mercapto-3 H-benzoimidazol-
-5-ylimino)-methyl]-benzylidene}-amino }-anthraquinone (500.55)

CHs

o :, O
adal

Thiolate form of 2-[(4-Dimethylamino-naphthalen-1-ylmethylene)-
-amino]-6-{ {4-[(4-mercapto-phenylimino)-methyl]-benzylidene } -
-amino }-anthraquinone (641.76)

7 | AT1-AD

Au

A O,
8 | AT2-AS %b >_©_<

Thiolate form of 2,6-Bis-{ {4-[(3-mercaptophenylimino)-methyl]-
-benzylidene }-amino}-anthraquinone (683.82)

9 | AT2-L

ERUS Vs T otey
3’ Ay O~ ata )

Thiolate form of 2-{{2,5-Bis-hexyloxy-4-{ {4-{{4-[(3-mercaptophenylimino)-methyl]-
-benzylidene}-amino}-phenylimino}-methyl}-benzylidene}-amino}-6-{ {4-[(4-nitro-
phenylimino)-methyl]-benzylidene}-amino}-anthraquinone (1103.31)
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Table 3.2-2 Structures incorporated into the testing platform described in Section 3.7.

Cotle Thiolate forms of AT2 attached to the opposite gold electrodes (1)
Dithiolate form of AT2-AS trapped between gold electrodes (2)
H N-—< ?
>_< >_</
O/ H S*E Au
1 | AT2-g-AT2 ~<— GAP —>
Au 378 H /O
-
H N
oD
O N/ H S~E Au
2 | AT2-A-AT2 .
Au S H N
2avasated
N H

Table 3.2-3 Studied PeMP systems.

Cioile Thiolate form of 2,5-Di(phenylethynyl-4’-mercapto)pyridine | Molecular
on gold and derivatives of this thiolate (modified in-sifu) mass
N=
1 | PeMP-a s~ = ’\\_/\/ = Q_SH 342.46
N
H\ CIe
N=
2 | PeMP-b s~ »=rAk®)—=— Hsn 378.92
am
H
§ie N\\ V4
3 | PeMP-c s+ Y=rAk®)—=— Y- g . 549.67
at ¢ TN
H
\ \ VA
s~ Y=—@)—=- Y- @ .| 549.67
4 | PeMP-d Dfn . V4 \, N
”3°_NC> 99.17
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3.3 Synthesis of molecules

Three related compounds: M10, M11 and M12 were synthesised using the same
type of reaction between amines and aldehydes (see Fig. 3.3-1). The synthesis of M10
was performed as follows: M2 (0.71 cm’, 6.68 mmol) and M5 (4.5 g, 33.5 mmol) were
refluxed in ethanol (70 cm®) for three hours at room temperature. A yellow product
was obtained (1.42 g, 88 % yield) by rotary evaporation, then washed with ethanol,
filtered to remove starting materials and recrystallised from various solvents in the
following sequence: diethyl ether — chloroform — acetone. After each recrystallisation
step, the product was also washed with ethanol and filtered in order to improve the
purity. Amounts of starting materials used for the synthesis of 0.37 g (87 % yield) M11
were: 0.22 g (1.76 mmol) M1 and 1.08 g (8.05 mmol) MS. Similarly, for the synthesis
of 0.62 g (73 % yield) M12 these amounts were: 0.50 g (3.03 mmol) M8 and 2.58 g
(15.6 mmol) M5. In both cases, as well as for the synthesis of M10, an excess of M5

(ca. x 3) was used in order to ensure monosubstitution with M1, M2 and M8.

H /O

H (0]
H /0 Ethanol 4
NH2 + i —_—T N/ + H20
4 W T=300K H
HS

Fig. 3.3-1 Scheme of M10, M11 and M12 synthesis.

.
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3.4 Preparation of gold substrates

Depending on the experimental requirements, three different substrates were used.
A short description of each kind of substrate and the methods of their preparation for

further molecular deposition are given in this section.

3.4.1 Gold on quartz crystal

Gold covered quartz crystals, adapted to monitor the amount of molecules
attached to gold surfaces, according to the description given in Section 2.2.2, were
purchased from the International Crystal Manufacturing Co. (Oklahoma City, US). Both
sides of the AT-cut quartz crystals were pre-coated with 10 nm of an adhesion chromium
layer to provide a mechanically stable surface for gold deposition. The layers of gold,
ca. 100 nm thick, were deposited onto chromium and polished to achieve a smooth
surface and the required nominal vibration frequency.

Prior to deposition, the crystals were rinsed with acetone and treated with nitrogen
plasma for 2 minutes in Plasma Prep 2 manufactured by Gala Instrumente (Bad
Schwalbach, Germany). This procedure guarantees that the gold surface is free of any
chemisorbed organic moieties and other residual contaminants from the manufacturing
steps *''. Apart from measuring the surface coverage via QCM, these substrates were
further adapted for STM-STS electrical testing of the deposited molecules in order to

compare the results with those obtained for the molecules on other substrates.
3.4.2 Atomically flat gold on mica

Crystalline Au(111) on mica substrates were purchased from Structure Probe Inc.
(West Chester, US). These structures were manufactured via an epitaxial growth of
150 nm layer of gold onto freshly cleaved, ca. 50 pm thick, high-quality muscovite mica
wafers (chemical formula: K20-Al;03-SiO2) in high vacuum, followed by annealing.
This method provided gold surfaces composed of atomically flat crystalline terraces,

typically larger than 100 nm across.
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The structures were freshly reconstructed via hydrogen flame annealing before
delivery and sealed to prevent any permanent contamination. Thus, the molecular layers
were deposited without any additional purification procedure. These substrates were

employed for XPS experiments and STM high-resolution imaging.
3.4.3 Gold on crystalline graphite

The highly oriented pyrolitic graphite wafers (HOPG) for further gold coating
were purchased from Structure Probe Inc. The substrates were freshly cleaved prior to
deposition. 99.99 % Au (Sigma-Aldrich Chemical Co.) was thermally evaporated onto the
HOPG wafers in an Auto 306 EM unit manufactured by Edwards Ltd. This instrument
was provided with rotary and diffusion pumps, generating a vacuum of 1.8 x 107 Torr.
Gold deposition was carried out at the constant rate of ca. 0.1 nm/s, until the 100 nm
metallic layer was obtained. The gold layer thickenss was monitored via QCM.

These substrates for molecular self-assembly required no further cleaning, as they
were immersed immediately after being removed from the ultra-high vacuum chamber.
The whole procedure described above was performed in a clean-room environment
(class 1000). Samples with smooth polycrystalline gold surfaces on HOPG were used for
the experiments where structural disorder of the molecular adlayers was advantageous,
i.e. for the conductivity and the current asymmetry measurements of the molecular

structures.

3.5 Preparation of molecular structures on gold

Self-assembly was the primary method used to form the molecular structures
on gold. Both SAM formation, and in-situ modifications of the monolayers were carried
out from freshly prepared solutions at room temperature. The concentration of the
molecular compounds in solution was 0.5 mM. Initially, the self-assembly of each
compound was proceeded on the QCM sensors, described in Section 3.4.1, and the time

of deposition to yield a complete monolayer was monitored. To ensure full coverage of
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the other substrates, they were immersed in the thiolate solutions for the time needed to

cover the QCM gold electrodes.

3.5.1 AT molecular wires

Molecules: M10, M11 and M12 were self-assembled from acetone solutions onto
gold substrates to form AT1, AT2 and AT3 systems. These substrates were rinsed with
pure solvent after deposition to remove molecules, which were not chemisorbed to the
gold surface, and then left to dry for ca. 1 min. The influence of environmental conditions
of the self-assembly process on the final composition of the adlayers and the surface
coverage was studied for M10 and M11. However, no correlation was found between the
structural properties of the monolayers and the following factors: solvent type, oxygen
presence in the solutions, and temperature of the process. Thus, details of these
experiments were omitted.

Further extension of the aldehyde-terminated moieties: AT1, AT2 and AT3 was
achieved viag interfacial reactions of these SAMs with molecules containing amino
groups: M9 and M3. Reactions of AT, AT2 and AT3 with M9 resulted in the systems:
ATI1-A, AT2-A and AT3-A respectively. M3 was used for the second step of building-up
the AT2-L molecular wire. For all these reactions, the substrates with the first molecular
adlayers were immersed in ca. 2 mM ethanol solutions of the reactants. To increase the
rate of these reactions acetic acid was added to obtain an acidification of ca. 2 %.

The same procedure was repeated to attach the following parts of the investigated
structures, using the aldehyde-terminated components: M7 (for AT1-AD) and MI1
(for AT1-AS). In the case of the AT2-L structure, after attaching M3 in the second step,

the other reactions occurred in the following sequence: M6 — M9 — M5 — M4.
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3.5.2 PeMP systems

Self-assembly of M13 required solution mixing for the effective preparation of
PeMP-a monolayers. The chloroform solution of M13 was mixed with the ca. 5 mM
M16 methanol solution; the ratio was ca. 2 : 1 (volumetric scale). In this case, M16
facilitated the removal of the cyanoethyl protecting terminal groups from M13. During
self-assembly, substrates were taken out of solution at ca. 30 min intervals and immersed
in pure methanol for ca. 5 min in order to remove adsorbed M 16, which tend to passivate
gold surfaces. After this time, samples were rinsed with chloroform prior to immersion
in the solution mixture.

Protonation of PeMP-a in order to obtain PeMP-b structures was performed in
hydrogen chloride fumes for ca. | min. Extension of this time was found to be destructive
to the QCM, as it caused corrosion of its metallic parts. The samples were rinsed with
ultra-pure water, methanol, then chloroform and left to dry.

PeMP-c structures were created by immersion of PeMP-b in ca. 10 mM M14
ethanol solution for three days. During that time an ionic exchange reaction between
CI” and tetracyanoquinodimethane radical anion (TCNQ™) occurred. This was predicted
to occur due to the excess presence of the TCNQ™ anion in solution. Positioning of
TCNQ™ on top of PeMP-b was highly probable in those areas of the sample where
the SAMs were dense enough to prevent TCNQ"™ from diffusing inside the monolayer
structure.

The idea behind using the M15 molecule was to deprotonate PeMP-c. However,
immersion of the substrates with PeMP-c in ca. 10 mM M15 ethanol solution for up to
six days did not give the expected results. Surprisingly, further studies revealed
exceptional electrical properties of these samples, which were treated according to the

described procedure (see Section 4.4.2) and thus, this molecular system was denoted as
PeMP-d.
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3.6 Molecular wires inside nano-sized electrode gap

The silicon platforms containing gold electrodes separated by a distance of a few
nanometers (which are referred to as Si-DEV), were fabricated by C.J. Bartlett and
P.D. Buckle from QinetiQ PLC (Malvern, UK). A diagram of single Si-DEV and
photographs of their assembly on a silicon wafer are shown in Fig. 3.6-1. Microscopic
images of a central core of Si-DEV are shown in Fig. 3.6-2. The preparation of these

structures involved the following steps:

1) electron beam evaporation of gold bottom electrodes onto a Si/SiO; substrate;

2) metalorganic vapour phase epitaxy (MOVPE) of ca. 6 um diameter SisN4 layers
on top of the gold and Si3N4 pads on either side of the bottom electrodes;

3) deposition of SiO, domes on the SizNy4 layer above the bottom electrode via
low-energy plasma sputtering;

4) deposition of a thin gold layer on top of each SiO; dome via sputtering;

5) electroplating of top contacts to connect central structures attached to the bottom
electrodes with separate bond pads;

6) wet etching with buffered hydrofluoric acid to wash out the uncovered SizN4
layer plus some additional fraction of this insulator in order to create narrow gold
rims around the periphery of the SiO, domes, and establish top attachment

regions for further molecular self-assembly.

This method offers the possibility of controlling the distance between top and bottom
contacts down to single nanometers, whilst maintaining high robustness and mechanical
stability of the structure.

Molecular wires linking the electrodes of Si-DEV were created in-sifu using the
method described in Section 3.5.1. Primarily, M11 was self-assembled simultaneously
on the top and bottom electrodes to form AT2-g-AT2. In the next step, the aldehyde-
-terminated groups of AT2 from lower and upper electrodes were linked together by M9.

This resulted in the two-terminal molecular wire structures denoted as AT2-A-AT2.
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Fig. 3.6-1 a) Cross-section of Si-DEV composed of: bottom and top electrodes (yellow)
on a silicon wafer (gray), insulated by SizN4 layers (dark green) and SiOz
dome (light green), and connected by molecular wires (red) inserted via
a series of in-situ reactions;

b) Photograph of external terminals of single Si-DEV;
¢) Photograph of an array of 18 autonomic Si-DEV on a testing platform.
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Fig. 3.6-2 Top-view of the central part of Si-DEV via optical microscope (top picture),
and AFM deflection mode image of the core of the top electrode (bottom

picture).
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3.7 Analytical equipment

The main analytical techniques and the equipment used for the characterisation of
the materials and properties of the created structures are described in this section. Other
auxiliary apparatus and basic laboratory equipment have been omitted or treated briefly.
A molecular modelling method that was used as an additional supportive technique is

mentioned.
3.7.1 Identification and characterisation of new materials

In order to identify the reaction products, thin layer chromatography (TLC) and
UV-Vis spectrometry were used. TLC plates with silica-based adsorbent layers were
purchased from Sigma-Aldrich Chemical Co. UV-Vis spectra of the materials dissolved
in acetone solutions were obtained via a Super Aquarius 9000 series spectrometer, in the
wavelength range of 190 — 800 nm.

Solid products were also identified via a Research Series FT-IR (fourier
transform infrared spectrometer), which measured spectra in the wavenumber range of
400 — 4000 cm™'. Upon sample preparation, the crystalline solids were dispersed into
fine KBr powder and compressed by a high-pressure press to form disks of ca. 0.1 mm
thickness. The infrared spectra were recorded using WinFIRST software.

The purity of the reaction products and the temperatures of their phase transitions
were found via thermal analysis using Mertler-Toledo 822° differential scanning
calorimeter (DSC), supported by STARe Version 7.01 software. 1 mg samples were
scanned at a temperature increase rate of 0.1 K/s.

Mass spectra of the synthesised compounds were obtained in order to confirm
the final products. They were performed via electrospray ionisation (ESI) by the EPSRC

National Mass Spectrometry Service Centre in Swansea.
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3.7.2 Quartz crystal microbalance

Monitoring the rate of self-assembly and the interfacial reaction yields was
performed via 10 MHz QCM. The total mass of molecules on the gold electrodes of
each crystal was calculated from the vibration frequency changes of the crystals, using
Eqn 2.2.2-1 and 2.2.2-2.

A schematic setup for QCM measurements is shown in Fig. 3.7.2-1. The quartz
crystals were excited with a Thandar TS3021S power supply, providing a DC current
of 0.01 A and 9 V. The crystals oscillations were driven by an oscillator circuit, which

212

was made in-house according to the literature description “°°. The frequency was

measured by a Hewlett Packard 53131A — 225Hz universal counter.

1) Power supply

2) Oscillating circuit

3) 10 MHz QCM

4) Acoustic shield

3) 5) Frequency counter
6) Computer acquisition

-—l I
el 4 || o999848.92 Hz | i\‘
2) J)
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C

Fig. 3.7.2-1 Experimental setup for QCM measurements.
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The nominal vibration frequency of each crystal was checked prior to SAM
deposition, after surface preparation. A reference crystal, immersed in pure solvent was
also used for longer depositions to monitor any anomalous vibration changes, which
arose from the temperature variations, or power supply electrical fluctuations. The

frequency measurement procedure included:

1) rinsing a sample with pure solvent,

2) drying metal electrical contacts of the sensor,

3) mounting the sample into a holder of the oscillating circuit for ca. 30 s to let the
rest of solvent evaporate and settle the resonant frequency,

4) taking readings,

5) immersing the sample into solution.

3.7.3 X-ray photoelectron spectroscopy

The XPS analyses were performed on an AXIS Ulfra unit with a monochromatic
Al X-ray source at 150 W, manufactured by Kratos Analytical Co. Spectra were acquired
at 90° take-off angles. Each analysis started with a survey scan from 0 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 the 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 4f7; line at 84.0 eV. Data
was collected using CasaXPS Version 1.1 software.

The quantitative calculations were preceded by subtraction of a linear background
from the separated peaks. The intensity of the peaks was a count-rate of the signal at
a given binding energy per second (CPS units). This was followed by fitting and
deconvolution procedures to separate signal characteristics for certain positions of each
element in the studied molecule, and finally, integration of an area of the peak. To obtain
the required atomic concentrations, the calculated row peak areas (also in CPS units)
were divided by atomic relative sensitivity factors (RSF), shown in Table 3.7.3-1 for

selected elements.
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Table 3.7.3-1 RSF for selected elements.

C1s 0.278
N 1s 0.477
S2p 0.668
0 1p 0.780
Cl2p 0.891
Au 4f 6.25

Quantitative analysis was undertaken using the Jandel PeakFit Version 4.0
software package, which enabled a type of fitting function to be selected and allowed
specific parameters, a,, to be fixed or varied accordingly. Peaks were fitted by using the

Lorentz-Gauss cross-product function:

Eqn 3.7.3-1

3.7.4 Scanning probe microscopy and spectroscopy

Nano-scale surface images and I-V characteristics of SAMs on planar surfaces
were obtained using Multimode NanoScope IV and NanoScope E sets, both made by
Digital Instruments (Veeco Metrology Group). An active ground vibration isolation,
model TS-150, made by Table Stable Ltd. (Zwillikon, Switzerland), and acoustic wave
attenuators were applied during measurements. Gold tips, made by precise angle cut of
@ 0.2 mm, 99.99 % gold wire, purchased from Agar Scientific Ltd. (Stansted, UK),
plasma-cleaned prior to experiment, were used. These Au tips enabled atomic resolution
with the STM probing techniques, and provided the possibility of temporal junction

formation when contacting thiol-terminated self-assembled molecules.
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The substrates described in Section 3.4 were attached to metal conducting plates
by a layer of synthetic adhesive material. The metal discs with the samples were mounted
directly to a magnetic part of the STM head. In the case of HOPG or mica substrates,
electrical contact between Au surfaces and the metal plates was established by silver
paint, purchased from Sigma-Aldrich Chemical Co. Quartz crystals were also adapted for
the electric measurements by using high-k, adhesive material. Electric contact from the
top electrode of the crystal to the STM head was vig a thin wire originally attached to
the electrode, which was connected to the metal plate.

Data was collected and processed using Multimode NanoScope Control, Version
5.12r3 software (Veeco Instruments). Initial settings used for the surface scans, when
the electrons tunnelled between tip and sample, are shown in Table 3.7.4-1. These
parameters allowed a precise tip engagement at a safe distance from the sample, therefore
preventing tip or surface damages. They were modified afterwards to meet specific
sample features, especially roughness and conductivity, and were re-adjusted with

measurement condition changes.

Table 3.7.4-1 STM tip engaging parameters.

Bias voltage 100 mV
Current set-point 0.3-2nA
Scan size | pm

Tip velocity 4 pum/s
Proportional gain 1.5
Integral gain 1

Tip — sample separation limit 1 um
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STS measurements of I-V characteristics were performed with feedback at both
positive and negative bias in order to ascertain that the registered current flow
asymmetries were real molecular effects. For transparency, the plots presented in this
thesis were registered using the feedback at +1024 mV. The polarity of the bias voltage
was defined in the conventional way as representing the voltage on the substrate. This
means that the positive bias was attributed to electron transport from tip to substrate.
All scans were performed at a scanning rate of up to 8 Hz. To measure -V and I-¢
characteristics, the initial bias and the tip — sample separation limit were gradually
decreased, which enabled reduction of the distance between tip and sample (s). For I-
scans, a 2 nA current set point was used, and the feedback loop was disabled. Deactivated
feedback at sufficiently low current and low voltage enabled a slow drift of the tip toward
the sample without changing V. A separate STS mode, built into the software, was used
for registering /-s characteristics.

Lateral distance calibration for surface imaging was made using HOPG as
a reference (see Fig 3.7.4-1). Measured distances between neighbouring atoms of
graphite lattice were compared with the literature crystallographic data and the correction
was made before obtaining images of molecular arrays. Recorded images were processed
using Multimode NanoScope Control software in order to remove noise without losing

any topographic information.

- 66 -




3 Experimental

A =0.255 nm
B =0.433 nm
C =0.666 nm

Fig. 3.7.4-1 3 x 3 nm® constant current STM image of HOPG and
schematic structure of HOPG lattice.

3.7.5 Electrical testing of molecular junctions inside silicon platform

In order to measure /-V characteristics of Si-DEV molecular junctions, a simple
testing platform was built (see Fig. 3.7.5-1). This enabled quick and accurate contact of
external terminals of Si-DEV to testing circuitry. Keithley Instruments Inc., model 6430
Sub-Femtoamp source meter, supported by a dedicated signal pre-amplifier containg
sensitive feedback elements, was used for the measurements. The signal pre-amplifier

was connected to 30 mm, & 0.2 mm gold wire probing tips via a 150 mm protective

BT
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shield CAP-31 triax cable (Keithley Instruments Inc.). All possible precautions to
eliminate electromagnetic noise and leakage currents, according to information found in

the literature on low current measurements />4

, resulted in the complete lack of current
offset. /-V measurements were also performed in the dark to avoid photoemission of
electrons from the gold electrodes of Si-DEV. The entire setup was controlled by a PC

with LabTracer, Version 2.42 software.

7)

1) Shielded testing platform with 3D manipulator
2) Probing gold tips

3) Probing contacts holder

4) Shield CAP-31 triax cable

5) Keithley 6430 signal pre-amplifier

6) Keithley 6430 sub-femtoamp source meter
7) Computer acquisition

Fig. 3.7.5-1 Experimental setup for /- measurements of Si-DEV molecular junctions.
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3.7.6 Molecular modelling

Molecular calculation and visualisation package: Modelling Studio 4.1 (Cerius

Software, Accelrys, Cambridge) was employed in order to:

1) provide information about the tendency of molecules to form certain geometries,
which was required at the planning stage of the research project;

2) localise the frontier molecular orbitals on these molecules;

3) estimate the length of molecules and angles, which supported experimental

studies on the molecular arrangement on Au and inside Si-DEV.

Molecular geometry optimisation was performed using MOPAC, which is
a general-purpose, semiempirical molecular orbital program *'° and Austin Model 1
(AM1) calculation method *'®. This method was found to give satisfying results for the

aromatic systems, which agreed with experimental observations *' ",
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4 Results and discussion

Regarding the chemistry of the sample preparation, and various physicochemical
features of the prepared systems, this chapter is divided into four major sections.
Section 4.1 and 4.2 reveal structural properties of AT systems and PeMP monolayers
respectively. Sections 4.3 and 4.4 concern the electrical characterisation of the created

molecular wires.

4.1 Structural studies of AT systems

The physicochemical characterisation of the molecular wires, based on
an azomethine backbone, focused on the most important aspects of the composition
and molecular arrangement of these systems. Detailed analysis concerned only the
molecules which had been considered as being useful for further electrical studies.
This section is divided into sub-sections in such a way as to describe the analysis of
azomethine systems chronologically, at each stage of their preparation. This includes
characterisation of the synthesised materials (Section 4.1.1) and structural studies on
the molecular monolayers using QCM (Section 4.1.2), XPS (Section 4.1.3) and STM

imaging, supported by molecular structures modelling (Section 4.1.4).
4.1.1 Synthesised azomethines

The three products: M10, M11 and M12 were previously analysed via TLC,
UV-Vis and DSC (after recrystallisation at room temperature). Using these methods,
no starting materials or other compounds were identified among the purified final
products. Melting point temperatures (MP) of M10 — M12, shown in Table 4.1.1-1,
vary from those, observed for M1, M2, M5 and M8. Single UV-Vis absorption peaks
at a wavelength maxima in the range of 340 — 384 nm (see Table 4.1.1-1), were

responsible for the yellowish colours of these compounds.
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Table 4.1.1-1 UV-Vis absorption maxima and MPs of synthesised compounds.

Warelengh st h masimur -
M10 356 488
Mi11 340 500
M12 384 214

Mass spectrometry analysis revealed intense peaks at M = 241 for M10 and M11,
and at M = 281 for M12. Accurate mass measurements of M10, using perfluorotributyl-
amine as a reference, enabled determination of the exact values of M = 241.0552 vs.
calculated M = 241.0556.

According to the FT-IR spectra, all three solids absorbed radiation at 2870 — 2860
cm™' (aldehyde C—H stretching vibrations), and strongly at 1699 — 1694 cm™ (C=0 and
C=N stretching vibrations). No sharp absorption at 3370 — 3360 cm™' (responsible for
N-H stretching vibrations) was detected, which confirmed the lack of any significant
amounts of M1, M2 and M8 among the respective products.

X-ray absorption peaks for each element of M11 are shown in Fig. 4.1.1-1, for
comparison with further studies of AT2 and AT2-A. The core electron binding energies
for the elements of M11 and M12 were referenced to the main C 1s peak at 284.7 eV,
estimated for SAMs of these compounds (see Table 4.1.3-1). This method enabled
tracing changes of binding energies for S and N elements upon chemical reactions and
environmental changes.

XPS quantitative analysis of M11 was performed independently by the author
and by K. Ford from the University of Queensland (Brisbane, Australia). Analysis of
MI12 was performed entirely by K. Ford. Calculated ratios of elements, denoted in
Fig. 4.1.1-2 for M11 and in Fig. 4.1.1-3 for M12, compared to the theoretical values are
shown in Table 4.1.1-2 and Table 4.1.1-3 respectively. Elements, labelled by the same

numbers, were considered to be in equivalent chemical environments.
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Averaged experimental ratios of the total amounts of C, S, N, and O for M11
were very close to the theoretical ratios expected for these elements, which again proved
the chemical purity of these products. Analysis of M12 also revealed exceptional
agreement of the experimental ratios with the theoretical ones, generally confirming
the high efficiency of the purification method used. The precision of distinguishing
the amounts of particular carbon elements in different environment was significantly
lower than for different elements of the same compound. This was due to the very high
degree of overlap between the peaks which made the resolving procedure problematic.
Other small deviations could be due to low accuracy of estimating the baseline when
substracting the background from the separated peaks prior the calculations of their

intensities.

1200 - 4 1200
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w
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=, 168 166 164 162 160 404 402 400 398 396
—
_g 1800 - 015‘_ 6000 - C1s 4
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536 534 532 530 528 290 288 286 284 282

Binding Energy/eV

Fig. 4.1.1-1 X-ray absorption peaks of the M11 elements, labelled in the top-right
corner of each plot.
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Table 4.1.1-2  Results of the XPS elemental analysis of M11. Two values of the
elemental ratio were given for each element: the first is for the analysis
performed by the author (PW) and the second by K. Ford (KF).

Lo Experimental .
Ohgtirical Binding slemental futio Theoretical
Element : energy elemental
environment ;
(eV) ratio
PW KF Average
O 1s 0'=C 532.0 1.17 0.87 1.02 1
N 1s C=N3-C 399.1 1.15 1.07 1.11 |
c-Cc*=0 287.2 0.86 0.84 0.85 1
Aryl-C*=N
C1s AryI—Cs—N 285.8 2.12 2.22 2.17 2
Aryl C®
Aryl-C7—S 284.7 10.6 11.4 11.0 11
a8 164.0
S 2p Cc-S i 1.12 0.89 1.00 1
HS
7 6
2
6 N 6 6 o'
6 6 N8 /3
4 6
6 6 H

equivalent elements.

=

Fig. 4.1.1-2 MI11 molecule with numerical labelling, denoting
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Table 4.1.1-3 Results of the XPS elemental analysis of M12 (by K. Ford).

El Chemical Binding energy Experimental Theoretical
ement . . .
environment (eV) elemental ratio | elemental ratio
O 1s o'=C 531.8 0.90 1
N* 400.4 2.27 2%
N 1s
N* 398.7 1.06 1%
C-C%:=0 287.5 1.18 1
N=C*-S 287.0 0.93 1
C1s 4
Aryl-C*=N
Aryl-C5—N 285.6 3.94 4
Aryl C® 284.7 8.54 9
_al 163.4
S 2p C-8 164.7 0.92 1
%

— reliable matching of the detected peaks to the particular nitrogen elements of M12 is impossible

at this stage of research due to the lack of literature information about the core electron binding
energies for N in this chemical environment.

Fig. 4.1.1-3 M12 molecule with numerical labelling, denoting equivalent

elements.
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4.1.2 Self-assembly and interfacial reactions — QCM

Prior to the synthesis of M10, MI1 and MI12, attempts at forming a well-
-organised monolayers of M1 and M2 were undertaken. However, the results obtained
were very inconsistent. The molecular adlayers were also easily removed by intense
rinsing of the QCM electrodes with various solvents. Physisorption, rather than
chemical binding of these molecules to gold, was assumed to dominate in these cases.
For the small planar molecules the non-upright configuration on gold substrates can
not be excluded due to the low intermolecular interactions and considerable affinity
of amino groups and phenyl rings to gold surface. Additionally, there is the possibility
of disulfides forming which also makes sulfur — gold chemisorption less enegetically
favourable. As interactions between molecular rings stabilise monolayers, inhibiting
close-packing, longer azomethines were synthesised. The replacement of the amino
terminal group with an aldehyde group was also expected to promise gold — thiolate
formation. Thus M10, M11 and M12 were thought to form densely packed, high-ordered
and stable SAMs.

Initially, self-assembly of these molecules was monitored via QCM. Results
of these measurements, the adsorption isotherms, revealed average areas per molecule
(see Eqn 2.2.2-3) vs. deposition time. Figure 4.1.2-1 contains such adsorption isotherms
for all three systems. Each point in these plots is an average of five independent
measurements, obtained for different samples, prepared using the same procedure.
The dispersion, treated here as a difference between two extreme readings for each
deposition check-points, was also shown by error bars. The area per molecule for
maximum surface coverage (4PM) has been the main reference for molecular packing
during these studies. APM was reached for deposition times of ca. 4, 7 and 24 hours for
M10, M11 and MI2 respectively. Further depositions of the monolayers of these
molecules on other substrates were adequately extended to assure the maximum possible

coverage.

-75 -



4 Results and discussion

M10

Area/nm?2 molecule™

M11

Area/nm? molecule™

M12

Area/nm? molecule™

0.9

0.8

0.7

0.6

0.5

0.4

0.7

0.6

0.5

0.4

0.3

0.8

0.6

0.4

0.2

T raet---T——i

0.31 I"I"'-i---.}.._

R

L PSR WP " Sy

0 2 4

6

8 10

Time/h

25 30

Fig. 4.1.2-1 Adsorption isotherms of M10, M11 and M12 on QCM electrodes.
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An exponential dependence of the adsorption isotherms for M10, M11 and M12
matched that observed for diffusion-limited processes (see Section 2.1.2). The QCM data
was fitted using a modified Eqn 2.1.2-2, which was adapted to a graphic representation of

the adsorption isotherms used in this thesis (see dashed lines in Fig 4.1.2-1):

—ckppt

area _ ]
Afolecule =APM +4 ¢ Eqn 4.1.2-1

Here, A is a scaling factor. The best fittings were obtained for: k;p = 600 dm’mol~ s
(M10), kzp = 320 dm’mol™'s™? (M11), and k,p = 172 dm’mol™'s™"* (M12).

Interfacial reactions of AT1, AT2 and AT3 with M9 or M3, and the following
reactions were also monitored via QCM. The results, represented by the amount of
molecules attached to the previous SAM upon single in-sifu reaction events, were
compared (see Table 4.1.1-3). The amount of molecules involved in each reaction,
An (mol) = Am W', were calculated from Am, obtained directly from the QCM data,
which indicated the maximum surface coverage. Table 4.1.1-3 was divided into four
parts, each showing the quantitative characterisation of a different molecular wire
structure formation. Three to five samples of each system were tested and analysed
to confirm reproducibility of the data.

Presented results indicate a very high yield for most of the interfacial reactions,
except the case in which the bulky M6 molecules were involved. However, calculated
APM = 0.79 nm* for the AT2-L system was considered as reasonable due to the
presence of the hexyloxy side chains in the monolayer. This APM is also consistent with
the values reported for other SAMs of linear molecular systems containing these side
groups *'.

The other tendency was observed for SAMs when reacted with M9. An excess
of this compound was detected for 9 of the total 16 samples studied. The highest excess
was found for the cases in which the depositions were extended further beyond

an average reaction time. Thus, only the samples with stoichiometrically correct amounts

of M9 were used for AT1-AD and AT2-AS system formation.
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Table 4.1.2-1
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The amounts of M10, M11 and M12 deposited onto QCM electrodes,

and the amounts of molecules attached in-situ to the self-assembled
systems, given in An (x107'° mol) units.

Molecule attached

Sample 1 | Sample 2 | Sample 3 | Sample 4 | Sample 5
(System created) ; g # ¥ e
MI10 (ATI) 1.62 1.68 1.58 1.60 1.64
M9 (ATI-A) 1.54 1.80 1.57 1.79 1.53
M7 (ATI1-AD) 1.12 - 1.33 = 1.16
MI11 (AT2) 2.25 2.20 2.19 2.17 2.23
M9 (AT2-A) 3.25 2.37 2.15 1.99 2.08
MI1 (AT2-AS) = - 1.62 1.93 1.79
MI12 (AT3) 2.50 2.61 2.67 - -
M9 (AT3-A) 3.28 2.50 2.72 - -
M1l (AT2) 2.45 2.45 2.54 - =
M3 — 2.85 2.75 2.36 - -
M6 -— 0.68 1.18 1.25 - —
M9 - 0.85 1.19 1.47 = —
M5 - 0.78 0.90 1.29 - =
M4 (AT2-L) 0.78 0.80 0.99 = -
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4.1.3 Self-assembly and interfacial reactions — XPS

Samples containing AT2 and AT3 on Au(111) were studied via XPS to confirm
self-assembly of M11 and M12, and to obtain information about the quality of these
SAMs. AT2-A and AT3-A systems were analysed to provide evidence of in-situ imino
link formation.

Prior to SAM analysis, an air-exposed gold surface was examined in order to
study impurities. Traces of C at 284.1 eV and O at 532.7 eV were detected, which was
expected according to information found in the literature (see Section 2.1.1). The ratios of
C:Auand O:Auwerel:3and 1 : 11. There were no other impurities found on the
bare gold surface, apart from these two species. The total absence of S and N elements
was also confirmed by the high-resolution scans of S 2p and N 1s regions of the
spectrum. As the impurities involved in SAM formation remain unknown, only the
amounts of S and N are meaningful for the XPS studies. Thus, the quantitative analysis
was limited to these two elements.

X-ray absorption peaks for S and N elements of AT2 and AT2-A are shown
in Fig. 4.1.3-1. The binding energies of these elements were referenced to the Au 4f
peak at 84.0 eV. Compared to the spectra of powdered thiols, a significant shift in
the position of the S 2p doublet towards lower binding energies was distinctive of
the direct gold to thiolate sulfur bonding. The peaks: S 2p3; at 162.0 eV and S 2pip
at 163.7 eV, detected for the studied SAMs, confirmed dense packing of thiolates in
the monolayers **%. The nitrogen peak for AT2 experienced only a minor shift of 0.2 eV
towards lower energies.

In the case of MI2 self-assembly, the AT3 monolayer formation caused
a complete structural reorganisation of the two N 1s peaks. The more intense peak
at 400.4 eV, detected for the compound in the solid state, was shifted to 400.1 eV,
and the lower intense peak at 398.7 eV remained at the same position. Additionally,

the intensity of these two peaks became reversed, as shown in Table 4.1.3-1.
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Fig. 4.1.3-1 S 2p and N 1s regions XPS spectra of AT2 and AT2-A, labelled in the
top-right corner of each plot.

A quantitative analysis of the XPS adsorption spectra of AT2 and AT3 confirmed
the expected S : N ratio to be 1 : 1, and 1 : 3 respectively (see Table 4.1.3-1). The
comparison between S : Au ratios, which was 1 : 7.9 for AT2, and 1 : 5.7 for AT3,
indicated 38 % higher monolayer density of AT3. The same calculations for the total
amount of carbon revealed 29 % higher density of AT3 on the surface. However, both
percentage values could be slightly over- or underestimated. This is due to a major
limitation of the constant angle XPS technique, which is a decrease in the sensitivity
with an increase in the thickness of the SAMs. The presence of any carbonaceous

impurities could have also altered the estimation of exact carbon quantities.
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A sample of AT2 on gold-coated HOPG was also tested using XPS in order
to compare the amount of molecules on polycrystalline gold with that on Au(111).
The measured S : Au ratio was 1 : 7.8 in this case, which was comparable to the ratio
obtained for AT2 on crystalline gold surfaces.

The evidence of in-situ imino link formation, proving interfacial reactions of
SAMs and reactant from Table 3.1-1, was also obtained from XPS experiments invol-
ving AT2-A. The comparison of N 1s spectra for AT2 and AT2-A (see Fig. 4.1.3-1)
indicated differences in intensities of the peaks at 398.9 eV, characteristic of the imino
nitrogen, and the presence of another peak at 400.2 eV, which corresponds to the amino
nitrogen. Intensities of the peaks at 398.9 eV, measured for AT2 and AT2-A, were
476 and 716 CPS respectively, which suggests a 50 % reaction yield. The intensity of
the peak at 400.2 eV was 315 CPS, which (compared to the intensity of the peak at
398.9 eV for this system) gives a 66 % yield. Similarly to the aforementioned analysis
for the sulfur element, the sensitivity of the XPS instrument for the in-depth localisation

of the particular nitrogen elements reduces the precision of this quantification method.

Table 4.1.3-1 RSF-corrected signal intensities for a total number of the
equivalent elements of AT2 and AT3, related to the signal
intensity for Au 4f.

Main peak Elemental intensity/Au intensity
Element an p
position (eV)

AT2 AT3

Au 4f 84.0 1 1
S2p 162.0 0.14 0.18
C1s 284.7 2.14 2.96
398.7 - 0.37

N 1s 398.9 0.16 -
400.1 - 0.19
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4.1.4 Molecular geometry and arrangement

STM imaging of the AT1 monolayer and modelling of molecular geometries were
performed to gain information regarding the character of the molecular arrangement and
the packing density of the respective SAMs.

Figure 4.1.4-1a shows a high-resolution image of the ATl arrangement on an
atomically flat gold surface. A parallel arrangement of the phenyl rings, separated by
an average distance of two Au(111) interatomic spacings (0.2884 nm) in parallel, and
about four in series (estimating from the central point of the rings), was found to be
characteristic for this monolayer (see Fig. 4.1.4-1b). This arrangement suggests the
¢ (4 x 2) lattice, which contains one molecule per unit cell. However, the absolute
confirmation of the molecular arrangement was impossible in this case, due to the lack
of information about conformations of the closely packed gold-bonded molecules.
The calculated APM for the observed AT1 formation was 0.57 nm®,

Thermodynamically optimised geometries of the isolated M10, MI11 and M12
molecules, resolved using the semiempirical AM1 method, are shown in Figure 4.1.4-2.
Acording to these calculations, each of the studied molecules is twisted along the imino
bond. Calculated torsion angles between the two phenyl rings are: 38°, 34° and 33° for
M10, M11 and MI12 respectively. Such a conformation can also be expected for the
molecules in SAMs. Presence of the steric hindrance of these molecules in monolayers is
partially supported by the observation of the parallel arrangement of the phenyl rings,

which enables the maximum packing density.
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Fig. 4.1.4-1 a) High-resolution 4 x 4 nm* constant current STM image
of AT1 on Au (111) surface;
b) Schematic diagram of the presumptive upper phenyl
rings map taken from the top image and placed on Au (111)
model surface.
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M10

M11

M12

Fig. 4.1.4-2 Side and top views of thermodynamically optimised geometry of the
isolated M10, M11 and M12 molecules, resolved using semiempirical
AMI1 molecular orbitals calculations.

4.1.5 Summary of AT systems preparation

Three molecular systems: M10, M11 and M12, which form SAMs that can
be used as starting materials for further in-situ reactions, were synthesised. The purity
of the materials was proven via XPS and confirmed by thermodynamic (DSC) and

spectroscopic (UV-Vis, IR) analysis of these compounds.

-84 -



4 Results and discussion

Strong evidence of S—Au bonding, obtained via XPS for AT2 and AT3, proved
self-assembly of the synthesised molecules. The core electron binding energies of the
sulfur elements in the studied SAMs: 162.0 eV (S 2p3p) and 163.7 eV (S 2p4j2), are
characteristic for densely packed monolayers. XPS quantitative studies confirmed the
expected composition of the monolayers.

Dense and highly ordered formations of the AT system on an atomically flat
gold surface were revealed via STM. APM = 0.57 nm® was found for the observed
arrangement. This value is slightly higher than that detected for the monolayers of
AT1 via QCM (APM = 0.42 + 0.02 nm®). However, the QCM does not possess
a “perfect” gold surface on the electrodes. As the calculations of the area per molecule
consider the substrate to be perfectly flat, the obtained APM values were probably
underestimated. Higher surface coverage was observed via QCM for the monolayers
of AT2, where APM = 0.31 £ 0.01 nm’, and AT3, where APM = 0.26 + 0.01 nm".
The lower steric hindrance might be one of the possible reasons for the denser
arrangements of AT2 and AT3. This would agree with the AMI calculations of the
isolated molecules geometry. The higher packing density of AT3, which was confirmed
by XPS analysis, could have been caused by stronger intermolecular interactions due
to N---H-N hydrogen bonding formation. This conclusion was supported by the evident
changes in chemical environment of the N elements upon M12 self-assembly, which
were detected via XPS.

A confirmation of in-situ imino bonding formation was obtained via XPS
studies of the N 1s peaks at 398.9 eV, characteristic for imino bonding, and the peak at
400.2 eV. The second peak arose from the adsorption of radiation by the amino group,
which was introduced by the M9 molecules. Further evidence of the in-sifu reactions
was obtained from the QCM measurements. These studies strongly suggest that the
reaction yield was determined by the cross-section of the molecules being attached to

the previously formed SAMs.
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4.2 Structural studies of PeMP systems

Evaluation of the experimental methods for SAM analysis, presented in
Section 4.1.5, led to the conclusion that XPS and QCM were sufficient tools for the
confirmation of monolayer composition and packing density of the studied systems.

Thus, these two methods were applied to analyse PeMP systems.
4.2.1 Self-assembly and interfacial reactions — QCM

Five different samples were used for the study of monolayers of PeMP-a. Each
sample was prepared by self-assembly of MI13 from a freshly prepared solution,
according to the procedure described in Section 3.5.2. Experimental data, representing
a calculated area per molecule vs. time of deposition are shown in Figure 4.2.1-1, yielded
an APM = 0.28 + 0.02 nm”. Strong dispersion of the rate constant of this process was
observed and is represented by error bars in the plot. The existence of two rate constants,
or a more complex model of adsorption can not be excluded, as the dependence varies
from that observed for the diffusion-limited Langmuir model. The first three experi-
mental data points from Figure 4.2.1-1 were fitted using Eqn 4.1.2-1, characteristic for
the diffusion-limited model in order to highlight these differences (see dashed line in
Figure 4.2.1-1). These deviations are believed to be connected with the observation of
tarnished gold electrodes upon deposition. This was probably caused by M16 extraction
from the choloroform/methanol solution mixtures and condensation of this compound
onto the surface, effectively blocking the deprotected M13 from being chemisorbed.
This adlayer of M16 was periodically removed by rinsing the samples with ultra-pure
methanol, as described in Section 3.5.2.

Effects of protonation of PeMP-a to obtain PeMP-b can not be confirmed directly
via QCM. Any possible changes of the molecular mass on gold, due to the presence of
protons being attached to the pyridine ring of the PeMP-a system, and chlorine anions,
are below the resolution of this technique. However, an indirect confirmation of this

process was obtained during further reaction of PeMP-b with M 14.
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Fig. 4.2.1-1 Kinetics of M16 SAM formation on gold (black dots with error
bars) and a theoretical isotherm for the diffusion limited process,
calculated for the first three points, representing the initial stage
of the self-assembly (dash line).

The QCM results for PeMP-b and PeMP-c samples revealed the presence of
a dense adlayer of TCNQ"™ with an average APM = 0.32 + 0.04 nm”. A stoichiometric
PeMP-b : TCNQ" ratio between 1 : 0.75 and 1 : 1 was confirmed (see Table 4.2.1-1).
This indicated a high efficiency of both: protonation of PeMP-a, and CI” replacement by
TCNQ"™.

Since tight packing of PeMP-b was confirmed via QCM, the TCNQ"™ moieties
have been expected not to intermix with the self-assembled molecules, but reside on
top of the PeMP-b monolayer. The most convincing proof of this theory was provided
with the STS-STM experiments (see Section 4.4.2), where exceptional electrical
properties of this system were observed and can only be explained when the TCNQ™

adlayer formation takes place.
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Table 4.2.1-1 Amounts of PeMP-b on gold, TCNQ" molecules reacted in-situ with
PeMP-b (forming PeMP-c), and MI15 interacting with PeMP-c; all
given in An (x107'° mol) units. The calculated APM values (nm?) are

also given.
Sample
Molecule/system
1 2 3 4 5
Amount of mol. 2.18 2.62 2.50 2.57 2.44
PeMP-b
APM 0.312 0.260 0.272 0.265 0.279
Amount of mol. 2.03 2.44 2.64 1.95 1.89
TCNQ™
APM 0.336 0.279 0.258 0.349 0.360
Amount of mol. 1.19 0.73 1.01 - -
MI15
APM 0.573 0.930 0.677 - -

According to the QCM studies on PeMP-d, the attempts at deprotonating the
pyridine rings of PeMP-c failed. Contrary to the expectated removal of TCNQ* from
the system upon deprotonation, an increase in the mass on the QCM was observed for
each sample studied (see Table 4.2.1-1). The excess of molecular mass was present
in the system, even after intense rinsing of the QCM electrodes with various solvents.
There could be two possible reasons for the observed effect. The first is a partial
assimilation of M15 by PeMP-c SAMs, and the second is some chemical reaction
between M15 and components of the PeMP-c system. The precision of these
measurements is reduced due to the low weight of M15 molecules. Thus, definite
evidence of M15 present in the PeMP-d system can not be achieved using the QCM

technique.
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4.2.2 Self-assembly and interfacial reactions — XPS

Samples of PeMP-a, PeMP-b and PeMP-c on Au(111) were studied via XPS
in order to confirm self-assembly of PeMP-a and to gain information regarding the
efficiency of the chemical transformation of this system into PeMP-b, and further into
PeMP-c. An analysis of PeMP-d was not undertaken as M15 consists of a very small
number of elements, when compared to the total number of elements in PeMP-d. There
are no characteristic elements present in M15 that could be easily distinguished and
identified.

Processed X-ray absorption peaks for S and N elements of PeMP-a, PeMP-b and
PeMP-c are shown in Fig. 4.2.2-1. Binding energies of these elements were referenced
to the Au 4f peak at 84.0 eV. The binding energies of the most intense sulfur doublet
(S 2p3pp at 163.7 eV and S 2p4p at 164.9 eV peaks) are characteristic for the thiol group
sulfur. The less intense doublet (S 2p3;2 at 161.9 eV and S 2pyz at 163.2 eV peaks)
indicated the presence of gold-bound thiolate sulfur in a dense arrangement. There were
also shake-up peaks resolved for all three systems at: 167.4 eV and 168.9 eV for PeMP-a,
167.7 eV and 168.6 eV for PeMP-b, and 167.9 eV, 169.3 eV and 170.6 eV for PeMP-c.
These changes in the position and the structure of the shake-up peaks confirmed the
transformation of the HOMO and LUMO energy levels of PeMP-a upon protonation,
and PeMP-b upon ion exchange. However, detailed analysis of the electronic structures
of these systems were difficult due to insufficient resolution of the spectra. The N 1s
spectra of PeMP-a and PeMP-b consisted of two peaks: the main peak at 399.6 eV, and
a shake-up peak, located at 401.8 eV for PeMP-a, which was shifted to 402.1 eV upon
protonation. The N 1s spectrum of PeMP-c, apart from these two peaks, also contained
a set of peaks with a maximum absorption at 399.8 eV, the shape of which is
characteristic for the TCNQ" nitrogen. The Cl 2p peak was only detected at 198.2 eV for
PeMP-b and was included in the quantitative analysis. The high-resolution scans at the
binding energies in the range of 192 — 205 eV for PeMP-a and PeMP-c confirmed the

absence of chlorine in these systems.
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Fig. 4.2.2-1 S 2p and N 1s regions XPS spectra of PeMP-a, PeMP-b and PeMP-c,
labelled in top-left corner of each plot.
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Table 4.2.2-1 RSF-corrected signal intensities for the total number of PeMP-b
and PeMP-c elements, related to the pyridine ring N 1s signal

intensity.
Elemental intensity /N ®"9" 1g intensity
Main peak position
Element (V)
PeMP-b PeMP-c
N 1s 399.6 I 3.10
Cl 2p 198.2 0.58 0
163.7
S 2p 161.9 2.06 1.99

The quantitative analysis included N 1s, S 2p and Cl 2p peaks of PeMP-b and
PeMP-c systems (see Table 4.2.2-1). These calculations were only approximations as the
sensitivity of the XPS method decreases with the depth of such densely packed systems.
This was observed directly for the two S 2p double peaks, which should have had equal
intensities if the two sulfur elements had been situated at the same depth. The registered
spectra clearly proved the presence of the gold thiolate sulfur characteristic for dense
SAMs, and the thiol sulfur on the outer side of the monolayer, as the peak doublet
at 163.7 eV and 164.9 eV was much more intense than the thiolate sulfur doublet.
The same analysis also proved the existence of a nitrogen somewhere in the middle of the
monolayer thickness, as the N 1s peak intensity was half that of the S 2p peak intensity.
The signal intensity of the chlorine anion, which should be situated in direct proximity
to the pyridine nitrogen, can be reliably referenced to the intensity of the N 1s signal.
The comparison of these two peaks suggests 58 % efficiency of the protonation process.
A similar value was obtained from a calculation of TCNQ" nitrogen in the PeMP-c
system, which revealed slightly more than one TCNQ" per two dechlorinated PeMP-b,

after anion replacement.
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4.2.3 Summary of PeMP systems preparation

Self-assembly of PeMP-a was confirmed via XPS by detection of gold-bound
thiolate sulfur and nitrogen of the aromatic system, with the correct ratio of these two
elements. The dense arrangement of PeMP-a SAMs was proven via QCM. The calculated
value of APM = 0.28 + 0.02 nm? was low, compared to the other systems studied, which
was expected for the rigid linear molecules with the small cross-section of a single phenyl
ring. The presence of a dense vertical formation was also supported by the observed
strong depth profile dependence of the XPS signal.

The transformation of PeMP-a into PeMP-b, studied via XPS, revealed a time
of ca. 1 min to be insufficient for total protonation of PeMP-a pyridine rings, which
occurred under the experimental conditions described in Section 3.5.2. This conclusion
was based on the compared intensities of XPS signal for the chlorine anions of PeMP-b
and the TCNQ" nitrogens of PeMP-c related to the nitrogen peak of the PeMP-b system.
The calculated protonation efficiency was 58 %. A higher reaction yield (> 75 %) was
suggested by the QCM data. Moreover, TCNQ"™ was found to complately replace the
chlorine anions of PeMP-b when immersed in a concentrated solution of M14. Thus,
the PeMP-c system contained more than one TCNQ" per two dechlorinated PeMP-b
molecules from the densely packed monolayer. Such a ratio was considered to be
sufficient for further studies of the electrical properties of these systems.

Three attempts at proton removal, situated on the pyridine ring of PeMP-c, using
M15 were unsuccessful. However, QCM measurements revealed an excess of molecular
mass present after PeMP-c immersion into a solution of M15. Structural and elemental
analysis of PeMP-d was hindered due to the lack of experimental techniques for such
studies. The small molar weight of M15 and a lack of specific chemical composition,
distinguishing this molecule from the environment, disallowed the use of XPS and QCM.
Further studies on the transformation of PeMP-c into PeMP-d are required, as they
would help to identify the composition of PeMP-d, which revealed unique electrical

properties (see Section 4.4.2).
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4.3 Electronic properties of AT systems

Studies on the electronic properties of AT systems have focused on two major
aspects of current flow through guasi-one-dimensional molecular structures: efficiency
and directional asymmetry of electronic transmission. As yet, there has been no reliable
technique for permanently trapping asymmetric molecules between two metal electrodes,
so STM remains the major tool for studying asymmetry of current flow through these
systems. However, this introduces the problem of tip —molecule separation, whose
impact on the shape of observed I-V characteristics has not been identified unambi-
guously. This problem is a priority for future studies on current rectification in molecular
systems and is the primary focus of this investigation (Section 4.3.1).

The second part of these studies (Section 4.3.2) concerns the possibility of
obtaining significant rectifying properties from AT systems. The method of in-situ
extension of AT structure length, studied in Section 4.1.2 and 4.1.3, enables one to
introduce electron-accepting and electron-donating molecular components into the
conjugated AT chain of the final product. Depending on the distribution of these
functional units along the molecular chain of the created system, the direction of
rectification could be different. This effect was accurately investigated and compared
with other studies on rectification in n-bridge separated donor — acceptor complexes.

Finally, the characterisation of the first rigid, mass-producible platform for
studies of molecular conductivity was carried out (Section 4.3.1). The electric properties
for each stage of molecular structure formation inside the electrode gap were
demonstrated through electrical characterisation of the AT2-A-AT2 molecular wire at
different stages of its formation. Next, the benefits of the Si-DEV usage for examining
electronic transmission through two-terminal molecular systems were studied. This was
done by comparison of the I-V characteristic of AT2-A-AT2 obtained for Si-DEV

studies, /-f STS measurements and theoretical calculations.
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4.3.1 Statistical studies on |-V characteristics.

Separate I-V characteristics registered using the STM-STS method provide much
information about the local electrical properties of an investigated sample. However, this
information is distorted by the presence of an air gap between the tip and the sample,
which the electrons have to tunnel through. The larger the tip — sample separation,
the higher the deviation from the shape of the I-V curves recorded for the maximum
tip — sample electronic overlapping. Thus, selective analysis of the separate characteris-
tics makes such studies unreliable. For this reason, accurate estimation of the influence of
an air gap potential barrier on the shape of the I-V characteristics is essential for further
studies on conductivity and asymmetry of current transmission through organic thin
films.

Statistical studies can provide an understanding of the electron tunnelling between
the tip and the substrate and, as discussed further in this section, distinguish the
measurements being taken at constant tip — sample separation. This method also allow
one to group the /-V characteristics according to the decreasing tip — sample separation
and trace evolution of the fine structures of these curves in order to find the processes
which affect tunnelling through the air gap. Thus, the detailed statistical analysis of
the processed I-V characteristics enable very accurate interpretation of the electrical
properties of the studied materials, as instrumental response to the electron scattering

due to the potential barrier of the air gap can be extracted from such analysis.

Introduction to the statistical analysis

The studies of electronic transmission dependence on tip — substrate separation
distance (d) presented here were performed mainly to investigate the influence of
an air gap potential barrier on the asymmetry of I-V characteristics, observed via STS
technique. A novel statistical approach to this problem is demonstrated. This includes

comparison of the following dependences:
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1) asymmetry — current [A.(V,)-I(V,), where a is the measurement index of each
consecutive reading] at two or more characteristic values of tip — substrate bias
voltage, V,, taken from I-V curves, registered at various tip —molecule spatial
coordinates:

a) when d could vary slightly, but averaged tip — substrate separation dis-
tance vs. a remained constant {{d(a)) = const},
b) when d was slowly and gradually decreasing {d(a) = [da, ...0]};

2) asymmetry — voltage (4-V), calculated for separate I-V curves, registered at

various d,

3) conductance — voltage (d7/dV), for I-V curves, registered at various d.

The parameter a can be related to the time of each measurement, as the following I-V/
curves were taken with approximately constant time intervals of 1 s. This method of
analysis was applied on the basis of STS measurements on AT1, and results were used
as references for further studies on molecular rectification in other systems on gold.

In order to perform the analysis on ATI, according to the above mentioned
procedure, a flat area of gold substrate, where a densely packed molecular arrangement
was observed (see Fig. 4.1.4-1), was probed by an STM gold tip. The I-V characteristics
were registered with the maximum scan rate of 14 Hz. Primarily, the constant feedback
loop at + 1024 mV was used, which maintained {d(a)) = constant conditions. When
a statistically significant amount of data was collected, the feedback loop was

deactivated, which enabled slow drift of the tip toward the substrate.

STS studies for (d(a)) = constant

The two boundary examples of I-V curves for AT1 measurements are presented
in Fig. 4.3.1-1. A slight asymmetry was observed at high voltages (Fig. 4.3.1-1a),
whereas in the low-voltage range, all characteristics were found to be roughly
symmetrical (Fig. 4.3.1-1b). Considering this difference, 4,(V,), where a = [1, 2, ...100],
for ¥; = 21024 mV and V> = £300 mV, were calculated from the registered I-V curves

and included in further analysis. Prior to the calculations of A4,(V>), the I-V curves were
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smoothed, using an adjacent averaging method, to reduce the error caused by thermal
noise (as shown in Fig. 4.3.1-1b).

The values of I(V)) and I,(V>), taken from a hundred sequentially measured
I-V characteristics, using the constant feedback loop at +1024 mV, were plotted in
Fig. 4.3.1-2 and Fig. 4.3.1-3 respectively. These figures also contain A,(¥)) and A4,(V>)
values, which correspond to 1,(V;) and I(V>) data. Fig. 4.3.1-2 shows that the applied
feedback loop at V'=+1024 mV kept I,(+V)) fairly stable and thus 4,(V)) is, with a good
approximation, linearly proportional to I,(—V;). This linear dependence is distinctive
in Fig. 4.3.1-4a, where the 4,(V)-I,(V)) characteristic is presented. The typical current
asymmetry at this voltage was in the range between 1 and 2. It temporarily increased
to a maximum value of A,.(¥7) = 4.0. On the other hand, the same I-V characteristics
revealed strong variations of ,(7), simultaneously at positive and negative currents
(see Fig. 4.3.1-3). The local changes of I,(V2), however, did not induce any significant
current asymmetry at this voltage. The highest asymmetry at low voltage, A,..(V>2) = 2.8,
was registered for the minimum value of I,(V>). However, the lack of a linear relation
between the values of A4,(V2) and A4(V7), calculated for the same a, was significant
for this data. It can be observed more clearly in Fig. 4.3.1-4b, where a strong dispersion
of the data points of A,(V>)-I,(V>), compared to the linear relation of the equivalent
dependence for V) (see Fig. 4.3.1-4a), is shown.

The comparison of A,(V,)-1(V,) characteristics for V; and V5 indicates that there
are at least two competing phenomena, which affect current transmission in the studied

voltage range. One of them is dominant at lower, and the other, at higher voltages.
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Fig. 4.3.1-1 Examples of symmetrical (red solid lines) and asymmetrical
(blue long-dash line) I-V characteristics of AT1 at two voltage
ranges: [-1024; +1024] (a), and [-300; +300] (b); dash lines and
arrows indicate the values of V), (£300 mV and £1024 mV)
used for the calculations of A,(V,); curves were smoothed at
lower V for better accuracy of measurements (black solid lines).
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Fig. 4.3.1-2 The values of I,(V;), for: ¥, = %1024 mV and a = [1, 2, ...100], obtained
with constant feedback loop at +1024 mV (top plot), and A.(V)),
calculated from I,(7;) values of the top plot (bottom plot); the original
sequence of measurements (X-axis) was maintained.
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The values of 1,(V>), for: V> = £300 mV and a = [1, 2, ...100], obtained
with constant feedback loop at +1024 mV (top plot), and A, (V>),
calculated from ,(V>) values of the top plot (bottom plot); the original
sequence of measurements (X-axis) was maintained.

-99 .



4 Results and discussion

b)

3.0

4+ ! 1 &
':- ‘
3 " I
b i
. °
Ly ¢
. °
2+ .,\ = [ i
1 il | 3
L L
-3.0 -1.5 0 1.5
IInA
4+ =5
3+ - __‘E- —————————— -
N (1 s
/, .o .' ,l :‘o.. H
L .
. 0, ¥ B
2r /, .' .':. __:5.. '
! . s Y a% . :
I 7 . ;
foon w | Mgt
gt | NS
: |

-100

0
I/pA

100

Fig. 4.3.1-4 The comparison of 44(V,)-I.(Vy,) characteristics for V' (a) and V> (b),

- 100 -

calculated from data presented on Fig. 4.3.1-2 and Fig. 4.3.1-3
respectively; different colours, for representation of data points on
(b) were used in order to distinguish equivalence of 44(V2)-I(-V2)
and A4(V2)-I(+V>) points; the ranges of Au(V2)-I.(-V>2) and L(+V2)
dispersions were also indicated on (b).
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The comparison of a statistically significant number of A,(V)) and A.(V>),
provided a reference for further studies on asymmetry. On the other hand, the
calculations of the complete 4-V profiles allowed comparison of asymmetries over the
whole range of bias voltages applied during /-V characteristic measurements.

Fig. 4.3.1-5a shows the correlation of 4,(V)) and 4,(V>) values for 40 sequen-
tially measured /-V curves {a = [1, 2, ...40]}. It was found that when A,(V)) reached its
maximum, A,(V>) typically dropped to values which are close to unity. For other -V
measurements, the changes in 4,(V>) seemed to follow 4,(V7) variations, or even reach
very similar values. The two boundary 4-V relations, corresponding to A,(V)) and 4,(V5)
values, denoted on Fig. 4.3.1-5a, are shown in Fig. 4.3.1-5b. The fully convex shape of
the 4-V dependences (see curve | in Fig. 4.3.1-5b) was characteristic for these I-V
measurements, for which a direct proportionality was found between A4,(V) and A4,(V>)
values (i.e. where an increase in A,(}>) followed an increase in A,(V))). The different
shaped A4-V profiles (see curve 2 in Fig. 4.3.1-5b), corresponded to most asymmetrical
I-V characteristics (i.e. for which 4,(V) reached maximal values).

The important element of the studies on /- asymmetries was the analysis of the
fine structure of these characteristics. The calculations of d//dV provided very important
information in this field. Small peaks were observed at the same voltages for these dZ/dV
characteristics that corresponded to I-V curves of the same asymmetry and shape.
However, it was found that the position on the voltage scale changed with variations in
asymmetry and current on I~V curves. The dI/dV characteristics, calculated from two
I-V curves (shown in Fig. 4.3.1-6), which slightly varied in shape, were presented in
Fig. 4.3.1-7. Small distortions of I-V curves, highlighted in Fig. 4.3.1-6b, could be easily
recognised as peaks in the d//dV characteristics. All the peaks, observed for the more
symmetrical curve, were shifted towards higher voltages, as compared to their
equivalents in the more asymmetrical characteristic. As this regularity was also found for
other I-V curves, the physical phenomenon responsible for this effect can be considered
to be independent of bias voltage. This observation strongly suggests that the
aforementioned effect was caused by the electron energy losses upon passing the
potential barrier of the air gap. Such dissipative tunnelling was studied theoretically by
S. Braig and K. Flensberg **.
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Fig. 4.3.1-5 a) Comparison of 40 typical values of 4,(V) — black dots, and 4,(V?2) —red
dots {a =11, 2, ...40]};
b) A-V characteristics, corresponding to A2(V),) and 425(V},) data point.
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Fig. 4.3.1-6 a) The two I-V curves, which were used for calculation of the d//dV
characteristics, shown in Fig. 4.3.1-7;
b) Small distortions of these I-V curves were distinguished and denoted
by dash arrows.
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di/dV (nANV)

-1000 -500 0 500 1000

Fig. 4.3.1-7  dI/dV characteristics, calculated from /-V curves, presented in
Fig. 4.3.1-6 (black curve corresponds to the more symmetrical -V
dependence); black arrows indicate shifts of the most character-

ristic peaks.
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STS studies for d(a) = [d,, ...0]

Similarly to previous studies, 4,(V,), for V;, = £1024 mV and V, = £300 mV
were calculated from the registered I-V curves. In this case a = [I, 2, ...69], as this
was limited by the time of STM tip drift towards the substrate. Fig. 4.3.1-8 shows the
values of I(V)) and A,(V1), and Fig. 4.3.1-9 the values of I,(V2) and A.(V>), presented
according to the sequence of I-V characteristic measurements. After deactivating the
feedback loop, a slow and continuous increase in current for the whole voltage range
was detected (see Fig. 4.3.1-10). The largest current increase was observed for higher
values of negative voltage, which caused a rapid growth of A44(V1), until it reached
A V1) = 6 at @ = 24. Then, 4,(V1) dropped immediately and fluctuated around values
slightly higher than one. No significant increase in 4.(V2) was observed. However, there
was a lower amplitude of fluctuation in asymmetries for @ > 24, than for other A,(V).
This was observed for the whole voltage range. An I-V characteristic, typical for a > 24,
is shown in Fig. 4.3.1-11a. The shape of this curve is different from the quasi-
-symmetrical characteristics observed for a < 24, and also for I-V measurements, for
which the feedback loop was used. The reversal in direction of asymmetry at the lowest
voltages after reaching @ = 36 was unusual. This effect could be seen as 4,(V>) < 1 in
Fig. 4.3.1-9 and Fig. 4.3.1-10b. There was no clear relation found between A,(V1)-I(V1)
and A(V>)-1(V>) dependences. The only ordered behaviour of data points was observed
for A,(V2)-1.(V>) dependence, for @ < 38 and a > 59.

Another interesting I-V curve was observed at a = 69, directly before the STM
tip contacted the surface of the gold substrate (see Fig. 4.3.1-11b). The S-shape
characteristic, similar to that shown in Fig. 4.3.1-11a, was registered for: |V'| < 380 mV.
At V3 ~ 380 mV, conductivity reached the value of go = dI/dV ~ (12.9 kQ) ™, distinctive
for ballistic electron transport. Then, it dropped rapidly, and for higher voltages remained
below (12.9 kQ)™, oscillating around g ~ (27 kQ)™ for || > 420 mV. Similar relations
were observed for both: forward scan (+1024 mV — -1024 mV), and reverse scan

(-1024 mV — +1024 mV), which means that this effect was observed at d = const.

- 105 -



4 Results and discussion

60
30+ i
g 0 T ”“I”II[“H” ; l
30k i
60 7
= /. 45
../.,. <
-"/
L / 43
3 .";'\_/'\ . /\ / \./'\_ ;
® \ L ®. M e ®
_./ N J \_..- o/ ‘o0 l‘-.'_.".. ‘/ p \._.,._..0. ._._.‘._.'... . o .\..c..\.._ 1
L | !
0 20 40 60
a

Fig. 4.3.1-8 The values of I(V)), for ¥; = £1024 mV and a = [1, 2, ...69], obtained
during slow drift of the STM tip towards substrate, after deactivating
feedback loop (top plot), and 44(V1), calculated from I,(V}) values of the
top plot (bottom plot); the original sequence of measurements (X-axis)
was maintained.
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Fig. 4.3.1-9 The values of I,(V>), for V; = £300 mV and a = [1, 2, ...69], obtained
during slow drift of the STM tip towards substrate, after deactivating
feedback loop (top plot), and A4,(V>), calculated from Z,(V>) values of the
top plot (bottom plot); the original sequence of measurements (X-axis)

was maintained.
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The results presented so far in this section, provide strong proof that the
atomically sharp STM tip, which previously probed the molecular layer of ATI,
penetrated this layer and contacted the gold substrate. The point at which a = 24 can be
identified as the moment at which an AT1 aldehyde terminal group and the tip were in

closest proximity. The arguments for this conclusion are:

1) significant increase in current at a = 24;

2) the maximum value of asymmetry achieved for a = 24, which was most probably
caused by the lower energy dissipation by coupling with the environment during
electron tunnelling through the potential barrier of the air gap;

3) abrupt drop in A,(V1) at a = 25, and stabilising of this parameter at values close
to unity for @ =[30, 31, ...69];

4) the permanent reverse in the direction of low-voltage asymmetry at a = 36;
the origin of this phenomenon remains unknown, however this behaviour was

not observed for the tip position above the molecular level of the sample.

The atomic sharpness of the STM tip was confirmed when direct imaging of
the monolayer was successfully performed. And secondly, when the conductance
characteristic for a single-point contact was measured, just before the tip hit the gold
substrate.

Due to the arguments presented above, the analysis of the /-V characteristics at
a =1, 2, ...24] was crucial for further studies on molecular rectification. Fig. 4.3.1-12
shows the 4-V profile changes, calculated from I-V curves, taken for a = [5, 18, 22, 24].
The A-V characteristic for ¢ = 5 was similar to curve 2 from Fig. 4.3.1-5. Here,
asymmetry was close to unity for ¥/ < 500 mV, and was increasing continuously for
higher ¥, and finally stabilised at a value slightly higher than 2 for > 850 mV. As the
tip approached the molecule, the asymmetry for ¥ < 800 mV started to increase

consistently. The increase in A with decreasing d was less regular for V> 850 mV.
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Fig. 4.3.1-12 The values of 4,(7}) (a) for a = [1, 2, ...40], with indicated data points:
a=[5, 18, 22, 24], for which 4-V profiles (b) were calculated.
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The fine structure of the presented A-V profiles should be noted, as distortions
of these curves change their positions in an organised manner, similar to that observed
for dZ/dV. When d increased, the A-V curves became shifted by a constant factor towards
lower voltages. This effect is distinctive for I-V curves, with 4,4 > 2.5, for V> 400 mV,
where strong variations in 4 were observed.

Analysis of the conductivity changes vs. voltage for these curves showed the same
regularities, as observed for A-F profiles. It also confirmed the previous assumptions,
made after studying dZ/dV for I-V measurements upon {d(a)) = constant conditions.
Fig. 4.3.1-13 shows the three dZ/dV characteristics, corresponding to the measurements
preformed at @ = [12, 17, 22]. A consequent shift of the most distinctive peak towards
lower voltages in accordance with the decrease in d was significant. These shifts were
measured, as shown in Fig. 4.3.1-13, and used for scaling /-V characteristics: a = 12 and
a = 17 along X-axis, in order to confirm that the shape of the scaled curves matched the
reference curve: a = 22. As shown in Fig. 4.3.1-14, this procedure gave very good results,

and scaled curves: a = 12 and a = 17 exactly overlaid the original curve: a = 22.
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difdV (uANV)

Fig. 4.3.1-13  dZ/dV characteristics for @ = [12, 17, 22]; the position of the most
characteristic double peak was monitored (see arrows).
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Fig. 4.3.1-14 The three I-V curves registered for a = 22 (black solid curve, and dot
curves above), a = 17 (red solid curve), and a = 12 (blue solid curve);
the last two were scaled along the voltage scale, according to the shift
in peaks of corresponding dZ/dV characteristics shown in Fig. 4.3.1-13.

114 -



4 Results and discussion

Discussion

The presented analysis has proven that observation of current transmission
asymmetry strongly depends on the thickness of the potential barrier between the medium
(which demonstrates rectifying properties) and the probing electrode (STM tip). Thus,
optimal rectifying features of molecules should only be measured when the gap between
tip and molecule is minimal. Increasing this distance always causes attenuation of the real
molecular effect, which can be observed by comparing d//dV and A-V characteristics,
calculated from -V measurements at different d.

These studies also provide evidence that more than one process determines -V’
curves asymmetry in the voltage range: |V'| < 1 V, which is distinctive when comparing
A (V,)-1.(V,) characteristics for different V. Local electronic features of the probed
molecules must be involved in the asymmetry changes, as for the same tunnelling current
and voltage, different 4,(V,) could have been observed. Recently, A. Riposan and
G. Liu 22* also demonstrated that similar rules apply to STM imaging, providing complex
studies of LDOS and tip — termini separation dependence on topography images using
STM. They observed systematic, reversible, and reproducible contrast transitions with
bias and current variations. It was concluded that these contrast transitions were caused
by probing the corresponding LDOS upon variation of the tunneling conditions, and
not by the reorientation of the molecules during scanning.

A simplified picture, neglecting the fine character of LDOS distribution, which
partially explains current asymmetry in AT systems, was presented by J. Rosink et al. *>.
Their model considered an AT molecule acting as a potential barrier to electron
transmission without resonances at least up to 1.5 V bias. Thus, electrons tunnelled at
energies in the gap between orbitals: HOMO and LUMO. In such a case, the shape of
the barrier is the only determinant of the total current and its asymmetry, when any
differences in molecule — electrode coupling are neglected. This shape was strongly
affected by differences in energy of the HOMO, the LUMO, their localisation on the
molecule, and Fermi levels of the substrate and the tip. These factors cause the
asymmetry of the AT1 molecular barrier, whose model shape was approximately
trapezoidal. The asymmetry can be estimated by measuring the dipole moment of the

molecule and the tunnelling current.
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On the other hand, the consideration that tunnelling electrons are a significant
distance away from resonance with any molecular orbital, does not explain the existence
of sharp, well-defined peaks in the d/dV characteristics. These were observed
consistently at negative voltages above 750 mV. The smaller peaks at lower voltage
could be associated with vibrational modes of the molecules '7******. However, organic
molecules do not absorb energy above 0.4 eV so intensively and selectively, in order to
affect the electronic transmission as observed in dZ/dV characteristics. Another effect,
the origin of which is not clear, is the shape of the A-V curves. The stepwise character
of the angle of inclination changes along the voltage scale was particularly difficult to
explain on the basis of the presented theories. There are also significant distortions in
the linear character of these studies above 750 mV, unusual for off-resonant electronic
transmissions. Considering these two observations, the electronic transmission through
AT systems should be assumed to be affected by the LDOS of at least one of the
molecular orbitals, under an applied bias V"> 750 mV.

A more precise description, including calculations in the LDOS of the HOMO
and the LUMO of AT1 and other AT systems, was provided by A.l. Onipko et al. 20,
They found that, depending on which molecular atom was probed by the STM tip,
the current response to the positive and negative tip — sample bias should be substantially
different. Both electronic coupling of the gold atoms of the tip apex with different
molecular atoms and the LDOS distribution of the molecule were included in the
analysis. They also considered the electronic structure of the STM tip. However, in this
case, any asymmetry due to the tip sharpness could be ruled out since it would have
resulted in a stronger electric field at the tip and enhanced transmission from the tip to
the sample. This is in opposition to the trend found here. Any mechanically tip-induced
effects, which could have caused dynamic molecular geometry changes affecting
electronic structure, were also neglected, as they should be accompanied by significant
current variations alternately in both directions. Thus, the most probable reasons for
the current asymmetry variations are: lateral drift of the tip through different LDOS
of a molecular layer, and the aforementioned alternate changes of the tip — sample
separation. The chance of asymmetry arising from the second effect increased with

strengthened molecule — tip electronic coupling as the distance between them decreased.
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4.3.2 Rectifying behaviour of functionalised SAMs

The studies on the rectifying properties of AT systems were performed in order
to validate the influence of HOMO and LUMO electronic states on the transmission of
current under external bias voltage in the range of —1 V < I < +1 V. Localisation of
electron-accepting and electron-donating molecular components, separated by the imino
linking groups of the AT backbone structure, and the geometry of these systems were
considered as having a major influence on the rectification. Measurements and data
analysis were performed according to the information gained during the statistical studies
of AT1 I-V characteristics asymmetry, described in Section 4.3.1.

Analogous to ATI, the I-V curves observed for AT2 and AT3 were slightly
asymmetrical, with higher current transmission from substrate to STM tip (the negative
quadrant of the I-V characteristics). The maximum asymmetries at 1 V, typically
observed for the minimal tip — molecule separation, detected for AT2 and AT3 were:
Apax = 4. The shape of the I-V curves, for which 4. were observed, was also very
similar for all three systems. Elongating AT1, AT2 and AT3 by the strongly electron-
-accepting M9 units caused inversion of the asymmetry. The A, values at +1 V
were different for each system. The lowest values were observed for AT2-A: Apax = 7,
and AT3-A: Ayax = 4.5 (see Fig. 4.3.2-2). The highest values were commonly registered
for AT1-A: Ape = 11 (see the top plot in Fig. 4.3.2-3), and this system was further
extended by the M7 unit to form AT1-AD. As a consequence of introducing the strongly
donating M7 components the asymmetry was reversed again and Ap. ~ 10.5 was

detected (see the bottom plot in Fig. 4.3.2-3).
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The weakly rectifying behaviour of these systems can be explained by
considering that the LDOS of the HOMO and the LUMO states of the molecules affect
the electronic transmission. Thus, the electron-donating and the electron-accepting
components, separated by the imino m-bridges, which twist the backbone molecular
structure slightly, cause some permanent polarisation of the systems. Even if the
molecular orbitals do not participate in the electronic transmission directly, the shape of
the potential barrier for tunnelling electrons is highly unsymmetrical, and facilitates
current flow in the direction of the permanent molecular dipole moment. This effect was
extensively studied by Dhirani e al. **'. The profile of such barriers depends mainly on
energy levels of the frontier molecular orbitals and intermediate bridging states, their
localisation on the molecules, and also on the geometries of the molecules. The molecular
geometry affects overlapping of the molecular orbitals, which reduces or increases
isolation of the functional molecular elements.

The HOMO and LUMO of the isolated AT1-A and AT1-AD systems, calculated
using the AMI1 method, the localisation of which explains the rectifying properties
of these molecules, are shown in Fig. 4.3.2-4. The LUMO of AT1-A is situated on the
M9 unit, as the central part of this component is a strong electron acceptor. The HOMO
was found to be localised on the thiophenyl ring. Thus, the polarisation of the ATI-A
system should be towards the substrate, as the gold surface is electron-donating relative
to the molecular thiolate groups (see Section 2.1.2), and is expected to increase the total
dipole moment of this system. This analysis agrees with the reported STS results
for AT1-A, AT2-A and AT3-A, which can be generally treated as Au |Au—(D)—11:—(A)
systems.

In the case of ATI1-AD, the LUMO is also situated on the M9 unit, and was
almost the same shape as the LUMO of ATI1-A. However, the HOMO of the isolated
ATI1-AD system was on the M7 component. The location of this strongly electron-
-donating element inversed the permanent polarisation, relative to that observed for
ATI1-A. The thiolate bonding probably attenuated the total dipole moment of AT1-AD.
However, its predicted direction remain unchanged, as the I-V characteristic of this
system revealed the highest current in the negative quadrant. Thus, the electronic

structure of this system can be described as Au | Au-n—(A)-n—(D).
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HOMO of isolated AT1-A

HOMO ofisolated AT1-AD

Fig. 4.3.2-4 Molecular orbitals: HOMO and LUMO of isolated AT1-A and
ATI1-AD, calculated using semiempirical AM1 method.
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The twist along the imino components (linking electron-donating and electron-
-accepting units) was confirmed to be sufficient to maintain the separation of HOMO
and LUMO states. As shown in Fig. 4.3.2-4, the resolved frontier molecular orbitals are
not strongly delocalised along the studied molecules. Calculated torsion angles between
aromatic rings of the electron-donating and the electron-accepting units were 34° and 31°
for AT1-A and ATI-AD respectively. An increase of the twist along imino m-spacers
should cause a decrease of the effective overlapping between the m-orbitals of donating
and accepting units. The correlation between these angles and the rectification ratio was
observed by Ashwell et al. 22 for other systems, described as Au | Au—o—(A)—n—(D).
Moreover, Au | Au—o—(A)—n—(D) systems, for which the AM1 resolved twist along the
n-spacer was 31°, revealed rectification ratios of 11 — 18 at £1V 202220 These values are
very similar to the maximum rectification detected for AT1-AD, with the same twist
along the m-spacer. Slightly stronger rectifying behaviour was found for similar systems,
containing the same (A)—n—(D) segments as AT1-AD in which the n-spacer between Au
and the acceptor was replaced by the short o-spacer 232 This was probably due to the lack
of the electron-donating thiophenyl part of AT1-AD, which attenuated the electron-
-donating features of the opposite segment of this molecule.

Much stronger rectifying properties were obtained for a more extended molecular
wire: AT2-L (see Fig. 4.3.2-5). Due to a combination of two electron-donating compo-
nents on the substrate side of the molecular system, and two electron-accepting units
on the opposite side, which led to the Au | Au~(D)—n—~(D)—n—(A)—n—(A) system, an Ayax
value of ca. 44 was achieved. Comparison of this system with AT2-A shows that the
rectification could be improved over 6 times by inserting the M6 strong electron donor
between the thiolate donating part of AT2-A and the first accepting M9 unit, and also
another acceptor, M4, at the end of the system. The presence of M3 and M5 spacers
might also contribute to the final value of the current asymmetry by increasing the

effective barrier between the outer donating and accepting components.
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Fig. 4.3.2-5 [-V characteristic of AT2-L, registered for the minimum
tip — molecule separation.

4.3.3 Electron transport through two-terminal AT molecular wires

Two techniques were used in order to characterise electrical properties and
determine the off-resonance conductivity of the symmetrical AT2-A-AT2 molecular
wire. The first method involved the prefabricated Si-DEV, described in Section 3.6,
for determining the general shape of I-V characteristics for a dense arrangement of these
molecules, both ends of which were contacted to gold electrodes. The second experiment
used the STM-STS technique to scan a mono-thiolate version of AT2-A-AT2, which
was spontaneously bound to the STM tip, and to measure the current transmission
through the separate molecular systems. Results of two these experiments were compared
with theoretical calculations of the conductivity through AT2-A-AT2, performed by
Dr Christopher M. Finch and Dr Ian R. Grace of the Lancaster University (UK).
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Prior to the characterisation of the AT2-A-AT2 system, the tunnelling current
between gold electrodes of an empty Si-DEV was measured. Contrary to expectations,
the I-V characteristics of the empty Si-DEV were unsymmetrical (see Fig. 4.3.3-1a). The
origin of this effect remains unknown. However, a possible difference in the roughness
of top and bottom electrodes could have been a reason for the different electronic work
functions of these electrodes. As the gap between the electrodes was estimated to be ca.
3.6 nm, such a difference seemed to have a major influence on asymmetric features of the
tunnelling process. Deposition of M11 molecules, simultaneously on the top and bottom
electrodes (AT2-g-AT2 systems), caused an increase in current of more than 40 times,
but the shape of the -V curves mimiced that of the empty Si-DEV (see Fig. 4.3.3-1b).

I-V characteristics of the AT2-A-AT2 arrangement inside Si-DEV demonstrated
an increase in current of three orders of magnitude compared to AT2-g-AT2; their shape
was perfectly symmetrical (see the top plot of Fig. 4.3.3-2). Symmetrical I-V" curves
were also commonly observed during STS scans of a mono-thiolate version of this
system, formed on a planar gold substrate using a three-step synthetic process. When
the scans were performed under low-resistance conditions (current set-point of 0.5 nA at
10 mV) the tip occasionally contacted separate molecules, presumably forming temporal
tip — thiolate bondings. This was detected as abrupt increases in current. A typical -V
curve, observed when the two-terminal AT2-A-AT2 system was formed during the
STS experiment, is shown in the bottom plot of Fig. 4.3.3-2. The shape of this curve
exactly matches the characteristic observed for AT2-A-AT2 inside Si-DEV.

The spontaneous thiolate bonding formation between the tip and AT2-A-AT2
was studied in detail via -t STS measurements at /= +300 mV. This bias was commonly

used by other authors TP

to obtain comparative values of /, which characterise the
off-resonant current transmission through single molecules. An example of one of most
commonly observed current jumps, indicating a single adsorption — desorption act, is
shown in Fig. 4.3.3-3a. The duration of such an event was typically 20 — 80 ms and
caused an average current increase of 0.55 +0.05 nA. Very few current jumps that could
be related to simultaneous multiple adsorptions were detected, which suggests a loosely
packed arrangement of at least the outer thiol-terminated component, attached during

the last step of in-situ reaction (see Fig. 4.3.3-3b).
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a) Typical current jump at 300 mV bias voltage observed during I-
STS scans of the mono-thiolate version of AT2-A-AT2 on gold;
b) Histogram of 340 current jump registered for this system.
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The transmission coefficient for electron transfer through the AT2-A-AT2
molecular junction (see Fig. 4.3.3-4) was calculated by Ch.M. Finch and I.R. Grace
(see Fig. 4.3.3-5a). They used the SIESTA density functional theory package 2% to
minimalise free energy of the model molecular configuration. The relaxed molecule was
provided with partial leads, each containing five Au(111) layers of fifteen gold atoms.
This large surface area was found to be necessary to fully describe the coupling between
the gold surfaces and the molecular wire, vertically aligned between the contacts.
Then, a modified DFT package was used to find the Hamiltonian and overlap matrices
of the system, describing charge transfer effects at the lead — molecule interface. Finally,
the SMEAGOL code, which is a hybrid of DFT and non-equilibrium Green's function
techniques **°
a model I-V characteristic for AT2-A-AT2 system, shown in Fig. 4.3.3-5b, from
Eqn 2.3.3-2.

, was applied to compute zero-bias 7(E). This data was used to calculate

Fig. 4.3.3-4 Relaxed AT2-A-AT2 geometry for 7(E) computation.

The theoretical data displayed typical off-resonant current due to the broadened
HOMO and LUMO resonance tails. The profile of the computed I~V curve was similar
to those obtained from STS experiments and Si-DEV measurements. The theoretically
predicted current of ca. 0.2 nA at 300 mV is also in reasonable agreement with the

measured single molecule current at the same bias.
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4.3.4 Summary of electronic properties of AT systems

A novel statistical approach to the analysis of current flow asymmetry resulted
in development of the first reliable method for precise estimation of STS operational
parameters, for which the minimum tip — sample separation could be achieved. In order
to recognise which I-V characteristics represented current transmission under the
strongest tip —molecule coupling conditions, histograms of A,(V,) parameters were
plotted. These parameters are calculated from -V characteristics registered when the
tip — substrate separation was decaying to zero {d(a) = [d,, ...0]}. Next, 4-V and d//dV’
dependences for the most characteristic points of the 4,(V,) histograms were compared
and analysed.

More detailed studies of A,(V,)-I«(V,) characteristics, calculated from I-V curves
taken at different feedback voltages, can also lead to better understanding the influence
of LDOS on the observed I-V curves asymmetries. This has been impossible using
standard STM-STS analysis. The presented experimental results prove that the electronic
transmission between tip and substrate was strongly attenuated by electron energy
dissipation effects upon tunnelling through the air gap. Coexistence of these competing
phenomena, when each affects the current asymmetry in a different way, complicates
the analysis of separate I-V curves. However, the proposed method of Au(Vy)-la(Vy)
characteristic analysis, gives new opportunities of obtaining complete lists of factors
causing the asymmetry of current flow through particular molecular systems.

The described method of current asymmetry analysis was applied for studying
current rectifying properties of AT structures. The following systems: AT1-A, AT2-A
and AT3-A revealed low-rectifying properties, and can be generally treated as
Au | Au—(D)-n—(A) systems. Different values of the maximum current asymmetry were
detected for these systems. The rectification was inversed by attaching a strong electron-
-donating units to AT1-A to form AT1-AD with Au | Au-n—(A)-n—(D) type electronic
structure. According to preliminary expectations, the strongest rectifying properties
were observed for AT2-L, containing two sets of electron donors and acceptors. The

electronic structure of this system was described as Au | Au—(D)—n—(D)—n—(A)——(A).
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The rectification ratio of ca. 44 at £1V, found for this system, is the highest value
reported for stable monolithic n-conjugated molecular wire structures.

Methods of the step-by-step in-situ molecular wire synthesis, reported here and
by other research groups 236290 was found to be very useful for manufacturing two-
-terminal molecular devices for prospective future technological applications. Previous
attempts of bridging two electrodes in Si-DEV by long and rigid dithiol molecules
had failed, which revealed major difficulties in forming stable electrical contacts with
both metallic terminals simultaneously. The step-by-step approach enabled one to
achieve this target. Monolayers of small, conjugated molecules onto both electrodes of
Si-DEV can be formed via self-assembly. The following step enables the reactive
terminal groups of the self-assembled molecules to be bridged with functional units, the

length of which can be precisely selected to fit the gap between the self-assembled

components. This technique has four major advantages:

1) self-assembly of short molecules separately onto both electrodes guarantees
a relaxed geometry and dense molecular arrangements, which leads to:
a) the strongest substrate —molecule electronic coupling, minimising the
barrier for electronic transmission;
b) high symmetry of the final two terminal structures, demonstrated by
perfectly symmetrical /-V characteristics of AT2-A-AT2 system;
2) length of molecular systems can be precisely adjusted via preliminary computer
modelling of the junction architecture;
3) electrostatic interaction between molecules can be limited, as:
a) the molecules form a ring around the central insulating core of the device;
b) density of the central linking components can be controlled by introducing
molecular side groups acting as electrically neutral spacers;
4) time-consuming and expensive process of synthesising long molecular systems
via standard wet chemical methods was replaced by efficient in-situ synthesis

using cheap and commercially available components.
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4.4 Electronic properties of PeMP systems

Studies of PeMP systems were undertaken in order to determine the conductivity
of these molecular wires. In particular, attention was paid to the method of improving
the conductivity by introducing a positive charge to the central aromatic ring of the
self-assembled molecule (Section 4.4.1). The second part of these studies (Section 4.4.2)
concerns the functionalisation of PeMP-b monolayers by in-situ ion exchange
reactions, to create hybrid “sandwich-type” structures, which can be described as
Au | Au—n—~(A")—n I (D7)—n systems. Such a counter-ionic system was expected to reveal
strong rectifing properties due to large energetic differences between the energy levels
of the frontier molecular orbitals of the donor and acceptor, and effective separation

of these components.
4.4.1 Electron transport through two-terminal PeMP molecular wires

Two STS techniques, /-s and I-¢, were applied for characterising the off-resonant
current transmission through PeMP-a and PeMP-b at ¥ = 300 mV. Results of these
experiments were compared with theoretical I-V characteristics for these systems,
calculated from T(E), which were computed by Finch and Grace of the Lancaster
University.

Most of the I-V curves observed for both forms of the system: neutral and
protonated, were highly symmetrical. The most commonly seen /- characteristics regis-
tered for these systems are shown in Fig. 4.4.1-1. The typical current jumps registered for
PeMP-a and PeMP-b, using both STS methods, are shown in Fig. 4.4.1-2 and Fig. 4.4.1-3
respectively. The multiple jumps, indicating adsorption of more than one molecule at
a time, were also recorded using the /- technique, which suggested a dense molecular
arrangement. Duration of the periodic tip —molecule contacting events during the
experiment was relatively short (10 — 60 ms) when compared to other data 1% which was

expected for very rigid molecular systems.
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Fig. 4.4.1-1 Typical I-V characteristics observed for PeMP-a and PeMP-b.
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X-axis for clarity).
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Fig. 4.4.1-3 Typical current jumps recorded at V=300 mV for PeMP-b via (a) I-s and
(b) I-¢ STS scans (the four I-s curves on the right in (a) were shifted along
X-axis for clarity).
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Major peaks in histograms of the current jumps, registered via the STS I-s and
I-t techniques for PeMP-a, indicated a tunnelling current of 0.40 +0.05 nA at 300 mV
(see Fig. 4.4.1-4). The equivalent histograms for the PeMP-b system revealed two
different values of the current, which could have been observed with equal probability:
I = 0.40 £0.05 nA, and L = 0.80 +0.05 nA (see Fig. 4.4.1-5). It is believed that the
peaks at lower current can be assigned to transmission mediated by PeMP-a, and the
peaks at higher current are associated with transmission through PeMP-b system. This
would agree with the previous XPS quantitative studies on PeMP-b and PeMP-c, which
suggested the PeMP-a systems protonation yield to be ca. 58 %.

Zero-bias electronic transmission coefficients as functions of energy were
computed for the relaxed PeMP-a and PeMP-b geometries attached to partial leads,
containing five Au(111) layers of nine gold atoms each (see Finch and Grace calculations
in Fig. 4.4.1-6). Profiles of the theoretical /-V characteristic, calculated from the mole-
cular Landauer formula using computed 7(E), are shown in Fig. 4.4.1-7. The theoretical
data for PeMP-a display typical off-resonant currents in the studied range of
V'=[-1V, 1V]. A profile of the computed I~V curve for this system was similar to that
obtained from the STS experiment. However, the theoretically predicted current of
ca. 50 nA at 300 mV (see red curve in Fig. 4.4.1-7) was two orders of magnitude higher
than that detected during I-s and /-t measurements. The results of 7(E) calculations for
PeMP-b revealed a resonance at ca. 0.24 eV, which would give rise to a strong current
increase at ca. 480 mV (see blue curve in Fig. 4.4.1-7). This effect was not observed
during STS I-V scans, which was most probably due to the lack of strong tip — molecule
electronic coupling and the electron’s energy dissipation at the air gap potential
barrier (see Section 4.3.1). However, according to theory, the off-resonant electronic
transmission in the voltage range of V' = [-300mV, 300mV] was very weakly affected
by the presence of a proton on the central aromatic ring of the self-assembled molecule
(see Fig. 4.4.1-7b). This corresponds well to the experimental STS J-s and I-¢ results
at 300 mV.
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Fig. 4.4.1-4 Histograms of (a) 462 current jumps registered at V' = 300 mV vig I-s
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Fig. 4.4.1-6  Zero-bias T(E) computed by Ch.M. Finch and LR. Grace for relaxed
(a) PeMP-a geometry (shown in the bottom left corner of the plot) and
(b) PeMP-b geometry, which resembled that from plot (a).
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The electrical studies of PeMP-a and PeMP-b systems indicated that the
measurements agreed with theory about the small difference in off-resonant conductivity
between these two systems, but they also revealed a strong disagreement about the exact
quantity. The very similar values of the tunnelling current at V=300 mV were obtained
by B. Urasinska for compounds with a similar backbone structure, but different side

groups attached to the central aromatic rings 2

. Depending on the nature of the side
groups, current varied between 0.2 and 0.5 nA. This indicates a very weak dependence of
oligo(phenylene-ethynylene) systems molecular structure on the tunnelling current in
normal environmental conditions. This regularity may also apply to other guasi-linear
conjugated molecular systems such as AT2-A-AT2 (Section 4.3.3), and longer conju-
gated systems up to 7 nm in length 21233 The current registered via STS at V=300 mV
varied between 0.1 and 0.8 nA for all these systems, including PeMP-b, where the highest
value was observed.

There can be several reasons for the differences observed between the measured
tunnelling current and the theoretical values, calculated for separate molecules:

1) lateral interaction between molecules in SAMs, which can attenuate charge
transfer per molecule (even by a few orders of magnitude), compared to the
theoretically analysed separate molecular system:

a) electrostatic interactions, discussed by Y. Xue and M.A. Ratner ML
b) various thermal effects, observed by Y. Selzer 242 \which arose from the
presence of neighbouring molecules;

2) presence of small molecules from the atmosphere (mainly H20) in direct proxi-
mity of SAMs, which can affect molecular conductivity in a similar way as the
neighbouring molecules forming SAMs do; this was studied by C. Lambert 243,

3) real geometry of a gold — molecule interface determining the electric terminals —
- molecule electronic coupling, which is different from that theoretically predicted;

4) molecular response under applied bias can be significant, and was not included
in the theoretical analysis; this may be especially important for m-conjugated
molecules revealing high polarisabilities, as this effect can strongly influence

the shape of the tunnelling barrier.
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4.4.2 Rectifying behaviour of modified PeMP SAMs

According to the previous studies of PeMP-b and PeMP-c systems, the TCNQ""
electron-donating moieties successfully replaced all CI” ions during the ionic exchange
reaction described in Section 4.2.2. Due to a dense molecular arrangement of PeMP-b
systems, the bulky TCNQ"™ radical anions were assumed to form an adlayer on top of the
self-assembled cationic PeMP-b molecules, rather than diffusing inside the monolayers.
As the protonation yield for the applied method was estimated to be higher than 50 %,
the radical anions (the cross-section of which is higher than for the molecules in the
monolayer) could have formed a uniform and sufficiently dense adlayer. Thus, the
expected arrangement of PeMP-c molecular layers, shown in Fig. 4.4.2-1, was treated

as Au | Au—n—(A")—r | (D7)—n.

Au STM Tip

Gold Substrate

Fig. 4.4.2-1 Schematic image of the molecular arrangement expected for PeMP-c.

< {43



4 Results and discussion

STS measurements of PeMP-¢c and PeMP-d were conducted according to the
methods given in Section 4.3.1. Strong rectification up to ca. 200 at =1V was consistently
observed during scanning of the PeMP-c samples (see. Fig. 4.4.2-2). This has proven
the preliminary assumptions about the structure of the molecular bilayer and has also
revealed the great potential of the ionically coupled n-conjugated molecules.

Current rectification of 20 — 30 at +1 V for Au | Au-c—(A") |TCNQ'" molecular
systems was previously reported by Ashwell ef al. ***. Rectification increased to
60 — 100 at +1 V when TCNQ" was replaced by the bulky copper phthalocyanine,
CuPc(SO{)4(Na+)m where 1 < n < 2 *®. Soon afterwards, the highest rectification
reported to date for ionically coupled non-conjugated systems (> 1000 at £1 V) was
found for Au | Au—6—(A")—n—D | CuPc(S0357)a(Na*),, also by Ashwell et al. 2*. The
only studies on rectification by ionically coupled m-conjugated systems were performed
for self-assembled 7 nm long molecular wires with CuPc(SO3 )4(Na™), deposited on
top of the monolayer, which was reported by Ch. Wang et al. **’. The structure of this
system can be described as Au | Au—n—(A")2—n | CuPc(SO37)4(Na*),, whose structure
is very similar to that studied by the author. However, despite using double electron-
-accepting groups on the molecular wires and the very strong copper phthalocyanine
electron donors, the rectification obtained was relatively weak (< 50 at 1 V). Much
higher rectification, found for the PeMP-c system, in which the weaker donating and
accepting components where used, could be due to higher packing density of the
molecular wires, which guaranteed high uniformity of the electron-donating adlayer.
This could have resulted in a very high permanent dipole moment for the bilayer.

An estimation of the final structure of PeMP-d was found to be a complex
problem, which could not have been solved with the available experimental methods. For
this system rectification inversion relating to PeMP-c was observed (see Fig. 4.4.2-2b).
This high rectification ratio of up to 65 at £1V (in the negative quadrant of the
I-V plot) was consistently observed for all three samples of PeMP-d. However, due to
the lack of information about the PeMP-d composition, further studies in this field

are required in order to find the origin of the observed effect.
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Fig. 4.4.2-2 Typical I-V characteristics observed for PeMP-c and PeMP-d.
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4.4.3 Summary of electronic properties of PeMP systems

Studies of the conductivity of PeMP-a and PeMP-b systems proved that tunnel-
ling current through the junctions (formed after contacting the thiol groups with the STM
tip), did not differ significantly from the off-resonant current of other conjugated moieties
in monolayers. Theoretical calculations, which predicted a tunnelling current two orders
of magnitude higher, concerned separate molecules in a vacuum with ideally symmetrical
leads. However, this did not include the effect of electric field on the molecules, which is
a very unrealistic situation. Due to the much better agreement of theory and experiment
for the AT2-A-AT2 system, the arrangement in which the monolayer was less dense, it is
highly probable that intermolecular interactions had a major limiting influence on the
current transmission through the junctions. This close-packing effect was also proved by
other authors ?*'**2, On the other hand, the theory correctly predicted the difference in
the tunnelling current between PeMP-a and PeMP-b.

The densely packed SAMs, based on the PeMP core structure, could be easily
modified and functionalised in order to obtain the desired rectifying properties, which
to date were not observed for any other conjugated systems. The electronic structure of
the PeMP-c system, described as Au | Au—n—(A")-= | (D")—n, provides a rectification
ratio of up to ca. 200 at £1V. The chemical method of reversing this rectification, and
obtaining a value of ca. 65 at =1V in the opposite direction was also found. The origin
of this effect is unknown, but such a strong evolution of the electronic properties is most
probably associated with a redistribution of charge upon some fundamental structural
transformations of the system. Thus, resolving the chemical structure of PeMP-d is
essential for understanding the unique properties of this system and should be the topic

of further research.
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5 Conclusions

The current rectifying features of the extended molecular wires, formed from
multiple-stage in-situ synthesis, confirmed the significance of the step-by-step method.
It provides complex conjugated molecular systems, the structural and electronic
properties of which can be precisely controlled by incorporating functional units into
the backbone architecture. This method is very simple, efficient and relatively fast,
compared to standard wet chemical synthetic procedures. This is also economically
favourable, which is promising for further commercial applications. Its usefulness has
been demonstrated by connecting the electrode of a prefabricated silicon-based platform
with ca.3.6 nm long molecular wires. This rigid hybrid structure enables precise
monitoring of electronic conductivity of molecular systems, and can be useful for
development of future cutting-edge electronic technologies. It can also be considered as
a prototype of a two-terminal molecular electronic device. A great number of such
structures can be integrated on the same silicon wafer and adapted for mass production.

The method of in-situ molecular film functionalisation using ionic interactions
for the formation of adlayers was also effective. The densely packed monolayers of ionic
molecular wires coupled to counter-ionic molecules of the adlayer demonstrated a very
high rectification. The usage of very simple short linear compounds for the creation
of such a dual-layer film resulted in high uniformity of the structure and its electronic
properties.

A significant contribution was made in the field of STS studies on current
asymmetry. The presented statistical approach was found to be very useful, especially
when applied for estimating the maximum rectification of studied systems. This method
is believed to have great potential for investigating the electron tunnelling effect
and should be developed further. This may lead to better understanding of electronic
transmission through the STM tip — air gap — molecule — substrate setup and to gain
a complete image of energy dissipation and LDOS impact on current asymmetry of

self-assembled molecular systems. Further studies in this field should be focused on
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correlating trends of A(V,)-I(V,) dependences for a =[1, 2, ...z], where z = 1000, with
changes in molecular conductivity, traced on corresponding dZ/d} characteristics.

There are several barriers which need to be overcome before molecular electronic
devices can be applied. One of the most important prerequisites for designing molecular
electronic devices is the complete understanding of electron transport through molecular
systems considering all the phenomena affecting this process. This problem is very
complex and requires sophisticated theoretical studies of non-equilibrium electronic
states on molecules, and interfaces, to be compared with adequate experimental results.
The presented results of the conductivity and the current asymmetry measurements have
also made a significant contribution in this matter, and can be used as a reference for

further studies in this field.
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