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Conjugated compounds for molecular electronics:
from synthesis to conductance studies

Santiago Marqués Gonzalez

This project concerns the synthesis and characterization of linear conjugated
compounds, and assessment of their electrical performance. To that end, several
oligo(phenylene-ethynylene)s (OPEs) were prepared and the available synthetic procedures
reviewed and optimized. Monolayers of these compounds were transferred onto solid
substrates by means of the Langmuir-Blodgett technique, and their physical and electrical
properties evaluated by Atomic Force Microscopy (AFM) and Scanning Tunnelling
Microscopy (STM).

Two novel approaches to the formation of the top electrode on sandwich like
metal|molecule|metal devices, based on the in-situ decomposition of gold complexes, are
detailed. The synthetic methodologies appropriate for the preparation of gold ethynyl
complexes Au(C=CR)(L) (R = aryl, L= PPh3 and CNR) that are critical to the thermal and

photochemical decomposition protocol are described.

A convenient synthesis of bis(ethynyl) complexes trans-Ru(C=CR),(dppe). and
unsymmetrically substituted derivatives trans-Ru(C=CR*)(C=CR?)(dppe); is described. A
detailed structural and spectroelectrochemical study of the complexes, supported by TD-
DFT calculations, demonstrated the relationships between the underlying electronic
transitions that are responsible for the NIR absorption band shape and the relative

orientations of the metal fragment and arylethynyl moieties in the oxidized species.

Single molecule STM conductance studies were performed on a series of OPE and
polyyne derivatives devoting special attention to the role of the molecular linker in the
overall performance of the molecular junction. In that regard, a novel molecular linker
C=CSiMe; was introduced and its electrical and mechanical properties benchmarked
against literature known molecular anchoring groups i.e. NH, and SH. Transistor-like
behaviour was observed in preliminary electrochemical STM studies performed on
complex Ru(C=CCgH,C=CSiMes).(dppe).. Finally, the statistical treatment of the
conductance (STM) and force (AFM) measurements and the Visual Basic (VBA) codes
designed to analyse the large datasets collected are included.
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1. GENERAL INTRODUCTION TO MOLECULAR ELECTRONICS

Molecular electronics is an interdisciplinary field that involves the use of molecules
as fundamental electronic components such as wires, transistors, memories and gain
elements. The field, sometimes called moletronics,* is nowadays firing the imagination of a
broad cross-section of the scientific community. The great potential of the field to alleviate
growing concerns over the future of conventional silicon electronics, and the great interest
awakened in the research community by the fundamental scientific challenges can be
clearly observed in the marked increase of research articles published during the last
decade (Figure 1-1). As it can be seen, 2001 is a critical point in time for the field marking
the rapid growth from dozens of publications a year to hundreds. It is no coincidence that,
the hook-up of molecules into functional circuits was labelled the breakthrough of the year

in 2001 by Science magazine.?
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Figure 1-1. “Molecular electronics™ bibliometrics. Source: Scifinder at January 2014.



Before getting into greater detail, a distinction needs to be made between molecular
materials for electronics and single molecule electronics. The use of organic materials for
electronic applications that deal with ensembles of several millions of molecules and for
which properties are measured on the macroscopic level is nowadays in a mature stage of
development and application. Some of the most relevant examples of molecular materials
for electronics are the use of liquid crystals in screen displays (LCDs)® or the more recent
use of organic light emitting diodes (OLEDs).* In recent years, the application of
molecular materials for electronics has found its way into the market, largely in novel
displays, but also in the form of printed and polymer electronics, complementing silicon-
based devices allowing for an overall reduction in size and costs, or enhanced performance

and consumer appeal of the resulting electronic devices.

However, the sub-field of molecular electronics which this thesis concerns can be
summarised as the use of single molecules to mimic functional elements in electronic
devices. The use of molecules as building blocks to give rise to a more complex system is
typically referred to as the “bottom-up” approach, as opposed to the conventional “top-
down” lithographic techniques that are employed to etch small features into silicon crystals
to build a working device. Despite (or perhaps because of) the great challenges the field of
single molecule electronics presents, the enormous benefits of a molecule-based “bottom-
up” approach motivates the scientific community to keep moving the field forward. As a
clarifying example, a top-end computer microchip nowadays contains 10° transistors in an
area of 180 mm? with typical node sizes ca. 22 nm. A single mole of molecular transistors
could theoretically provide 10% transistors with node sizes up to 20 times smaller.
However, to be fair to the fine job of the semiconductor industry, each one of those
conventional 10° transistors works in perfect harmony with the rest of the electronic

components at the incredible rate of over 10° Hz.> The enormous challenge for single



molecule electronics lies in the development of molecular systems that perform better, or
perhaps in alternative fashion to these extraordinary solid-state devices. However, before
addressing the state-of-the-art in molecular electronics, a look at the field beginnings and
development milestones is desirable to fully understand the aims and motivations of this

research.
1.1. Molecular electronics: the rise of the silicon alternative

Although this section is focused on the rise and development of molecular
electronics (Figure 1-2, right),® the history of the field is incomplete if it neglects the
evolution of the silicon microelectronics industry (Figure 1-2, left). The first experiments
on the electrical properties of semiconductor materials started early in the 19" century. The
surprising properties of these materials such as their increased conductance when heated or
exposed to light captured the attention of scientists and engineers of the time. Amongst the
most renowned contributors of the time are Michael Faraday who first reported the
conductance increase with temperature on silver sulfide (1833), Alexandre-Edmond
Bequerel father of the photovoltaic effect (1839) and Alexander Graham Bell who
employed selenium light sensitivity to transmit sound over a beam of light, the so-called

“photophone” (US 235496 A, 1880).

Despite these early experiments, the birth of the semiconductor industry is typically
ascribed to the genesis of the first transistor. Before that, electronic devices were based on
the use of vacuum tubes to amplify and rectify electrical signals. The first semiconductor
based transistor was built at the AT&T Bell labs a couple years after the end of World War
I. Despite the great efforts made by both sides of the conflict on the improvement of
electronics, as proved by the parallel development of the Radar technology, all the

electronic devices used during WWII were based on the use of vacuum tubes.



However, as it happened to many other scientific fields, it is difficult to deny the
great influence that WWII had in the quick development of semiconductor technology that

followed soon after the conflict ended.

Julius E. Lilienfeld patents
Field Effect Transistor

Brattain, Bardeen, Shockley
Point-contact transistor (Bell labs)

Brattain, Bardeen, Shockley Arthur von Hippel “bottom up”
Nobel Prize “transistor effect” 1956 L “Molecular engineering”
Development of integrated circuits by I f R. Feynman lecture
J. Kilby (Texas inst.) and R. Noyce (Fairchild) 19%9 L “Plenty of room at the bottom”

G. Moore “Cramming more components

onto integrated circuits” 4
m l9|65
o f M Kuh
Intel 4004, the first microprocessor E— . . ann and Kuhn . .
4 First solid state molecular junctions
10 um 1971 S
....................................................... _ [ A Aviramand M. Ratner (IBM) ]
6 um 4 “Molecular rectifiers”
1974 S
G. Binni H. Roh IBM
First 32-bit microprocessors 4 Scannin Ir'I]'EIngnaer;l(ijn MiocrchiZC(J e ()STM) ]
3um 1981 [ g g P

Deployment of exotic lithographic
techniques and high-k materials

Physics Nobel Prize, G. Binnig and H. Rohrer ]

C. Quate and C. Gerber ]
Atomic Force Microscope (AFM)

“Breakthrough of the year”
Science magazine

Figure 1-2. Silicon industry (left) and molecular electronics (right) roadmap, from the

genesis of the first semiconductor transistor to our days.



It was Walter Brattain, John Bardeen and William Shockley of Bell laboratories
who in 1947 discovered through a series of experiments that by applying a small bias to the
surface of a germanium block, the current flow through a second circuit connected to that
piece of germanium could be modulated. The device was named the field-effect transistor
and with it, solid state electronics were born. However, in an often overlooked episode of
the semiconductor history, most of Bell labs initial claims were rejected in benefit of Julius
E. Lilienfeld, an Austro-Hungarian physicist best known for the discovery of radiation
emitted by a metallic surface when electrons strike it, nowadays known as the Lilienfeld
radiation. In 1930, seventeen years before the Bell labs discovery, Lilienfeld patented the
field-effect transistor (US1745175 A). Despite his early description of the transistor effect,
Lilienfeld’s work was largely ignored by the emerging semiconductor industry. The Bell
labs found their way around Lilienfeld’s patents by presenting their creation as the first
point-contact transistor and in 1956, only nine years after the first transistor was built,
Brattain, Bardeen and Shockley were awarded the Physics Nobel Prize for their research
on semiconductors and discovery of the transistor effect. In recognition of Lilienfeld’s
sometimes overlooked contribution to science, an annual prize that carries his name was
established in 1988 by the American Physical Society to reward a most outstanding

contribution to physics.

The 1950s was an era of frenetic activity at the Bell labs at the same time the first
transistor was built, Jules Andrus and Walter L. Bond began adapting a photoengraving
technique used to print patterns onto integrated circuits to generate sophisticated designs
on silicon wafers. Their progress, together with the serendipitous discovery in 1955 of the
silicon oxide masking by Carl Frosch also at the Bell labs set the start point for the modern

monolithic microelectronics industry.



However, the semiconductor industry was soon a victim of its own success. Almost
immediately after the production of the first commercial transistors, the increasing need for
computing power became a proxy for a miniaturization race that still lasts to the present
day. Transistor sizes dropped dramatically to just a couple centimetres in the year after the
Bell work was announced, and the difficulties to further reduce the size of the components
would soon occupy most of the industry attention. It is in this context where molecular
electronics first came into view. The same year (1956), the Physics Nobel Prize was
awarded for the discovery of the transistor effect, a German physicist named Arthur von

Hippel then working at MIT proposed a completely different approach:

“Instead of taking prefabricated materials and trying to devise engineering
applications consistent with their macroscopic properties, one builds materials

from their atoms and molecules for the purpose at hand ...”

The notion of “molecular engineering” first introduced by von Hippel is commonly
considered the first expression of the “bottom-up” approach and is regarded by many as the
starting point of molecular electronics. von Hippels’s concept was quickly embraced, and
in 1957 a collaboration was set with the Westinghouse company. The successful
partnership between Westinghouse and von Hippel ideas captured the attention of the US
Air Force (USAF) at the end of the 1950s. At that time, the airborne electronic equipment
was growing increasingly complex and vulnerable to failure, as aircraft began flying faster
and higher. In 1959, the USAF finally decided to invest US$2 million in a joint USAF-
Westinghouse research program for the development of molecular electronics as a possible
solution to their problems. Their research proposal “Molecular Electronics — Dendritic
Approach” proved successful enough to be funded until 1962. At that point the research

program was abandoned mainly due to severe applicability problems.



It is fair to say, that researchers at the Westinghouse labs were the first to encounter
what still remains the biggest challenge of the field: the manipulation of matter at the
molecular level. The falling interest in molecular electronics in the 1960s was also due in
part to the rapid progress being made by the contemporary silicon electronics technology.
By the time the USAF became involved in the development of molecular electronics, solid
state semiconductor electronics was on the cusp of a seminal breakthrough in integration,
which heralded the arrival of the modern semiconductor revolution. In 1959 Jack Kilby at
Texas Instruments, and Robert Noyce at Fairchild Camera, developed a solution to
integrate even more of the individual components onto a circuit, the so-called solid circuit.
In an attempt to reduce the components size, low production costs and increase electronics
reliability, they were able to print and wire several electronic components on a silicon
substrate. The importance of Kilby’s work was recognized later in 2000 when he was
awarded the Physics Nobel Prize for his contribution in the invention of the integrated

circuit.

Despite the rapid post-war evolution of the silicon industry, the miniaturization race
had just begun with the development of the integrated circuit, and the need for smaller
electronic components maintained a degree of interest in the concepts of a molecular
electronics technology. Two well-known events that gave impetus to molecular and
semiconductor electronics took place in the 1960s. The first one was the famous lecture
given by physicist Richard Feynman titled “There’s plenty of room at the bottom”
(December 29" 1959) in which he challenged the whole scientific community to push the
miniaturization limits. For many, Feynman’s revolutionary ideas exposed in that lecture
are the starting point of nanoscience and nanotechnology. The second event has to do with
the Intel co-founder Gordon E. Moore who in 1965 published his now famous paper

“Cramming more components onto integrated circuits”.” In his market study, Moore



predicted the growing pace of the number of electronic components, setting the guidelines
for the miniaturization race. Only three years later, in 1968, Moore together with Robert
Noyce founded the Intel Corporation, and the journey towards the evolution of consumer

electronics and the multi-billion dollar semiconductor industry had begun.

In contrast, the ideas of molecular electronics technology had to wait until the
1970s to have a real impact on the scientific community. At that time, establishing
electrical contacts across individual molecules was still a dream; however intramolecular
electron transfer was being increasingly studied in solution, using the characteristic
spectroscopic profiles associated with ‘mixed valence’ complexes and compounds (vide
infra). By 1967 Peter Day and colleagues® had already prepared a number of mixed-
valence systems and showed that in almost every case examined that, the electronic
spectrum of the mixed-valence compound was very similar to that obtained from the
superposition of the fully oxidized and the fully reduced species. Almost simultaneously
with Allen and Hush, Robin and Day published in 1967 an extensive survey of mixed-
valence systems and proposed a classification system according to their molecular or
crystal structure. The desire to develop well-defined systems to study the electron transfer
through bridging ligands lead Creutz and Taube to prepare and characterize the iconic
mixed valence cation [{(NH3)5RU}(}L-py){RU(NH3)5}]5+ (py = pyrazine) now commonly
known as the “Creutz-Taube ion”.° A detailed overview on the history and foundations of
the mixed valence chemistry can be found elsewhere,”® and the use of mixed-valence

systems as models for molecular electronics components continues to this day.**

The first direct measurements of through molecule conductance were reported in
1971 when Mann and Kuhn'? in their pioneering work were able to contrast the already
established in-solution electron transfer studies with solid state ones. They prepared a

series of well-ordered fatty acid monolayers employing the Langmuir-Blodgett (LB)

8



technique, sandwiched them between metal electrodes and measured the electrical
properties of the systems. Those studies revealed an exponential decay of the conductivity
with the molecular length that still remains as one of the field’s hot topics nowadays.
However, while the scientific community struggled to integrate molecular components into
solid-state platforms, the semiconductor industry continued with its relentless
miniaturization progress reaching another milestone. In 1971, Intel presented the first ever
general purpose microprocessor, the Intel 4004 processor, with over 2000 transistors built

on a silicon monolith the size of a fingernail.

The silicon revolution that followed, driven by the then emerging, and now on-
going, drive to meet ‘Moore’s Law’, has overseen the growth of one of the most important
and dynamic areas of global scientific and technological progress through the following
five decades. In 1974, Ari Aviram who at that time worked at the IBM company, and his
manager Mark Ratner, who agreed to supervise Aviram’s thesis, started working on the
theory of electron transfer through single organic molecules. Their efforts crystallized in a
now-famous article titled “Molecular Rectifiers”.*® In that document, Aviram and Ratner
suggested for the first time the use of a molecule with a modular design based on

fragments familiar to chemists as an electronic component (Chart 1-1).

Acceptor
Chart 1-1. Aviram and Ratner proposed a molecular rectifier based on tetrathiafulvalene

(donor) and tetracyanoquinodimethane (acceptor) linked via a saturated methylene bridge.

Curiously enough, Aviram and Ratner never used the words “molecular

electronics” in their article; nevertheless, this seminal work became the beginning of the



modern field of molecular electronics. However, Aviram had no answer to the
manufacturability problem, in fact he did not even synthesize his proposed rectifier let
alone integrate millions of them into a working device. Staggeringly, despite over 2000
citations to the Aviram-Ratner molecular rectifier since 1974, to the best of our knowledge

this compound has not yet been synthesized.

Although research efforts at IBM were mainly focused on the pursuit of better
silicon processing, researchers there also had their eyes set on the possible future
alternatives to the silicon platform. This ambivalent IBM approach resulted in the
invention and development of the scanning tunnelling microscope (STM) by Gerd Binnig
and Heinrich Rohrer in 1981. While investigating superconductivity and surfaces at the
atomic scale they grew increasingly frustrated by the experimental limits of their tools, so
they built their own, able to image and manipulate matter at the atomic level. The creation
of the STM meant that in 1986, only five years after their invention was presented, Binnig
and Rohrer were awarded with the Physics Nobel Prize. That same year (1986), inspired by
the development of the STM, G. Binnig, C. Quate and C. Gerber developed the atomic
force microscope (AFM). The AFM ability to scan and trace contours of surfaces (not
necessarily conductive) revealing their atomic profile was quickly embraced by the

scientific community.

With the introduction of the STM and the AFM, the experimental barrier that had
frustrated every previous attempt to perform direct measurements of single molecule
electronic properties was removed. The maturity of the STM, together with the rise and
settlement of nanotechnology'* and the development of other scanning probe
microscopies,™ such as the conducting probe atomic force microscopy (CP-AFM), brought

a renaissance in molecular electronics science throughout the 1990s.
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In an echo of the initial USAF-Westinghouse project, modern molecular electronics
again managed to capture the attention of the Defence Advanced Research Projects
Agency (DARPA) and a proposal by Mark Reed and James Tour, “Spontaneously-
assembled molecular transistors and circuit. A quick integration of molecular components
on silicon.” became DARPA’s ULTRA (for ultrafast, ultradense electronics) research
theme. After several successful reviews, DARPA consolidated the ULTRA program as a
Moletronics research program to provide funding to a multidisciplinary molecular
electronics research network from the year 2000, which was overtaken by the Applications
of Molecular Electronics (MoleApps) programme in 2004. The renewed interest in
molecular electronics in the period is reflected in the growing number of research articles
published during the second half of the 1990s lead the Science magazine to label the hook-

up of molecules into functional circuits the breakthrough of the year in 2001.7

A decade after the Science declaration of the importance of the advances being
made in molecular electronics, the area is making a steady advance towards acceptance as
a main stream technology. Efforts to maintain the pace with Moore’s law has driven
decades of technological achievement and new materials science in the semiconductor
industry,®® and consequently, devices with 22 nm feature sizes are now available (Intel vy
Bridge and Haswell chips). However, top-down scaling is becoming breathtakingly
complex, and increasingly giving way to more complex and lithographically challenging
3D designs (e.g. Intel’s ‘tri-gate’ 22 nm transistors), and conventional materials superseded
(e.g. the use of high-k gate dielectrics in place of SiO,).' Intel’s CEO Brian Krzanich
recently announced that the release of the next generation of 14 nm technology (Broadwell
architecture) has been pushed back due to problems in yield manufacturing (Intel
Developer Forum, 2013). Whilst a miss-step in Intel’s production schedule and failure to

meet its long standing ‘tick-tock’ schedule of chip refresh may not seem a major economic
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or technological concern, this missed production window is not the first indication of the
growing difficulties that conventional semiconductor fabrication methods are now facing.
When pressed on this in an interview with the Wall Street Journal (21/11/2013), Intel’s
Executive Vice President of Manufacturing Operations, William Holt, gave the glib, but
insightful comment “It’s just getting really hard”. In fact, the challenges associated with
manufacturing advanced electronic circuits are now so great that in 2013 the international

community was forced to re-write Moore’s Law:

After 2013, the Moore’s Law rate of on-chip transistors slows to 2.x every three years.

International Technology Roadmap for Semiconductors (2011)

Molecular electronics has long been touted as a solution to future challenges in the
semiconductors industry, and there is now growing industry acceptance of a potential

future role for molecular electronics in the sector.

Moore’s Law is going to hit a wall shortly... Therefore we are currently
investigating the role of molecular electronics to potentially offer novel device
concepts, which are ultimately scaled and provide electronic functionalities
beyond those of the transistor.

IBM Research Laboratories, Zurich (2013)

Thus with the semiconductor industry slowly struggling to keep up with Moore’s
predicted pace as they approach the astonishing figure of tenths of nanometres per
transistor, molecular electronics seem to be gaining popularity amongst the academic
community and the semiconductor industry. However, this time the story seems to have
changed, nobody thinks of molecular electronics as a full alternative to silicon but as a

complementary technology able to project the electronics industry even further. In other
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words, silicon is here to stay; molecular electronics will have to find its way into the

current fabrication methods.
Computing with molecules as circuit building blocks is an exciting
concept with several desirable advantages over conventional circuit
elements. Because of their small size, very dense circuits could be built,
and bottom-up self-assembly of molecules in complex structures could be
applied to augment top-down lithography fabrication techniques. As all
molecules of one type are identical, molecular switches should have
identical characteristics, thus reducing the problem of variability of
components. However, the success of molecular electronics depends on
our understanding of the phenomena accompanying molecular switching,

where currently many questions remain.

International Technology Roadmap for Semiconductors, 2011
1.2. The experimental barrier

The complex experimental set-up required to perform single molecule studies has
historically been, and still remains, one of the most important obstacles to the full
development of molecular electronics. However, since the invention of the STM and the
AFM and through the great effort made by the scientific community in recent years,
several methods that allow the formation of molecular junctions in order to study their
physical properties and electronic performance have been firmly established.® The main
aim of these methods is to assemble one or a small number of molecules between two
metallic electrodes to create a junction which allows the electronic properties of the
sandwiched molecules to be measured.” The most common and important methods for

creating these junctions are discussed in the following paragraphs.
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1.2.1. Break junctions

This section encompasses the most commonly employed methods for the controlled
fabrication of nanogaps not dependent on scanning probe microscopies but rather through
the formation of nano-sized junctions by mechanical or electromigration processes. The
first mechanically controlled break-junctions were developed by Moreland and Ekin. In
their work, Nb-Sn filaments mounted on a flexible glass beam were cleaved by bending the
substrate, allowing the formation of well-defined gaps of nanometric dimensions.?® Their
pioneering work was continued by Muller et al. who developed the method to form break
junctions of metallic (non-brittle) materials.?* This later setup, depicted in Figure 1-3, is
based on the formation of a fine metallic filament bridging the two electrodes which is
cleaved by bending the flexible substrate with a pushing rod located beneath the substrate.
Recently, lithographic techniques have been used to pattern suspended metallic bridges®

and systems with a third electrode that can perform as a gate in a transistor-like setup.?

Figure 1-3. Schematic diagram of a mechanically controlled break junction MCBJ.
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The large displacement ratio (Ad/Az), between the movement of the push rod that
bends the system (Az) and the displacement of the electrode gap (Ad), typically Ad/Az~10"
allows for a great control over the gap size and makes the system stable against drift and
vibrations.

The first experiments involving the use of such mechanically controlled break
junctions (MCBJ) concerned the formation and study of atomically thin metallic wires.**

Importantly, in a series of experiments conducted by van Wees et al.®

on the cleavage of a
GaAs-AlGaAs heterojunction, it was found that upon increasing the electrodes separation
Ad the conductance decreased in quantised steps of 2e’h, corresponding to the
conductance quantum Go. Further studies found the same behaviour in several metals
including the gold contact.** % Typically, when two gold electrodes are pulled apart,
conductance steps with values close to that of the conductance quantum and its integers are
observed. Those experimentally observed conductance jumps were later associated with
atomic rearrangements of the gold electrode a proposal that could be supported by

theoretical studies.??® %’

In 1997 Reed and Tour,?® demonstrated that the MCBJ could be employed to form
molecular junctions. In that work, a gold wire was coated with a self-assembled monolayer
(SAM) of 1,4-benzenedithiol and then pulled apart until cleavage takes place. The two
electrodes that resulted from cleavage of the wire were then slowly brought together to
form the molecular junction when spanned by one or more 1,4-benzenedithiol molecules.
The through-molecule conductance could be recognised by the onset of conductance steps
several orders of magnitude lower than the metallic conductance quantum. These novel
experiments demonstrated that the electrical properties of a small number of molecules, or
even one single molecule could be obtained employing MCBJ methods. In order to

determine the number of molecules present in the junction, a growing number of studies
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rely on the statistical treatment of the conductance traces and I-V profiles.?® The statistical

analysis of MCBJ experiments has recently been reviewed (see Appendix A).%*" %

1.2.2. In-situ break junctions and related methods

This section encompasses several methods that rely on the use of scanning probe
microscopies (STM and CP-AFM), for the study of molecular junctions focusing on the in-

situ break junction,®! I(s) and I(t) STM techniques.*

The STM-break junction (STM-BJ) technique developed by Tao,** consists of
initially fusing the substrate with the STM tip. As the tip is retracted a metallic filament is
formed, the presence of which is typically characterized by large current jumps that relate
to integers of the quantum of conductance, Go. Retraction of the tip continues until the
metallic contact is cleaved (Figure 1-4, top) and the tunnelling current decays
exponentially with the distance separating the reformed tips and substrate. When the
protocol is repeated in the presence of the target molecules, after the metallic contact is
cleaved, molecular junctions can be formed. Conductance through the target molecule can
be observed as smaller steps at a fraction of G, against the otherwise exponential decay of
the tunnelling current. The process is repeated until a statistically significant dataset

concerning these current plateaus is obtained.

In contrast, the I(s) and I(t) methods (Figure 1-4, bottom) avoid tip-substrate
contact at all times. The I(s) method introduced by Haiss et al.*** involves bringing the tip
close to the substrate surface and in a manner related to STM-BJ method the exponential
decay of the tunnelling current between tip and substrate is registered as the tip is retracted.
These blank curves can be used to identify the initial tip-substrate distance (see Chapter 2,
Eqg. 2-1). When the process is repeated in the presence of molecules, there is a finite

probability of a molecule becoming electrostatically trapped between the tip and the
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substrate. A current plateau is observed when a molecular junction is formed, which both
identifies the formation of a junction and permits the electronic characteristics of the

d*?® monitors the stochastic formation and

molecule to be assessed. Finally, the I(t) metho
cleavage of molecular junctions within a period of time. The use of a constant tip-substrate
distance in the I(t) method vs the controlled tip approach and retraction in the I(s)
technique distinguishes the two approaches. Under the constant tip-substrate distance
conditions that are employed in the 1(t) measurement, the tunnel current is monitored and

signal jumps are observed when a molecule bridges the gap resembling telegraphic noise

signals.®

4 |
[B) “Rerorming

N
N
N
B
N
S
N
N

{pﬂ@%@ﬁ%}@ﬂ@n Y

Figure 1-4. Top to bottom, schematics of STM-BJ, I(s) and I(t) methods.
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Despite the differences in methodology leading to the through-molecule
conductance measurements, all three methods STM-BJ, I(s) and I(t) still depend on the
statistical treatment of the data (typically consisting in thousands of current-distance
traces) as the junction formation ratio can sometimes be low. In order to analyse the STM
results with ease, current traces are typically binned into discrete divisions to form
histograms, then transformed to electrical conductance G =1/ V and finally referenced to
the quantum of conductance G,. The preparation of conductance histograms and their

significance is discussed in detail in Appendix A.

1.2.3. Monolayer matrix isolation

1.3* the molecule of interest, functionalised at

In this approach developed by Cui et a
each end with gold-binding groups, is isolated within a poorly conductive SAM, typically
formed from a long-chain alkanethiol chosen to be slightly shorter in length that the target
molecule on a gold substrate. This hybrid monolayer-coated substrate is then immersed
into a solution containing gold nano-particles (GNPSs) that attach to the available top end
linker of the targeted molecule (Figure 1-5). The conductance of the molecular junction is
measured by contacting the GNPs on the film surface with the AFM or STM tips. Through
statistical treatment of the data distinct conductance values can be identified, and by
attributing the lowest conductance peak in the histogram to the conductance of a single
molecule, the number of molecules involved in the junctions showing higher conductance
peaks could be determined. Despite the apparent simplicity of the technique, several issues
need to be considered.®® Typically, the aggregation of gold nanoparticles in solution is
avoided by the use of a stabilising ligand. If the GNPs involved in the molecular junction
are coated by a stabilising ligand, the surfactant influence in the junction conductance has

to be taken into account. In addition, GNPs with sizes under 5 nm are known to exhibit

coulomb blockade,*® that can be observed at the zero bias region of I-V curves presented by
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Cui et al.** Finally addressing the gold nanoparticle with a scanning probe microscope can

result in deformation of the under-lying organic film, which in turn can distort the junction

oy

Figure 1-5. Schematic representation of the monolayer matrix isolation.

characteristics.>> ¥’

1.2.4. Nanofabrication

Despite the great effort made during the last decades, the reliable integration of
molecules into complex circuits remains in its infancy.®® However, those efforts have
crystallized in a myriad of nanofabrication methods based on scanning probe microscopies
and lithographic protocols that can be used to precisely fabricate nano-sized gaps suitably
sized to trap a small number of molecules, or even a single molecule, for their study.*® *
Amongst the most relevant nanofabrication processes developed to prepare molecular
junctions are: metal evaporation; nanopore architectures; mercury drop junction;
conducting polymer electrodes; soft contact deposition methods (lift-off-float-on and

polymer-assisted lift-off); crossed wires; nanoparticle bridging (2D array) and nano-

printing (dip-pen nanolithography).

The majority of these techniques were developed as softer alternatives to prepare
the junction’s “top” electrode, due to the damage caused to the organic film by direct

thermal evaporation used to prepare sandwich-like devices from monolayer coated
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substrates.*® Despite metal evaporation being widely used by the semiconductor industry,
the metal atoms and clusters evaporated from the heated metal source reach the organic
film with enough Kkinetic energy to penetrate through the molecular layer on the
substrate.“®® Several softer indirect metal evaporation protocols have been developed in an
attempt to preserve the integrity of the molecular film. Conducting the evaporation process
in the presence of an inert gas can reduce the energy of the evaporated atoms by colliding
with the inert gas atoms, turning the organic film away from the metal source or using an
electron beam instead of thermal evaporation can all be used to reduce film damage during

the deposition of the top-electrode (Figure 1-6).**
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Figure 1-6. Indirect electron beam top-electrode deposition.

A slightly different approach is the nanopore method. As large area devices are
more prone to present short-circuits when the metal electrode is evaporated on the organic
film, small area devices can be fabricated to ensure defect free devices.* In this method an
insulating layer of SiO, is grown on the electrode and then etched locally to form nano-
wells using lithographic techniques.””** A SAM can then be grown on the exposed
electrode surface inside the well and a top contact carefully evaporated to complete the
junction (Figure 1-7, left).
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Perhaps the simplest non-destructive top electrode fabrication method is the use of
liquid metals, with Hg being the most common choice.* Although this technique was first
developed to characterise phospholipid monolayers mimicking biological membranes,*
many variations have been developed.”® The basic principles of the technique involve a
hanging drop of a liquid metal used to softly contact the molecular film completing a
sandwich-like device (Figure 1-7, right). However, in this method the mercury contact area
is not constant and depends on the film topography.*’ In addition, Hg’s great affinity for
Au can result in amalgamation when Au is employed as the bottom electrode and defects

are present in the SAM.*

Electrode

SUbstrate

Figure 1-7. Schematic representation of the nanopore (left) and mercury drop (right)

molecular junctions.

A more recent approach towards the formation of molecular junctions involves the
use of a conducting polymer as a top electrode.*® In a similar way to the nanopore protocol,
an insulating layer, in this case a photoresist is built (spin-coated) on the gold substrate and
wells (10 - 100 um) are etched by lithographic means. After a SAM is grown in the
photoresist gaps a layer of poly(3,4-ethylenedioxythiophene) stabilized with poly(4-
styrenesulfonic acid) (PEDOT:PSS) is spin coated on the wafer. Finally a gold top contact
is evaporated on top to ensure a good electronic contact. However, due to the large area of
the molecular junctions (10 — 100 um) the formation of short circuits is still high with

typical yields ca. 1% of working devices.*** *
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Another alternative method for the fabrication of molecular junctions is the so-
called crossed-wire junction.”® In this technique two metallic wires (10 pm in diameter) are
mounted on a crossed geometry. One of the wires is coated with a SAM of the targeted
molecule and a perpendicular magnetic field is applied (B) (Figure 1-8, left). The space
between the two electrodes is controlled by the Lorentz force, a small current flowing
through one of the wires deflects it in the presence of the external magnetic field, B.
Although the crossed-wire technique has been successfully employed to study the
electrical transport through molecular junctions,®® the exact number and orientation of

molecules contacted between the cross-bars is unknown.

In addition to these methods, the use of metallic nanoparticles as an integral part of
the junction formed between two electrodes has been reported (Figure 1-8, right).> In this
case, a nanosized gap is generated between two electrodes by lithographic means and then
the electrodes are covered with a SAM. The electrode gap is then bridged with metallic
nanoparticles that are trapped between the two coated electrodes by electromagnetic
means.> The schematic representation of the completed junction can be seen in Figure 1-8,
right. In contrast to the gold nanoparticles on SAM methods described above, in this case
the nanoparticles are not contacted directly but rather form part of the conductive pathway
between two lithographically fabricated electrodes. Junctions formed by this method are
best modelled as double tunnelling junctions, adding complexity to the interpretation of the

electrical data.

. Qi
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Figure 1-8. Schematic representation of the crossed-wire (left) and GNP (right) junctions.
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Two soft deposition methods have been recently reported for the preparation of
large area molecular devices, the lift-off-float-on (LOFO) and the polymer-assisted lift-off
(PALO) process. In the LOFO process, a thin metal film is detached from a supporting
substrate in a specific solvent.”® The floating metallic film can then be transferred atop an
organic monolayer to complete the molecular device. The PALO process combines the
advantages of LOFO with nanotransfer printing.>® The PALO employs a polymer layer on
top of the substrate with the patterned metallic film. The polymer film holding the metallic
pattern is detached from the substrate onto a liquid surface and then transferred onto the
molecular film to form the junction. A schematic representation of this process can be seen
in Figure 1-9 (left). The use of the supporting polymeric film allows the simultaneous

transfer of multiple metallic patterns while preventing wrinkling of the films.

Finally, nanoprinting technology has been used to transfer a thin metallic layer
from lithographically etched stamps onto a molecular film to fabricate junctions.”” This
process developed at the Bell labs, can be seen as variation of a previously developed
method to print SAMs on substrates.® By bringing the stamp with a thin evaporated
metallic layer in contact with the SAM, the metallic layer bonds chemically to the
molecular film and detaches from the stamp resulting in precisely patterned junctions over

large areas (Figure 1-9, right).*®
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Figure 1-9. Schematic representation of the LOFO process(right): a) a polymeric film is
spin-coated on the patterned electrodes on a sacrificial substrate; b) the polymeric film
containing the metallic electrodes is transferred on to a water surface; c) the electrodes

are transferred onto the molecular film; and electrode nano-printing (right): d) Au and Ti
are evaporated on the patterned stamp; e) the stamp and the substrate are brought into

contact; c) separating the stamp results in complete transfer of the Au/Ti pattern.

The decision of which technique to employ ultimately depends on the motivation
for the work. Fundamental single molecule studies are typically based on MCBJ or in-situ
BJ techniques, while application oriented research is clearly focused on the convergence of
molecular electronics and modern lithographic techniques. In this thesis, two novel
variations of this method that rely on the in-situ generation of the top electrode were

developed (see Chapter 3).
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1.3. Factors influencing the junction conductance

The development of all techniques for the fabrication and measurements of
molecular electronic junctions has meant a wider access to single molecule studies, which
in turn is evidenced by the increased number of reporting and analysing these data over the
last decade. On the basis of the plethora of studies on molecular junctions that have been
reported over the past decade, it has been noted that the conductance of a molecular
junction can be affected by several factors such as: the structure and degree of conjugation
of the molecular bridge;*® the nature of the linker group and its geometry:® the junction
geometry (tilt angles and gap size):®* and the electronic character of substituents on the

molecular backbone.®

Our contribution to this field is based on the study of symmetrically and
unsymmetrically substituted linear oligo(phenylene-ethynylene) (OPE) derivatives,
including organometallic analogues. These highly conjugated derivatives, sometimes
referred to as “Tour wires” due to the pioneering studies of these molecules by James M.
Tour,* have been of significant interest in many different fields of chemistry and physics
due to their exceptional properties.® Their modular synthesis makes them relatively easy
to prepare® and OPEs offer a wide range of physical, structural, optical and electronic
properties that have been explored in a wide range of contexts and potential applications.
For example, OPEs exhibit remarkable thermal stability which has been exploited within
thermoset precursors of high performance glassy carbon materials,®” whilst the rigid rod-
like structure and m-m supramolecular interactions offered by the OPE backbone leads to
liquid crystalline properties®® and optoelectronic applications.®”® % However in the context
of this thesis, it is the extended, conjugated =m-system and good single molecule

conductance of the OPEs that merits particular attention.®®
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Much of the early work in single molecule studies was focused on the molecular
backbone assuming that any other factor would have a small influence in the junction
electronic performance. However, it is now agreed that, the metal-molecule interface and
therefore the molecular anchoring group have a great influence on the global junction
behaviour.®*® " This area of research has been largely dominated by the —SH linker that,
due to its ability to self-assemble on gold has provided a strong test-bed to study the
electrical properties of single molecules and ensembles.”* However, several potential
disadvantages have been reported to the use of thiols as molecular linkers. The thiolate-
gold bond has a strength similar to that of the gold-gold bond resulting on the electrode
surface modification.”* "® In addition, at room temperature, stochastic switching of the
junction conductance has been observed, ascribed to the mobility of the chemisorbed
contacts.” Due to the now known influence of the linker on the junction properties, this

has become an area of great research activity and several alternative linkers to thiols have

29¢c, 31, 74 6lc, 75

been proposed: pyridine; amines; selenides;® dihydrobenzo[b] thiophene;”’

carboxylic acids;®*® " cyanides;”® isocyanides;>®° isothiocyanates;®* phosphines;®:
phosphine sulphides;®* and more recently halides;®* direct C-Au bonding®* 3 and
silicon.™™ 8 As one of the main contributions of the present work, a novel linker

—C=CSiMej; was introduced and tested in single molecule studies, the results are shown in

Chapter 5.

In addition to the linker, the exact separation between the two electrodes when the
molecular bridge is formed can have a pronounced influence in the junction conductance.
This is extremely relevant to the development of molecular electronic devices that can
show a considerable range of contact-gap separation. Haiss et al.?®® demonstrated that
molecular conductance can be measured as a function of electrode gap to sub-nanometre

precision. More recently, the effect of the junction gap was also studied for a series of rigid
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molecular wires.®” In those studies, a substantial conductance increase was found as the
gap between the electrodes was closed. DFT studies supported those results proving the
significant influence of the molecular tilt angle in the junction conductance.®® The
influence of the measuring technique on the junction geometry and its impact in the

junction conductance is discussed in detail in Chapter 5.
1.4. Fundamental aspects of molecular charge transport

1.4.1. Transport in Donor-Bridge-Acceptor systems: studies of intramolecular

charge transfer in solution

Intramolecular charge transfer processes have been studied extensively, both
theoretically and experimentally, and these studies well precede the studies of through-
molecule conductance that form the basis of modern molecular electronics.?® Nevertheless,
investigation of intramolecular charge-transport processes using solution based methods
are extremely well developed, with Marcus and Taube both receiving the Nobel Prize for
their work unravelling the fundamentals of these elementary processes. Even today, there
is considerable emphasis on the role that such solution based methods may play in
screening molecular structures for molecular electronic characteristics prior to the more
time-consuming junction studies.** These in solution studies have largely focused on the
rates of transfer in solution between donor (electron source) and acceptor (electron drain)
species. By examining the electron transfer rates between covalently linked donor and
acceptor units bridged by a molecular spacer with the shape Donor-Bridge-Acceptor (D-B-
A) the relevance of the molecular bridge in the electron transport was evaluated.®” The
similarity between a D-B-A system and a metal|molecule|metal junction has led to the use
of the term “molecular wire” for the bridging ligand. When the two terminal redox centres

present different redox potentials a mixed-valence compound with an odd number of
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electrons can be generated chemically, electrochemically or photochemically and the
bridge mediated charge transfer between the two redox centres can be studied (Figure 1-
10).%8 The inspiration for these D-B-A systems comes from nature, in which many redox
biological processes involve molecular systems able to transport charge efficiently over

nanometric distances such as the proteins involved in photosynthesis or p-carotene.®
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Figure 1-10. Schematic representation of electron conduction in a photonic (top) and

redox (bottom) MV system.

The now well established research field of charge transfer on mixed valence
organometallic complexes began with the study of the Creutz-Taube ion.® In those early
studies, an optically induced intervalence charge transfer (IVCT) absorption band was
observed in the near-infrared (NIR) region of the spectra that was not present for the
reduced or oxidised species. In addition to the spectroscopic characterization, perhaps the
simplest way to examine the electronic interaction between metallic centres in a mixed-
valence system is cyclic voltammetry (CV). In a symmetrical bimetallic complex [M°M],
in the absence of electronic coupling the two redox centres undergo oxidation at the same
potential leading to a single redox wave in the CV ascribed to the formation of [M"M"].
However, in those cases where a certain degree of through bond or through space
electronic interaction is present between the redox sites, two separate le” processes are
typically observed. However it must be noted that the ‘resonance’ term is only one of the

stabilising factors that contributes to the observed separation of the two redox events, and
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more detailed accounts of these factors can be found in several recent reviews.” In the
potential domain between the two oxidation waves, the system is in the mixed-valence
state [M*MP]. The potential difference between the two oxidation processes AEoy, is related
to the thermodynamic stability of the mixed-valence state [M*M?] relative to the fully
oxidised [M*M*] and fully reduced species [M°M°]. The comproportionation constant K

can be calculated from AEq using Eq. 1-1.

IO + MM = 2[MM° __Drwp
[M"M] + [M"M'] 2 2[M"M] where K, = OOV ]
Kc — e(F/RT) AEoy — e(38.92)Aon (298 K) Eq 1-1

The calculated values of AE. and K. have been used in order to evaluate the degree

of electronic coupling in mixed-valence complexes,®®

although caution must be
exercised in this approach.”® In addition, reversible voltammograms at moderate scan rates

are a good experimental indication of the stability of the oxidised species.

From the spectroscopic point of view, according to the theoretical model proposed
by Hush, the spectral properties of the IVCT absorption bands are linked to the activation

barriers for electron transfer described in the Marcus theory, according to Eq. 1-2.
Vmax = hV = )\4 + ;\.0 + AEO + AE' Eq. 1'2

where 1; and A, are the reorganizational energies of the inner- and outer-sphere
respectively, AEy is the redox asymmetry defined as the energy difference between the
initial and final states in the absence of electronic coupling and AE is an energy factor

encompassing spin-orbit contributions and ligand field asymmetry.
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The Marcus-Hush theory is typically explained considering the electron transfer
reaction in a dinuclear mixed-valence system following the reaction [M°M*] = [M*M?].
Upon oxidation of the neutral species [M°M°], a MV species is formed with the overall
charge +1 that corresponds to [M°M] species in a class-1 (fully localized) system or
[MY2M*?] in a class-111 (fully delocalized) system. The symmetrical complex [M°M°], can
be described by two parabolic potential energy curves (Figure 1-11), where the dotted lines
correspond to the wavefunctions ¥, and ¥, corresponding to the fully localized electronic
isomers [M°M*] and [M*M°] respectively. The wavefunction mixing at the intersection of
the diabatic curves gives rise to two new adiabatic surfaces (class-11 / blue, class-111/ red).
The splitting between the surfaces at X = 0.5 defines the previously introduced electronic
coupling parameter, Hyp, = <WiH[¥,>. The optically induced transition [M°M*] -

[M*MP]* taking place between adiabatic states is the IVCT transition.
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[MOM+]* "". \/ ‘:':
5 e __ .'u ...
E hv .:'..':-. I2Hab
5 Foe” | N\
[MOM+] th™- [M*MO} hv
[MlﬂMljz]
| ] 1 1 | ]
0 1 0 1 0 1

Reaction coordinate (X)

Figure 1-11. Potential energy curves for the electron transfer reaction in ligand-bridged
dinuclear complex [M°M*] = [M*M°] with no electronic coupling between sites (Ha,=0)
(class 1), weak electronic coupling (Hap=4/4) (class 1) and strong electronic coupling
(Hap=34/4) (class I1l). Dotted and solid curves represent the diabatic and adiabatic

surfaces respectively.
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The classification scheme proposed by Robin and Day, categorizes the mixed
valence systems according to the degree of electronic coupling between the two metal
centres and the splitting of the resultant adiabatic surfaces.” When there is no interaction
between the metal centres, the degree of electronic coupling is negligible (Hgy, = 0) the
system is referred to as class-I (Figure 1-11). On the other hand, when the two metallic
centres are strongly coupled (2Ha, >> A), both redox centres present a partial oxidation
state [MY2M*?] the system is referred to as class-111 (Figure 1-11). In this case, the IVCT
transitions are typically intense (gmax > 5000 M™.cm™), solvent independent and narrow
(Avy, = 2000 cm™). The coupling parameter Ha, can be directly calculated from the IVCT
band since Hay = vmax / 2. Finally, the intermediate case where the systems present a
moderate electronic coupling between metal centres, is referred to as class-11 (Figure 1-11).
Due to the limited electronic coupling between the metallic centres present in class-1l
systems, the IVCT bands are less intense than those of the fully delocalized systems (gmax <
5000 M*.cm™). These IVCT bands are also broader (Aviy, > 2000 cm™) and solvent

dependent. In the two-state limit the IVCT bandwidth can be predicted by using Eq. 1-3.
Avyy = {16RT In2 (W)} = {16RT In2 ( vmax — AEo— AE’)}*? Eq. 1-3

where R (K-mol™) is the gas constant, T (K) is the temperature, AE, is the redox
asymmetry and AE’ is the energy contribution due to spin-orbit coupling and ligand field
asymmetry. For a class-II system, where AEg= AE’= 0 at 298 K, Eq. 1-3 can be simplified

into Eq. 1-4.
Avipp” = (2310 vy )M? Eq. 1-4

The degree of electronic delocalization in MV systems can be calculated from the
spectral characteristics of the IVCT band. The electronic coupling parameter Hg, that

allows direct comparison of the delocalization between related compounds can be
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calculated using Eg. 1-5, where ry, is the distance between the two diabatic states.
However Eq. 1-5 can only be applied to Gaussian shaped IVCT bands, a more rigorous
formulation is given by Eq. 1-6. Where e is the electron charge and |u| is the transition
dipole moment that can be calculated from the integration of the IVCT band with disregard

of its shape.
Hap = 2-05'10-2 (Emax Vmax AVl/Z)l/2 I Yab Eqg. 1-5
Hap = |,U| Vmax ! €Fap Eqg. 1-6

In addition to the optically activated IVCT process, thermal activation and surface
crossing can also trigger electron transfer (Figure 1-11). The energy barrier for the thermal

electron transfer, Ey, can be calculated using Eq. 1-7.
Ein=(A/4) = Ha + Hap’/ A Eq. 1-7

Despite the many examples of localised and delocalised systems that can be found
in the literature, more recently, a number of studies have reported systems with an
intermediate class-11/111 behaviour. This is clearly a limitation of the Robin and Day
classification system since in reality there are no abrupt boundaries between the three
regimes. In addition, this theoretical treatment neglects any environmental effects® and
fails to explain the unsymmetrically shaped IVCT bands and the presence of multiple

IVCT bands experimentally observed.*

More recently, with the help of computational DFT calculations, rotamers have
been proposed by our group as a crucial variable in the interpretation of the IVCT
absorption bands.® This topic is addressed in more detail in Chapter 4, with the study of

the spectroscopic features of several Ru mixed-valence species.
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An alternative method to extract the coupling parameter from the spectral
characteristic of the IVCT band was proposed by Creutz, Newton and Sutin. The so-called
CNS model considers the coupling between centres to be facilitated by the bridge in a
metal-to-ligand charge transfer (MLCT) and ligand-to-metal charge transfer (LMCT).%

For a dinuclear system M;-L-M, the coupling parameter Hu1m2 can be calculated as

H — HmirHmzr | HimiHime Eq. 1-8
M1M2 2AEyL 2AELy '

where HyL is the My-L coupling for the M; centre, HyzL is the analogue for My, and the

AEw is the effective M1-L energy gap calculated using Eq. 1-9.

— = =+ ) Eq. 1-9

AEpML AEmrcr  AEpver

Given the geometrical similarities between two redox sites, the Eq 1-8 can be
further simplified by considering the subscripts M;L and LM; are equivalent to M,L and
LM, respectively. The CNS model has been employed in the analysis of mixed valence
complexes with results being in very close agreement with those obtained applying the
Hush model.** %" However, the CNS method has been questioned due to the
assumptions made for the charge transfer distance, a single orbital interaction along the
wire bridge axis and the treatment of only one MLCT or LMCT excited states.®* %
Detailed spectroscopic characterization of mixed-valence systems, supported by

computational studies and theoretical models provides a solid platform from which to

address charge transport in solid state single molecule studies.

Despite the great body of information gathered from the in-solution studies, no data
is obtained regarding the metal|molecule interaction. However, the use of spectroscopic

techniques in single molecule studies has been recently reported by Matsuhita et al.%® In
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their pioneering work, electrical performance and surface-enhanced Raman scattering
(SERS) was employed to characterize the thiol-Au interaction in benzenedithiol molecules

bridging the gap between the electrodes.

1.4.2. Charge transport in molecular junctions

When a molecule is brought in contact with a metallic electrode, the molecular
orbitals and the electrode states overlap to a certain extent to form a new hybrid electronic
wavefunction. The degree of coupling may vary from conjugated states extending over the
whole molecular junction, to the generation of orbital nodes along the junction acting as
barriers to electronic transport between the electrodes. Despite the great progress made in
this field, a full theoretical description of metal|molecule|metal junctions still remains a
challenge. The most relevant parts influencing the conductance of a molecular junction are

depicted in Figure 1-12.

Electrodes
orientation
Number of
%
Blndlng Molecular
site conformatlon

Figure 1-12. Schematic representation of a fully characterized molecular junction with:
binding sites; electrodes orientation; molecular conformation and number of molecules

are accurately characterized.

A simplified electronic description of a molecular junction involving two electrodes

bridged by a molecule can be seen in Figure 1-13. Both electrodes are described as a
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continuum of energy levels filled up to a given energy level (Fermi level), the energy
symmetry between both electrodes is broken by the applied bias. On the other hand, the
bridging molecule is characterized by discrete energy levels filled up to the HOMO.
Importantly, the orbital alignment relative to the electrode Fermi level is directly
characteristic of each molecular junction and dependant on several factors such as: the
nature of the molecular bridge;*® the nature of the metal-molecule interaction:**° the

electronic and conformational changes induced by the charge transfer;'® environmental

19b 19b, 101

effects™" and redox state.

Fermi Level

' | Applied
bias

Fermi Level

. ]

Figure 1-13. Simplified description of the electronic diagram of a molecular junction.

Charge transport in molecules contacted by macroscopic electrodes is best
described by the Landauer formalism. In this description electrons are treated as waves that
can be reflected or transmitted through the molecular bridge. According to the Landauer

formalism the conductance G of a molecular junction can be calculated using Eq. 1-10.

2e?
G = TZ" T, Eq 1-10

where e is the electron charge, h is Planck’s and T, are the transmission coefficients of the
individual transport channels. According to this expression, the conductance of a system G,
is the summation of all possible individual transmission channels. Perhaps the most
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relevant implication of this equation is that conductance at the molecular level is quantized.
For a perfect coupling i.e. ballistic conductors (T, = 1), the conductance can only increase
or decrease in units of the quantum of conductance G, = 2e*h ~ 77480 nS. It is important
to clarify that the Landauer formalism does not imply that the conductance of any system
must be an integer of Gy however it defines the maximum conductance for a single
transmission channel as the Gy. Transmission coefficients T, typically take values smaller
than the unity and several transport channels coexist to give the system conductance.
Conductance values for single molecules are orders of magnitude smaller than G, typically

ranging from (107 - 10™) Gq.

Several theoretical models have been developed to describe the electron transport
through molecular junctions, the temperature independent coherent tunnelling
(superexchange) and Fowler-Nordheim tunnelling; and the temperature dependent
thermionic (Schottky) emission and hopping conduction.’®* Despite the multiple models
developed for temperature dependent and independent processes (mainly differing on their
bias dependence), for simplicity in this work we will only differentiate between tunnelling
(temperature independent) and hopping (temperature dependent) processes. A more
complete description and discussion on this topic is available in several reviews.'%
Although, typically only one of these mechanisms dominates the charge transfer through
the molecular junction, both tunnelling and hopping mechanisms can coexist.*** Hence, the
observed rate of electron transfer (k) results from the summation of the tunnelling (Kwnn)
and hopping (knep) contributions. A schematic representation of both charge transport

processes is shown in Figure 1-14,
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Superexchange: Coherent tunnelingtransport
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Hopping electron transport
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Figure 1-14. Schematic representation of the superexchange and hopping mechanisms.

Superexchange: Coherent tunnelling transport

The superexchange mechanism is based on the probability of an electron traversing
an energy barrier coherently i.e in the absence of inelastic scattering events. In this case,
the charge transfer takes place in one step through the molecular orbitals of the bridging
molecule. Hence, the charge carrier is considered not to reside in the orbitals of the
bridging molecular wire for a significant period of time. It is important to note that, the
electron transference ket is enhanced by the molecular orbitals increasing the probability of
through-bond tunnelling over through-space tunnelling. In this scenario the energy barrier
is set by the energetically higher electronic states of the bridge compared to those of the
electron source. The electron transport rate ket for the superexchange mechanism can be

calculated using

kgr = koe BT Eq. 1-11

where ko is a kinetic prefactor, r is the distance between the two electrodes and £ (nm™) is
the tunnelling attenuation factor. As it derives from Eqg. 1-11 the superexchange
mechanism is temperature independent and exponentially dependent on the electrode

distance r. The attenuation factor £, represents the degree of electronic coupling present
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along the molecular junction and enables direct comparison between single molecule
studies. Typically the decay constant g for m-conjugated molecules is an order of
magnitude smaller (1 - 2 nm™) than that of the saturated o-bonded chains ca. 10 nm™.% 1%
Several distance dependence studies have reported g values for a number of molecular
systems: 3.4 nm™ for di-thiol terminated OPEs;*® 2.0 nm™ for amine terminated OPEs;"*
3.3 nm™? for pyridine terminated OPEs;® 3.5 - 5 nm™ for di-thiol terminated

oligophenylenes;'® 1.8 nm™ for oligophenylene-vinylenes;'®" 1 nm™ for di-thiocyanate

terminated oligothiophenes;'® 0.6 nm™ for pyridine terminated oligoynes;’*® as opposed to

106a 87,108 It

9.4 nm™ for saturated di-thiol terminated alkyls'®* and the 24-40 nm™ for vacuum.
is important to note that, the attenuation factor g not only depends on the orbital
delocalization of the molecular backbone but on the entire molecular junction, including
the binding sites and the electrode shape and material (i.e. the measuring technique)."
However, due to the exponential distance dependence of the superexchange mechanism,
coherent tunnelling is only effective for distances under 2.5 nm. The charge hopping

mechanism is believed to dominate in those cases.

Charge hopping

Contrary to the superexchange mechanism, in this case the electron traversing the
molecular wire is localized for a short time before moving to the next bridge site until it
crosses through the molecular junction.®”® 1% The hopping conduction mechanism is more
likely to be present in molecular junctions where the Fermi levels of the metallic contacts
lie close in energy to the molecular bridge frontier orbitals.'®* Importantly, significant
nuclear motion is involved in this transport process as vibrational relaxation takes place at
each bridge site. Contrary to the superexchange mechanism, charge hopping dependence

on distance is less marked, i.e. inversely proportional to distance (Ohmic) (Eq. 1-12).*** In
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addition, due to the vibrational relaxation processes involved the hopping mechanism is

temperature dependant.*% ***

kET = khOp X 1/7' Eq 1-12

In order to experimentally determine the transport process ruling in a given
molecular junction, two electrical measurements are typically performed: the length
dependence of the molecular conductance and the temperature dependence of the I-V
profile. These experiments also exclude the possibility of artefacts such as metallic
filaments or interface effects being the source of the electrical properties registered.
However, the determination of the charge transport mechanism can sometimes be difficult.
For example, a pronounced temperature dependence was reported for the conductance of

alkanedithiols attributed to changes in the distribution of the molecular conformers.**°

The coexistence of both tunnelling and hopping mechanisms was first reported by
Wasielewski and Ratner.*! In their work, the recombination rate of several p-phenylene-
vinylene oligomers (n = 1 - 5) performing as bridges for D-B-A in solution experiments
was studied. Notably, a less marked distance dependence was found for those molecular
bridges with sizes over 2.4 nm that was attributed to a change in the transport mechanism
from superexchange (n = 1 - 2) to hopping (n = 3 - 5). More recently, Choi and co-workers
reported a similar behaviour for phenyleneimine oligomers (n = 1 — 10) in solid state CP-
AFM studies.** Those results confirmed the coexistence of both transport mechanisms in
the solid state. In this case, transport mechanism was reported to change from tunnelling to
hopping for molecular wires over 4 nm in size (n = 6 - 10). Despite the great experimental
complexity of these experiments, a number of similar studies have been reported recently
confirming the coexistence of both mechanisms.?** "% 3 Although in the first instance the

charge hopping mechanism and its weaker distance dependence should allow long distance
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charge transport, which makes it more attractive for potential electronic application, the
tunnelling mechanism is still intriguing the scientific community. For instance, recent
studies indicate that tunnelling-energy gap effects can differentiate the distance
dependence of energy-storing charge-separation reactions from energy-wasting
recombination processes.®” Hence further understanding of the tunnelling mechanism may

provide an additional way to obtain long-living charge-separated states.

Electron transfer rates and molecular conductance, the relation

As the number of single molecule studies increases, several theoretical studies have
investigated the relation between the electron transfer rates (kpa) obtained from the in-
solution studies and the molecular conductance (G) obtained for molecular junctions.***
Despite the fundamental differences behind the two physical systems both processes
depend on quantum tunnelling to carry the charge through the molecular bridge.X%® %
Hence, the conduction profile of a given system and its electron transfer properties must be
closely related.**** It is important to bear in mind that, because of the tunnelling regime
there is always an Ohmic behaviour region near zero bias. On the basis of this similarity

114a, 116

first noted by Nitzan, the relation between the rate constant kap and conductance G

is shown in Eq. 1-13,

e?

G~ —°_
I'plTaF bA

Eq. 1-13

where e is the electron charge, and the I' factors are the inverse lifetimes of an electron on
the donor and acceptor states once the molecular junction is formed, and F is the Marcus
thermally averaged Franck-Condon factor dependant of reorganization energy and
temperature. However this relation is only applicable for the simple case of thermal, non-

adiabatic electron transfer in those junctions where the molecular electronic structure is not

40



greatly affected by the metal-molecule interaction. A rough estimation of this relation for a
junction with typical magnitudes of reorganization energy and metal-molecule coupling
was done by Nitzan leading to G(S) ~ 107 kpa (s1)."*** Despite the fact that this
theoretical model was first developed for the tunnelling mechanism, it was later extended
to the hopping mechanism.**® For those cases where the charge transfer takes place through

a large number of bridge sites the relation between G and kpa was found to be

2 AE

G =~ :TTe‘kTT kpa Eq. 1-14

where kg is the Boltzmann constant, e is the electron charge and AE is the difference
between the activation energies involved. Interestingly at T = 300 K, for those cases where
AE < kgT, Eq 1-14 can be simplified as G(S) ~ (5- 10™*®) kpa (s™) remarkably similar to the

numerical estimate obtained for the coherent tunnelling mechanism.

More recently, Wierzbinski and co-workers reported the first experimental study of
this relationship.™* In their work, they evaluated the correlation between molecular
conductance and electrochemical rate constants for alkanes and nucleic acid oligomers as a
function of length, structure and charge transport. Interestingly, contrary to the linear
correlation theoretically proposed by Nitzan a power law correlation was found between G
and kpa for each molecular bridge studied. The deviation from the linear relation was
attributed to charge-transfer energy barriers and bridge dephasing. In situations where
multiple mechanisms can coexist, these factors can lead to differences between the
distance dependence of kpa and G. Generally speaking, these results show the relative
propensity of different chemical species to transmit charge differently in electrochemical

measurements as opposed to molecular junctions.
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1.5. Challenges and future prospects in molecular electronics

As exposed along this Chapter, during the last 40 years since Aviram and Ratner
proposed the idea of a molecular rectifier, the molecular electronics field is living a time of
great activity and excitement. The great effort made by the scientific community during the
last decades to address the unique and complex nature of charge transport at the molecular
level has unlocked a bright future for the field. In fact, due to the wider access to the
experimental tools that allow single molecule measurements many new charge transport
phenomena have been characterized that go beyond the simple electronic transport.
Amongst those phenomena, molecular rectifying (redox or thermal), wave-interference,

spintronics and optoelectronics are of great interest nowadays.

This thesis represents a broad approach to the field encompassing the design and
synthesis of the molecular candidates, the fabrication and characterization molecular
devices (ensemble and single molecule) with the help of STM and AFM techniques.
Special attention is paid to some of the field’s hot topics such as: the importance of the
linker on the molecular junction performance; the formation of the top electrode in
sandwich-like molecular devices for improved reliability; and in-solution charge transfer
studies, that together with a detailed theoretical description will lead to molecular

behaviour prediction and ultimately to a more rational design of molecules.

In the words of Heath and Ratner,**’ on the molecular electronics horizon should be
placed a very robust, energy-efficient, connected to the outside world, computational
platform based on molecular electronics with a bit density of 10'2 cm™. The great advances
needed to accomplish that goal, would make it hard to believe that an electronic device will

be the most significant result of such an effort.
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2. SYNTHESIS AND CHARACTERIZATION OF CARBOXY-

SUBSTITUTED OPEs: A LB APPROACH TO MOLECULAR FILMS

2.1. Abstract

The synthesis, characterization and Langmuir-Blodgett (LB) surface studies of two
carboxy-substituted oligo(phenylene-ethynylene) (OPE) derivatives are described (Chart 2-
1). The available synthetic methodologies appropriate for the preparation of the highly
conjugated OPE backbone are reviewed, and an optimized synthetic methodology
developed to circumvent the solubility issues encountered for the synthesis of 6 and 15 is
reported. In collaboration with Dr. Pilar Cea and her group in the University of Zaragoza,
monolayers of both compounds were formed by means of the LB technique. The LB
technique is briefly reviewed and the physical, optical and electrical properties of the
monolayers prepared from 6 and 15 are discussed.

H—— /7\ — \7/ — @—COOH HOOC@ — \7/ — @—COOH

6 15

Chart 2-1. Structures of OPEs 6 and 15.
2.2. Introduction

Highly conjugated derivatives such as OPEs are of great interest in many different
fields of science due to their unique properties (see Chapter 1).! However in the context of
this thesis, it is the extended, conjugated n-system and good single molecule conductance
of the OPEs that merits particular attention.” In a study performed by Lu et al.*" to
elucidate the charge transport mechanism(s) prevalent within an OPE molecular junction,
the conductance of a series of different length amine terminated OPEs was determined,

allowing the evaluation of the tunnelling attenuation factor g for these compounds.
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The STM-BJ studies performed on SAM in air, revealed a clear transition in the
length dependence of the molecular conductance for OPEs for examples 3 nm in length.
The electronic decay constant was found to drop from # ~ 2 nm™ for the shorter
derivatives, to # ~ 0.3 nm™ for the longer members of the series. That sudden change in the
conductance distance dependence was attributed to an intrinsic change in the charge
transport mechanism from tunnelling (short OPEs less than 3 nm in length) to hopping
(OPEs over 3 nm in length). More recently, in a parallel study by Zhao et al.® several
pyridine terminated OPEs were subjects of similar studies but this time using the MCBJ
method to form single molecule junctions. Despite the marked experimental differences,
results revealed a similar transition in the attenuation constant for molecular lengths over 3
nm in good agreement with Lu’s results. The distance dependence was again found to be
less marked for the longer OPEs (8 ~ 0.1 nm™) compared to that of the shorter analogues

(8~ 3 nm™).

However, the properties of the molecular backbone alone do not guarantee or
directly map to electrical properties of a molecule when placed in a metal|molecule|metal
junctions, and the nature of the metal-linker and linker-molecule is now being recognised
as a critical element of the design of molecular components for electronic applications.”
This has led us and many other groups to explore the use of different linkers groups to
produce reliable and more transmissive molecular junctions.”® ¢ Whilst self-assembly of
thiols on gold has been a work-horse for the assembly of such junctions,® other substrates,

surface contacts and deposition methods have also been explored (see Chapter 1).

Compounds 6 and 15 bearing a hydrophilic carboxylic acid terminal group in
addition to the hydrophobic OPE motif were designed for their use in the preparation of
molecular films on a wide variety of substrates using the LB technique. In the case of 6 the

acetylenic moiety was also introduced which, as will be shown, also provides a useful and

52



novel contact to gold.® The ~C=CH moiety carries a very rich surface chemistry allowing
grafting of relatively complex molecular structures onto hydrogen passivated silicon
surfaces via hydrosilylation® and facile derivative formation through click and cross-
coupling chemistries.’® Although to date, symmetrical compounds have been the most
commonly studied molecular wire candidates, unsymmetrical compounds like 6 are of
great interest as they can selectively contact different electrode materials.* Unsymmetrical
molecular junctions showing preferential direction for charge transport can be seen as
replacements for rectifiers or diodes, and hence introduction of electronic function beyond

that of wire-like behaviour.*?
2.3. Synthetic considerations

A plethora of reactions and functional group transformations are known that could
in principle be used to develop an equally wide range of different strategies to the
preparation of OPE derivatives."> Amongst the traditional, non-catalytic routes present in
the literature, the synthesis of phenyl-ethynylenes by simple sequential addition of lithiated
acetylide anions to benzoquinone prevails (Scheme 2-1).* After the initial nucleophilic
attack the resulting di-en-diols are reduced typically using SnCl; in alcoholic mixtures, to
yield the targeted ethynylbenzene in moderate yields ca. 30 - 60%. Despite the simplicity
of this approach, the use of organolithium reagents narrows its applicability to molecules
not containing base or nucleophile sensitive functional groups. Hence, a more convenient

alternative requiring milder conditions is desirable.

A different approach proposed by Orita'® consists of a multi-stepped double
elimination of fg-substituted sulfones (Scheme 2-1). The protocol comprises a succession of
different reactions, namely aldol reaction, aldolate protection and final double elimination

of the f-substituted sulfones. Despite the several steps, all operations can be carried out in
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one pot and good overall yields ca. 75 %. However, rather than a substitute to the Pd/Cu
catalysed chemistry, the procedure was proposed as an alternative towards the synthesis of

dihalo-diphenylacetylenes (see Appendix B).
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Scheme 2-1. Alternatives to Sonogashira synthesis of conjugated OPEs by sequential

addition of lithiated acetylide anions to benzoquinone (top) and double elimination of /-

substituted sulfones (bottom).

However the development of metal-catalysed cross-coupling reactions, recognised
through the award of the 2010 Nobel Prize in Chemistry to Heck, Negishi, and Suzuki, has
now led to these methods being adopted as principal tools in the preparation of Cs,—Cspo
bonds.’® Of the multitude of different metal-catalysed Csp—Csp cross-coupling reactions
present in the literature, namely: Stephen-Castro;*** Cassar;**® Heck'*® and Sonogashira*
the latter was chosen for the synthesis of OPEs 6 and 15 because of the mild conditions

required, tolerance to a wide variety of functional groups and good yields (Scheme 2-1)."

In this context it is worth noting a very interesting variation on this approach the
so-called sila-Sonogashira. Because of the nature of Sonogashira chemistry, ethynyl
protecting group strategies are often required. The most common of the ethynyl protecting
groups is trimethylsilane (-SiMes). The Cg,—Si bond is generally not affected by standard

Sonogashira reaction conditions thereby the silyl group can be used as a protecting group
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and later removed to furnish a structurally modified terminal ethynylene. Hence, the
synthesis of extended OPEs following a Sonogashira protocol typically consists on a
succession of cross-coupling followed by ethynyl deprotection reactions. The sila-
Sonogashira protocol reported by Nishihara,*® is capable of cross-coupling between aryl
triflates or even chlorides with alkynylsilanes via Si-C bond activation (Scheme 2-2). The
reaction is conducted under the standard Sonogashira conditions using a Pd/Cu co-catalyst
system in DMF to prepare unsymmetrical diarylethynes in good yields i.e. 70 - 90%. It is
worth noting that this reaction does not require the presence of any base or fluoride salt to
take place, although in exchange large amounts of CuCl are required i.e. 50% mol. Despite
effectively reducing the number of synthetic steps to a half, the large amounts of copper

required renders the process ultimately inconvenient, especially for multi-gram synthesis.

Pd(PPhs)4 (5% mol)
Rl——SiMe; + |—R? Rl—— R?
CuCl (50% mol)
DMF

80°C, 1-6 h

Scheme 2-2. Optimized Nishihara sila-Sonogashira coupling conditions.

Despite the many alternatives, all the OPEs included in this thesis were prepared
under typical Sonogashira cross-coupling conditions i.e. 2 - 10% of Pd(PPhs), and Cul in
amine solutions. Amongst the most commonly used amines are NEt; and NHPr,' (Scheme
2-3). These amine bases can be used as the reaction primary solvent or in stoichiometric

amounts in combination with an inert co-solvent for economical and solubility reasons.*®

Pd/Cu
RIX + H———R? i Rl_— R?
Amine
r.t. or reflux

R = Aryl, Alkenyl
X=cl,Br, |, OTf

Scheme 2-3. Standard conditions for the Pd/Cu catalysed Sonogashira cross-coupling.
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Scheme 2-4 describes the simplest, schematic representation of the catalytic
mechanism that underpins the Sonogashira cross-coupling. The real cycle is believed to
consist of two or three different cooperative catalytic processes that take place

simultaneously.*’

R

PhSP\ d2+C| L\ ,
PhsP” I [Pd>']
X7 L ,
Ré¢———Cu
o RIX - -
R2_—— Cu Oxidative
) Addition CYCLE B | _Amine-H* X
R2 CYCLEB Transmetalation cux )
Ré——H
CuCl -
Amine-H* X° ) CYCLE A
R
Ph.P P Reductive
3 “p z+/ Elimination o
PhyP~ f’ PdOL,
3 \ L Rl
RZ_— — 2 Reductive B2+
= p N\
RlL— R? R?

Scheme 2-4. Sonogashira cross-coupling detailed mechanism.

Despite the exact details of the reaction mechanism not being completely known
and evidence for several subtle different mechanisms being presented, and likely the
precise one in operation in any case being sensitive to the precise conditions employed, it
is agreed that the Sonogashira reaction follows the common cross-coupling oxidative
addition and reductive elimination process (Scheme 2-4, cycle A). It is generally assumed
that neutral, coordinatively unsaturated Pd° species are the active catalytic agents in the
cross-coupling cycle, although the role of anionic halide coordinated complexes has been
discussed. 2° When the palladium catalyst employed is in an oxidation state other than
neutral, the pre-catalyst must be reduced to its neutral active state prior to its entrance to
the catalytic cycle. When PdCI,(PPhs), is used, the pre-catalyst undergoes a copper
mediated oxidative addition to yield the ethynyl-palladium species and further reductive
elimination to generate the 14e™ active complex Pd’(PPhs), (Scheme 2-4, cycle B"). The
design and synthesis of exotic Pd catalysts based on novel ligands is a field of great

activity nowadays.”* The enhanced reactivity of those catalysts allow the use of less Pd and
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open the door to cross-coupling on previously inert aryl chlorides. It should also be noted
that over the last decades the number of catalytically active metals for Cs,—Cspo cross-
couplings has dramatically increased.?? To the best of our knowledge iron,? ruthenium,?

1,%” copper,?® silver,” gold® and indium® have shown catalyst

cobalt,”® rhodium,”® nicke
activity towards Sonogashira cross-couplings. In addition, the environmental impact of the
reaction is being improved by catalyst immobilization® and the use of aqueous
conditions.*® However, most of the Sonogashira chemistry employed in modern context

relies on the use of commercially available palladium catalysts such as: Pd(OACc);

PdClz(PPh3)2, sz(db&)gCHClg and Pd(PPh3)4

Despite PdCl,(PPhs), being air-stable, Pd(PPh3), was the catalyst of choice for the
preparation of OPEs in this thesis because of its sufficient catalytic activity and
straightforward well-known synthesis.** The avoidance of the pre-catalyst reduction cycle
to the active Pd® species also circumvents the generation of diyne by-products leading to
easier reaction work-ups (see experimental section). The catalyst Pd(PPhs), is a bright light
yellow coloured, oxygen, moisture sensitive and coordinatively saturated Pd°complex that
only requires the endergonic loss of triphenylphosphine to yield the catalytically active
species Pd°(PPhs),. A widely used alternative to the preparation and storage of sensitive Pd
catalysts is based on in-situ generation of the catalyst. That simple yet effective approach
involves the addition of a readily available Pd salt such as Pd(OAc), together with the
ligand of choice to the reaction mixture. The Pd** species undergo reduction and ligand
substitution in-situ before getting involved in the cross-coupling cycle circumventing that

way the delicate catalyst synthesis.
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2.4. Synthesis of the OPE derivatives

Traditional Pd/Cu catalysed Sonogashira chemistry was employed to prepare
compounds 6 and 15. Despite the great similarity between both compounds, the
symmetrical nature of 15 allows for a more direct convergent synthesis while a linear
multi-stepped protocol was required for the synthesis of 6. Despite its apparent simplicity,
the synthesis of 6 resulted more challenging than initially expected due to severe solubility
issues. Scheme 2-5 displays the coupling/deprotection reaction sequence initially followed

for the synthesis of 6.

0 Pd(PPha)a s = 0 K,COs5 y — 0
|% >—< +  Me,Si—=—=H esSi—=—= == @
cul N\ / THF/MeOH N\ //
OMe NEtg, A Me OMe
(1)
Pd(PPh
BICoH,C=CSiMe, | af T
NEt,, A
o o
— K,CO —
@ = N = zr Mesi——=( N =
_ N\ // oMe THF/MeOH _ N\ 7 ome
(3)
BICeH,C=CSiMe, | EPPNaM
NEt;, A
_ o) _ o
Me;Si——— / \ — / \ — \ / NaoH H— / \ — / \ — \ /
_ _ ove  EOHITHF _ _ o
(5) (6)

Scheme 2-5. Methyl benzoate coupling/deprotection protocol for the synthesis 6.

In order to shorten the number of steps, a previously synthesized building block,
BrCsH,C=CSiMe; was employed (see experimental section). The first four steps of the
synthetic route leading to isolation of 1, 2, 3 and 4 were performed without any remarkable
problems. The Sonogashira coupling between methyl-4-iodobenzoate and
trimethylsilylacetylene in the presence of Pd/Cu (5% mol) in NEts, at reflux temperature to
yield 1 took place in excellent yield ca. 90%. The subsequent deprotection of the ethynyl
moiety performed in the presence of excess K,CO3 in MeOH to prepare 2 took place in

less acceptable, but functional yield of ca. 50%. The following coupling/deprotection steps
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to prepare 3 and 4 ran smoothly but typically in slightly lower yields. Despite compound 4
started showing some evident solubility issues it was still soluble enough to allow
characterization by 'H NMR spectroscopy (see experimental section). However, every

attempt to synthesize 5 was in vain.

Despite the cross-coupling of 4 with BrCgH,C=CSiMe; running smoothly, a
statement supported by the smooth decay of the *H NMR signal at & 3.19 (s, 1H, Csp—H),
the poor solubility of 5 frustrated every attempt to purify and characterize the compound.
After many unsuccessful attempts, a different approach was required in order to
circumvent these solubility issues. To that end, a longer aliphatic chain ester was
employed. The replacement of the methyl ester by a hexyl ester proved enough to improve
the solubility throughout the synthetic route. In addition, to avoid transesterification of the
hexyl ester under basic MeOH conditions the ethynyl deprotection steps were performed in
the presence of tetra-n-butylammonium fluoride (TBAF) in THF. Scheme 2-6 presents the

final synthetic route followed for the synthesis of 6.

(e}

. @—<O Hexan-1-ol 4@_40 Me;Si———H Vo @_4
r — == Br e, Si——— 8)
oy [H], D-Stark OCH,s PA(PPha)s \_7" oe,

Toluene

@) NEty/THF, A

TBAF
THF
rt.

c N\ — 0 BrCgH,C=CSiMe, o — o
(10) Me Si—— = o — @ o
— OCqHy3 Pd(PPh3)s 0C4H;s

Cul

TBAF NEt,, A
THF
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— BrCgH,C=CSiMe:
H:/\:W e Me;i:/\:/\:@% 2
— 0CgHy3 Pd(EPhz)e = — OCeH3
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Scheme 2-6. Hexyl benzoate synthetic route for the preparation of 6.
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The acid catalysed esterification of 4-bromobenzoic acid in hexanol was performed
in the presence of toluene as a supporting solvent to enhance solubility of the acid in the
reaction mixture (Scheme 2-6). The reaction was conducted in a flask fitted with a Dean-
Stark head to produce 7 in excellent yields of ca. 90%. The previously described sequential
coupling/deprotection protocol was used over the next six steps to give 6 with Sonogashira
couplings typically taking place in excellent yields of ca. 90 % and the Si—Cs,z bond
cleavage reactions with TBAF taking place in ca. 80% yields. Throughout these steps, the
much improved solubility of the hexyl ester OPE precursors allowed easy chromatographic

purification and full characterization of the products (see experimental section).

Despite the enhanced solubility of 13, transesterification under basic NaOH/MeOH
conditions led to the sodium salt of 6 as an extremely insoluble off-white precipitate that
could not be appropriately characterized. Hence, in order to make the hydrolysis of 13
more evident, a more soluble ammonium salt of the carboxylate was prepared replacing the
inorganic base NaOH by NBu4sOH. As a consequence, the formation of the carboxylate
ammonium salt took place in CHCI3 at room temperature. The solution was then acidified
to pH 2 by addition of conc. HCI and the white precipitate of the desired acid, which was
collected by filtration. Despite the poor solubility of 6, it was possible to characterize the
final product by H' NMR, MS* and IR (see experimental section). Interestingly,
microanalysis performed on 6 showed a great deviation from the calculated values i.e.
CaxsH140, Calcd. C 86.69; H 4.07; Found C 45.69 H 3.03. To clarify this strong
disagreement, a thermo gravimetric analysis was conducted on 6. The TGA proved that
only the 54.2 % of the sample weight was combusted at 1000 °C. A deeper look into the
literature revealed that thermal degradation of OPEs onto thermally robust by-products has

been briefly reported previously.*® The compound is also remarkably stable to chemical
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attacks, as it was found when 6 was submitted for metal traces analysis by ICP or OES
only for the digestion of the sample in HNOj3 or aqua regia to fail.

The experience gained during the synthesis of 6 cleared the path for the synthesis of
15 (Scheme 2-7). The symmetry of 14 allows a straightforward convergent synthesis by
coupling 9 with 1,4-diiododbenzene under standard Sonogashira conditions. The reaction
took place at room temperature in good yields i.e. 75%. In an analogue way to that
employed for the synthesis of 6, NBusOH was used to generate a soluble ammonium
carboxylate from 14. Further acidification of the CHCI; mixture forced 15 to precipitate

cleanly out of solution in good yield ca. 90%.

Pd (PPh3)4
o] 1 acdi o — — o
. ,4-diiodobenzene / \ . _
H—= o ., = 7 =
OCgHy5 NE CeH130 OCeH1s
© fart (19)
iy NBu,OH / THF
ii) CHCI3 / HCI
(6] — — (6]
20\ —
— N7 — 7/

(15)
Scheme 2-7. Synthetic steps for the synthesis of 15.

Despite its poor solubility, 15 was fully characterized by means of *H and *C
NMR, MS and IR. Characterization by *C NMR was only possible thanks to the efforts of
the staff in the Durham NMR Service, who collected NMR data from a DMSO-dg
saturated solution of the compound during several hours at 50 °C. Longer relaxation times
were used to allow the Cs, signals to acquire enough intensity to be assigned. TGA
confirmed the thermal robustness previously reported for 6 and other OPEs showing

incomplete combustion (90 %) at 1000 °C.
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2.5. Fabrication and characterization of Langmuir and Langmuir-Blodgett films
2.5.1. The Langmuir-Blodgett technique

Despite their simplicity, the Langmuir and Langmuir-Blodgett techniques count as

some of the few techniques able to handle matter at the molecular level.®

A very
simplified description of the technique consists on the dispersion of molecules on the
surface of a liquid, so-called sub-phase, and compression of those molecules until a well-
packed monolayer is formed. The molecular film (known as a Langmuir film, L) can be
transferred from the sub-phase on to a variety of solid substrates for further
characterization or applicability in a method known as the Langmuir-Blodgett (LB)
technique. Despite the great capability of the LB technique, a good initial molecular design

is crucial for the formation of well packed monolayers as it depends mostly on

supramolecular interactions generated upon compression.

Figure 2-2 shows a scheme of the Langmuir trough utilised. The instrument is
referred to as the Langmuir trough recognizing the great contribution of the Nobel
Laureate Irving Langmuir to the field.®” Despite not being the only sub-phase available,®
all the Langmuir films presented in this Chapter were formed on water because of its high

surface tension and availability.
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Figure 2-2. Schematic representation of a Langmuir trough.
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Typically, a dilute solution (~10* M) of the molecule of interest in a solvent

immiscible with water is spread on the air-water interface by drop wise dissemination

using a Hamilton micro-syringe. A fine spreading is crucial to achieve good reproducibility

making this step the most problematic step of the experimental routine. After the organic

solvent is allowed to evaporate, the compression process was initiated by slowly sweeping

the water surface with two mobile barriers. The compression process was continuously

monitored by registering the changes on the surface pressure «, using a Wilhemy plate. The

surface pressure is defined as the difference between the surface tension of the clean water

and the surface tension of the sub-phase covered with the molecules under study. When the

surface pressure is plotted versus the area per molecule for a process recorded at constant

temperature the curve obtained is referred to as the z-A isotherm. Figure 2-3 contains the

different monolayer phases that can be found in a z-A isotherm upon compression.*

SURFACE PRESSURE

Figure 2-3. General surface pressure-area per molecule isotherm showing all possible
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phase transitions of the film upon compression.
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The shape of the z-A isotherms is extremely sensitive to slight changes in the
experimental conditions, which can detrimentally affect reproducibility of results unless
extreme care is exercised by the experimentalist. The compression process starts with the
so called gas (G) phase, in which the surface pressure remains close to zero (Figure 2-3).
The surface area available per molecule at this point is large enough to avoid
intermolecular interactions. Then the compression begins and slowly the available surface
area decreases while the surface pressure rises as consequence of repulsive interactions
between the molecules at the interface and the water molecules below. The monolayer
becomes more densely packed undergoing several phase changes until the available area
per molecule is close to the cross-section of the molecule. At that point the monolayer is on
its solid (S) phase (Figure 2-3). Further compression of the monolayer derives on a sudden
drop of the surface pressure typically attributed to the collapse of the monolayer and the
formation of 3D aggregates. Although surface pressure measurements give a good
indication of the formation of, and transitions between, these various phases within the
Langmuir film, in the work described in this thesis the Langmuir films were also
monitored by means of the Brewster angle microscopy (BAM) and UV-Vis reflection

spectroscopy by our collaborators.

Once the formation of solid Langmuir films is optimized, the monolayers can be
transferred onto a variety solid substrates by driving a substrate in and out from the sub-
phase to give Langmuir-Blodgett films, named after Langmuir and Katherine Blodgett.
The different ways in which the molecules can be arranged on the substrates in response to
multiple dipping cycles (denoted X, Y and Z by convention) are shown in Figure 2-4. To
ensure the homogeneity of the film, the transference is carried out at a constant surface
pressure. Once the monolayers are transferred onto a solid substrate several techniques

become available for film characterization: UV-Vis and IR transmission spectroscopy on
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quartz substrates; AFM analysis on silicon, mica or gold substrates; X-Ray Photoelectron
Spectroscopy (XPS), Quartz Crystal Microbalance (QCM) and STM analysis on gold

substrates; and electrode surface passivation experiments.

z

Figure 2-4. LB deposition modes: Y (centro-symmetric film); X and Z.
2.5.2. Molecular films preparation and characterization

Molecular films of 6 and 15 were prepared and their physical, optical and electrical
properties tested. Both compounds were initially designed with the preparation of LB films
in mind. One of the main advantages the LB technique in comparison with SA is the wide
variety terminal functional groups and substrates that can be combined. Amongst the most
commonly used terminal polar heads are: —OH; —OR; COOR; —CN; —NH,; —CONHy;
—NR3" and —COOH. Amongst the hydrophilic groups available, carboxylic acids were

chosen because of their well-known strong affinity towards water.*"

Although it is not the only factor affecting the quality of the films produced, a
strong interaction between the hydrophilic end of the molecule and the aqueous sub-phase
is desirable for the formation of well-packed monolayers. In addition, the sensitivity of the
carboxylic acid group to basic media allows modulation of the film morphology by
changing the pH of the sub-phase.*® Molecular films of 6 and 15, were prepared and their
physical, optical and electrical properties tested by our colleagues in the University of

Zaragoza.
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As it is common for polyaromatic derivatives, reproducible surface pressure-area
per molecule isotherms were obtained for 6 and 15.** The strong m-7 intermolecular
interactions drive the aggregates to form well-packed monolayers.*** % Langmuir films of
6 were prepared using a basic (pH 9, NaOH) aqueous sub-phase. The compression process
was monitored in-situ by following the evolution of the surface pressure, surface potential,
reflection UV-Vis spectroscopy and Brewster Angle Microscopy (BAM). The data
gathered revealed that the optimum surface pressure for the formation of a defect-free
monolayer was 18 mN/m. The monolayers were transferred (Z-type) on to mica and gold
substrates with transfer ratios close to the unity as it was confirmed by QCM analysis. The
surface coverage of the films was characterized by measuring the electrode passivation on
cyclic voltammetry. The CV showed an almost complete electrode passivation after
deposition of a single monolayer of 6 at the optimum surface pressure. AFM was used to
characterize the physical properties of the film confirming its homogeneity and surface
coverage. Attenuation of the Au4f signal in the XPS spectrum was used to determine the

thickness of the monolayer (2.01 = 0.05 nm).

The electrical performance of 6 and the ability of the —C=CH moiety to act as a
molecular linker within a metaljmolecule|metal junction were evaluated with by STM
based methods. These electrical measurements were performed in collaboration with Prof.
Richard Nichols and his group in the University of Liverpool (UK). The films were
deposited on Arrandee (111) gold-on-glass substrates and addressed from the top with the
STM gold tip. To ensure reproducibility of the results, several current-voltage (I-V) curves
were recorded and averaged from multiple scans from different locations on the substrate
and different samples. In order to estimate the STM tip position with respect to the
monolayer surface, the tip-substrate gap was calculated from experimental parameters set-

point current (lp) and working bias (U). To that end, several current-distance scans were
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collected with the tip embedded within the monolayer showing a monotonic exponential
decay of current as the tip is retracted. The exponential decay curves were averaged and
plotted as In(l) vs. distance (s), revealing a linear correlation where din(l)/ds = 5.46 £ 0.97
nm™. It is then assumed that the conductance at the point where the STM tip contacts the
substrate is the conductance quantum (Go = 2e*h ~ 77480 nS). The tip-substrate gap can be

estimated using Eq. 2-1.

_ In(GoU¢/Ip) )
T din()/ds Eq. 2-1

The tip-substrate gap (s) obtained from the experiments performed on monolayers
of compound 6 at U = 0.6 V and I, = 0.5, 0.8 and 1.1 nA was 2.09, 2.01 and 1.95 nm
respectively. Since the monolayer thickness was calculated by XPS (2.01 £ 0.05 nm) the I-
V profile obtained with I, = 0.8 nA corresponds to the situation where the STM tip in
located right above the molecular film (Figure 2-5, red). On the other hand, the I-V curves
collected with 1o = 0.5 nA represent the electrical response of the film when the STM tip is
laying far over the monolayer surface (lower conductance), and with I = 1.1 nA the tip

penetrates inside the monolayer (higher conductance) (Figure 2-5, black and blue).

The conductance value obtained from the Ohmic region (= 0.6 V) of the I-V curve
(Io = 0.8 nA) for the monolayer of 6 (1.48-10° Gy) is of the same order of magnitude of
other OPE derivatives bearing commonly used terminal groups (SH or NH,).?" ** Despite
the known ability of ~C=CH group to chemisorb on gold surfaces,® the nature of the
interaction between the acetylenic moiety and the gold STM tip is not yet fully understood.
However, the similarity between the conductance of 6 and that of the thiol and amine
terminated analogues, provides evidence of an effective tip-molecule electronic coupling

taking place between typically attributed to chemisorbed junctions.*
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Figure 2-5. Electrical response of an LB film of 6 (2.01 £ 0.05 nm) collected with an STM
(U=0.6V)atlo=0.5nA(s=2.09 nm) (black), Io = 0.8 nA (s =2.01 nm) (red) and Iy =

1.1 nA (s = 1.95 nm) (blue).

The sigmoidal I-V curves with the absence of any additional spectroscopic peaks
observed for the monolayer of 6, are characteristic of the nonresonant tunnelling
mechanism and typically described according to the Simmons model.* The model
developed by John G. Simmons in 1963 is an excellent approximation of the Franz two-
band model for those systems with a rectangular tunnelling barrier, where the Fermi level
of an electrode is close in energy to one of the frontier orbitals of the molecular bridge so
that the effect of the other energy distant molecular orbital is negligible.***® According to

the Simmons model, the current I can be calculated using Eq. 2-2;
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Eq. 2-2

2

where U is the applied potential, A is the contact area of the molecule with the tip, d is the
width of the tunnelling barrier, @ is the effective tunnelling barrier height, m is the mass of
the tunnelling electron, e is the electron charge and o is a unitless adjustable parameter
introduced to either provide a way to apply this model to a non-rectangular barrier process
or as an adjustment to account for the effective mass (m)*, or both.*>*’ In this model, « = 1

corresponds to the case for a rectangular barrier and bare electron mass.

In order to characterize the tunnelling parameters ruling the charge transfer in the
molecular assembly of 6, the 1-V profile was fitted to the Simmons model with U = 0.6 V,
lo = 0.8 nA, A = 0.20 nm? estimated from the LB area per molecule at the transference
surface pressure, d = 2.12 nm calculated as through bond distance between the molecular
end groups, leaving the effective tunnelling barrier height @ and o as the fitting
parameters. The best fit was obtained for values of @ = 0.67 eV and a = 0.37 (Figure 2-6).
Similar tunnelling barrier heights were previously reported for di-amine substituted OPEs
(@ ~ 0.6 eV)* and di-thiol substituted OPEs (& = 0.77 eV)? showing that the acetylene
moiety can perform as a molecular linker that does not significantly alter the resistance of
the molecular junction when compared against more commonly employed linkers. Due to
the good agreement of the 1-V curves with the Simmons model, it was concluded that the
mechanism ruling the charge transfer on the metal-molecule-metal junction of 6 is coherent
tunnelling. Interestingly, despite the unsymmetrical nature of the junction no current
rectification was observed. Instead, a wire-like behaviour was observed throughout the

whole bias window.
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Figure 2-6. I-V curve of a monomolecular film of 6 (black) and fitting according to the

Simmons model with @ = 0.67 eV and o. = 0.37 (red).

Driven by this encouraging results LB films of 15 were prepared. Langmuir films
were prepared on aqueous sub-phases at pH neutral and basic (pH 11.4, NaOH). Although
the preparation of well-packed monolayers was possible under both conditions, a more
expanded isotherm was observed for the neutral sub-phase. In-situ UV-Vis reflection
spectroscopy revealed that the tilt angle of the molecules on the neutral water surface
remains unchanged upon compression at 60°, while on the basic sub-phase the tilt angle

reached 67°.

In addition, the same UV-Vis studies revealed a bathochromic shift of 15 upon
monolayer compression in neutral conditions. The opposite shift was observed upon
compression when the basic conditions were employed. To our knowledge, this was the
first example of an OPE not showing a hypsochromic shift characteristic of the formation

of H-aggregates.*? %
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In order to characterize this odd spectral shift in detail Langmuir films were
transferred onto a variety of solid substrates. The ideal surface pressure for the transference
was found to be 20 mN/m for both neutral and basic sub-phase. The formation of well-

packed films was confirmed by QCM and electrode surface passivation experiments.

Three different causes for a red shift in the UV-Vis reflection spectra are commonly
accepted: solvatochromic effect (increase in environment polarity); formation of J-
aggregates (typically found for tilt angles <54°) or an increase of the conjugation length.
Chemical reactivity of the coated substrates towards behenic acid monitored by QCM

revealed that only the films prepared under basic conditions were active towards dimer
formation (Figure 2-7).*%°

A: Neutral sub-phase B: Basic sub-phase
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Figure 2-7. Chemical reactivity of the LB films of 15 prepared under neutral (left) and

basic (right) conditions monitored by QCM.



One of the possible explanations to this lack of reactivity from the films prepared in
neutral conditions is the formation of lateral H-bonds between the terminal —-COOH groups
of neighbouring molecules making them unreactive towards behenic acid. Angle resolved
XPS (AR-XPS) experiments confirmed the protonated state of the terminal carbonyl group
only for the films prepared under neutral conditions. Hence the bathochromic shift
observed was attributed to the presence of intermolecular lateral H-bonds (Figure 2-7: A,

bottom).

In order to characterize the electrical response of the LB films of 15 prepared under
basic and neutral conditions the samples were tested with an STM in similar fashion to that
employed for the study of 6. In this case, the averaged dInl/ds was found to be 6.91 + 1.37
nm™ (neutral) and 5.48 + 0.89 nm™ (basic).The tip-substrate distance was then calibrated
using Eg. 2-1, to match the thickness of the transferred monolayers 1.81 + 0.05 nm
(neutral) and 1.95 £ 0.05 nm (basic) obtained from the XPS analysis. For the current-
distance experiments performed with U = 0.6 V, the calculated Iy required to place the
STM tip on the monolayer surface were 0.15 nA (neutral) and 1 nA (basic). In an
analogous way to that done for films of 6, to ensure reproducibility several I-V curves were
recorded and averaged from different sample regions and different samples. The averaged
I-V curves recorded under these conditions for samples prepared under neutral and basic
conditions are shown in Figure 2-8. The conductance values obtained from the Ohmic
region of the 1-V curve (+ 0.6 V), was found to be 1.75-10° G, for the films prepared on a
basic sub-phase (similar to conductance values of a single molecule), whilst the films
prepared from a neutral sub-phase presented a conductance value seven times lower i.e.

0.26-10" G,.
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Figure 2-8. Averaged I-V curves obtained employing the optimum current set-point for a

monolayer of 15 prepared on a neutral (black) or basic (red) sub-phase.

In addition, the Simmons model was fitted to the I-V curves obtained for films
prepared under both neutral and basic conditions. In this case, A extracted from the LB
isotherm was 0.31 nm? (neutral) and 0.25 nm? (basic), d = 2.07 nm estimated as the
distance between molecular end groups. Using Eq 2-2, good agreement between the
experimental data and the theoretical model was obtained for @ = 1.1 eV and a = 0.41
(neutral sub-phase) and @ = 0.73 eV and o = 0.34 (basic sub-phase) (Figure 2-9). The
differing tunnelling barrier heights @ indicates an increased difficulty to transfer charge
through a monolayer of 15 when prepared on a neutral sub-phase. Furthermore, the value
of & obtained for the monolayer prepared under neutral conditions is remarkably high
compared to values previously reported for parental compounds ca. 0.8-0.6 eV." 129 The
lower conductance and higher tunnelling barrier found for the monolayers prepared under
neutral conditions are in good agreement with the formation of a less effective electrical

junction due to the presence of lateral H-bonds between the —COOH surface groups.
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Figure 2-9. Electrical response of a LB film of 15 (black) and Simmons model fitting (red

scattered) prepared on a neutral (left) or basic (right) sub-phase
2.6. Conclusions

Two carboxyl-terminated OPEs (6 and 15) have been synthesized and
characterized. The strong interaction between the terminal -COOH group and the water
surface allowed preparation of well-packed L and LB films. The monolayer formation
process was optimized and fully characterized in-situ. Changes on the pH of the aqueous
sub-phase were proven to result on film morphology modulation due to the linker pH
sensitivity. The films were transferred onto a wide variety of substrates for further
characterization. STM electronic characterization of the films revealed that the charge flow
through monolayers of 6 and 15 takes place following a non-resonant tunnelling
mechanism. In addition, modulation of conductance in monolayers of 15 was
demonstrated. The conductance values for 6 and 15 were obtained and found to be similar
to those reported previously for OPEs ie.10™ Gg. The use of —C=CH as a novel molecular

junction linker was demonstrated.
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2.7. Experimental
2.7.1. General conditions

All reactions were carried out in oven dried glassware under an oxygen-free
nitrogen atmosphere using standard Schlenk techniques. Reaction solvents were dried over
the appropriate drying agents: NEt; (CaSO.); NHPr,' (KOH) and distilled under nitrogen.
Other reaction solvents were purified and dried using Innovative Technology SPS-400 and
degassed before use. The catalyst Pd(PPhs), was prepared following literature methods.>*
Other reagents were purchased commercially and used as received. NMR spectra were
recorded in deuterated solvent solutions on Varian Mercury 200 and 400, Bruker Avance
400, Varian Inova 500, and Varian VNMRS 600 and 700 spectrometers and referenced
against solvent resonances (*H, *C) or external HsPO, (*'P). ESI mass spectra were
recorded using a TQD mass spectrometer (Waters Ltd, UK). Samples were (1 mg/mL) in
analytical grade methanol. ASAP mass spectra were recorded from solid aliquots on an
LCT Premier XE mass spectrometer (Waters Ltd, UK) or Xevo QToF mass spectrometer
(Waters Ltd, UK) in which the aliquot is vaporized using hot N, ionized by a corona
discharge and carried to the TOF detector (working range 100-1000 m/z). Matrix assisted-
Laser Desorption/lonisation (MALDI) mass spectra was obtained using an Autoflex 1l
TOF/TOF mass spectrometer (Bruker Daltonik GmBH) using a trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidene]malononitrile (DCTB) matrix. Infrared spectra
were recorded from CH,CI, solutions or nujol mulls on CaF, plates using a Nicolet
Thermo FT6700 or a Nicolet Avatar spectrometers. Thermal analyses were performed

using a Perking Elmer Pyris thermo-gravimetric analyser (heating rate 10 °C/min).
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2.7.2. Synthesis and characterization

Pd(PPha3)s e _9
Br@l + H———SiMe, (CUI) Br—% d — sive,

NEt,, 0°C

Preparation of BrCsH,C=CSiMe3.>° To a 500 mL round Schlenk flask charged
with NEt; (350 mL) immersed in ice, 4-iodo-bromobenzene (18.05 g, 63.80 mmol),
Pd(PPh3)4 (1.85 g, 1.60 mmol) and Cul (0.30 g, 1.6 mmol) were added. To the cooled
solution trimethylsilylacetylene (11.0 mL, 7.51 g, 76.5 mmol) was added drop wise. The
mixture was stirred in an ice bath for 8 h. Upon completion of the reaction the brown
suspension was taken to dryness under reduced pressure and the residue was purified by
silica gel column chromatography (hexane). Removal of solvent from the main fraction
yielded a colourless oil that crystallized on standing. Yield 15.9 g, 62.8 mmol, 99%. *H
NMR (400 MHz, CDCl3) & 7.43 (d, J = 9 Hz, 2H, c), 7.32 (d, J = 9 Hz, 2H, b), 0.24 (s, 9H,
g9). B*C{*H} NMR (101 MHz, CDCl3) & 133.5, 131.6 (b/c), 122.9, 122.3 (a/d), 104.0 (f),
95.7 (e), 0.0 (g). MS* (ASAP) m/z (%): 505.9 (100, [2M-2H]"); 253.9 (41.8, [M]). IR

(nujol) cm™: 2159 (s) v(C=C).

(o]
_ Pd(PPha)s a b ¢, g /L
| + H————SiMe, —ea Me,Si——— @)
OMe OMe

NEt, r.t.

Preparation of 1°* To a 250 mL Schlenk flask charged with methyl 4-
iodobenzoate (10.2 g, 38.9 mmol), Pd(PPhs), (2.24 g, 1.94 mmol) and Cul (0.369 g, 1.94
mmol) and NEt; (200 mL), trimethylsilylacetylene (7.0 mL, 4.8 g, 48.9 mmol) was added.
The mixture was stirred at room temperature overnight. The mixture was taken to dryness
under reduced pressure and the residue was purified through a silica gel column using
hexane:CH,Cl, (8:2) as the eluent. Removal of solvent from the main fraction yielded an

off-white powder. Yield 8.01 g, 34.5 mmol, 89%. *H NMR (400 MHz, CDCl3) & 7.89 (d, J
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= 9 Hz, 2H, f), 7.47 (d, J = 9 Hz, 2H, e), 3.85 (s, 3H, i), 0.20 (s, 9H, a). *C{*H} NMR
(101 MHz, CDCls) § 166.5 (h), 132.0, 129.5 (e/f), 129.8 (g), 127.9 (d), 104.2, 97.8 (b/c),
52.4 (i), 0.0 (a). MS" (ASAP) m/z (%): 464.19 (100, [2M]"); 233.10 (70, [M+H]"). IR

(nujol) cm™: 2162 (M) W(C=C); 1732 (s) v(C=0).

- 0o K,CO4 ab g\ 2
MegSi—— THF / MeOH ==\ /W @
OMe © OMe

@ !

Preparation of 2.°2 To a solution of 1 (8.10 g, 34.9 mmol) in THF:MeOH (1:1,
150 mL), K,CO3 (5.1g, 36.9 mmol) was added and the mixture stirred at room temperature
overnight. The mixture was then filtered and the filtrate taken to dryness. The solid residue
redissolved in CH,Cl, (100 mL), washed with water (2 x 100 mL) and brine (1 x 100 mL),
and dried over MgSQ,. After taking the organic phase to dryness the pure product was
obtained as an off-white powder. Yield 3.07 g, 19.20 mmol, 55%. *H NMR (400 MHz,
CDCls) 6 7.99 (d, J = 9 Hz, 2H, f), 7.56 (d, J = 9 Hz, 2H, €), 3.92 (s, 3H, i), 3.23 (s, 1H, a).
Bc{*H} NMR (101 MHz, CDCls) & 166.5 (h), 132.2, 129.6 (e/f), 130.3 (g), 126.9 (d),
82.9, 80.2 (b/c), 52.4 (i). MS* (ASAP) m/z (%): 320.10 (68, [2M]"); 161.05 (27, [M+H]").

IR (nujol) cm™: 3244 (5) (Csp—H); 2104 (w) v(C=C); 1700 (s) v(C=0).

Pd e f koI
fe) (PPh3)s )
N — BrCqH,C=CSiMe, a b cg//\gh i ;//\m %
- Me3Si—— — (3)
< > < cul N\ // N\ /
OMe
NEtg, A Ol\ge

Preparation of 3. In an oven dried 250 mL Schlenk flask, 2 (4.01 g, 25.05 mmol),
BrCsH,C=CSiMe; (6.38 g, 25.20 mmol), Pd(PPh3), (0.30 g, 0.26 mmol) and Cul (0.05,
0.26 mmol) were dissolved in NEt; (150 mL) and the resulting solution was heated at
reflux overnight. The black mixture was then taken to dryness under reduced pressure and
the residue was purified through a silica gel column using hexane:CH,Cl, (7:3) as the

eluent system. The pure product was obtained as an off-white solid. Yield 6.86 g, 21.21
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mmol, 85%.*H NMR (400 MHz, CDCl3) § 8.02 (d, J = 9 Hz, 2H, 1), 7.58 (d, J = 9 Hz, 2H,

K), 7.49 — 7.43 (m, 4H, e-), 3.93 (s, 3H, 0), 0.26 (m, 9H, a).

— — 0 K,COj, b ¢ /=—g4h i /= 0O

a
Me;Si——— — T — — —
=N L/ e mEmeon T N/ — \ 4 @
(©)] 0

Preparation of 4. To a suspension of 3 (4.64 g, 14.34 mmol) in THF:MeOH (1:1,
150 mL), K,CO3(2.1 g, 15.2 mmol) was added and the mixture stirred at room temperature
overnight. The mixture was then filtered, the filtrate taken to dryness and the solid residue
redissolved in CH,Cl, (100 mL). The organic phase was washed with water (2 x 100 mL),
brine (1100 mL) and dried over MgSO,. After taking the organic phase to dryness the
pure product was obtained as an off-white powder. Yield 1.98 g, 7.60 mmol, 53%. ‘H
NMR (400 MHz, CDCls) & 8.03 (d, J = 9 Hz, 2H, I), 7.59 (d, J = 9 Hz, 2H, k), 749 (s, 4H,
e-f), 3.93 (s, 3H, 0), 3.19 (s, 1H, a).

or Heento N

Preparation of 7. A 250 mL round bottom flask fitted with a Dean-Stark trap was
charged with 4-bromobenzoic acid (8.94 g, 41.8 mmol) in hexan-1-ol (10 mL, 8.1 g, 80
mmol) toluene (150 mL) and catalytic amounts of H,SO,4. The resulting emulsion was
heated at reflux temperature overnight. Upon completion of the reaction, adjudged by
TLC, the reaction mixture was poured into water and the organic phase was washed with
water (2 x 150 mL) and once with brine (1 x 150 mL), and dried over MgSQO,. After
removing the solvents under reduced pressure, the resulting dark-red oil was used in the
next step without further purification. Yield 10.8 g, 38.0 mmol, 91%. *H NMR (400 MHz,
CDCl3) § 7.87 (d, J = 8 Hz, 2H, ¢), 7.55 (d, J = 8 Hz, 2H, b), 4.28 (t, J = 7 Hz, 2H, f), 1.78
—1.68 (m, 2H, g), 1.47 — 1.36 (m, 2H, h), 1.36 — 1.25 (m, 4H, i-j), 0.88 (t, J = 7 Hz, 3H, k).
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BC{*H} NMR (101 MHz, CDCls) & 166.0 (), 131.7 (b), 131.2 (d), 129.6 (c), 127.9 (),
65.5 (f), 31.5 (), 28.7 (h), 25.8 (i), 22.6 (j), 14.0 (k). MS" (ESI) m/z (%): 185.21 (100, [M-

OCgH13]"). IR (cast) cm™: 1723 (s) v(C=0).

(e}

o ) Pd (PPh3)a a b d/—\g
Br +  MegSi———H Me;sSi——— (8)
cul N\ 7/
OCgHy3 OCgHy3

NEt, A )
3/THF, (i'n)

O

(7)

Preparation of 8. In a 250 mL Schlenk flask hexyl-4-bromobenzoate (10.03 g,
35.16 mmol), trimethylsilylacetylene (5.5 mL, 3.8 g, 39 mmol), Pd(PPhs)4 (1.210 g, 1.047
mmol) and Cul (0.335 g, 1.76 mmol) were dissolved in anhydrous degassed NEt;:THF
(1:1) (200 mL). The resulting solution was heated to reflux temperature overnight. Upon
completion, the black mixture was taken to dryness under reduced pressure and the
resulting oil was purified through a silica gel column using hexane:CH,Cl, (7:3) as eluent
system. The resulting red oil was sufficiently pure for use in the subsequent steps. Yield
9.81 g, 32.4 mmol, 92%. *H NMR (400 MHz, CDCls) § 7.96 (d, J = 8.2 Hz, 2H, f), 7.51 (d,
J=8Hz, 2H, €), 4.30 (t, J = 7 Hz, 2H, i), 1.80 — 1.70 (m, 2H, j), 1.49 — 1.38 (m, 2H, k),
1.37-1.31 (m, 4H, 1-m), 0.90 (t, J = 7 Hz, 3H, n), 0.26 (s, 9H, a). *C{*H} NMR (101 MHz,
CDCl3) 5 166.2 (h), 132.0 (e), 130.3 (g), 129.5 (f), 127.8 (d), 104.3 (c), 97.7 (b), 65.5 (i),
31.6 (j), 28.8 (k), 25.8 (1), 22.7 (m), 14.1 (n), 0.0 (a).MS" (ESI) m/z (%): 301.20 (100, [M-

HI").

o
VoS o TBAF fl b ¢ q4/—\g o
[SPY]]
S THF rt. \ 7/
OCgH13 OCgH13

® )
Preparation of 9. To a solution of 8 (9.310 g, 30.77 mmol) in THF (200 mL),
TBAF (1 M in THF, 32.0 mL, 32.0 mmol) was added and the resulting black solution was
stirred at room temperature overnight. The solution was then taken to dryness under

reduced pressure and the resultant black oil was purified through a silica gel column using
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hexane:CH,Cl, (6:3) as the eluent system. Removal of solvent from the main fraction
yielded the pure product as a white solid. Yield 5.81 g, 25.2 mmol, 82%. *H NMR (400
MHz, CDCl3) § 7.99 (d, J = 8 Hz, 2H, f), 7.55 (d, J = 8 Hz, 2H, €), 4.31 (t, J = 7 Hz, 2H, i),
3.22 (s, 1H, a), 1.81 — 1.70 (m, 2H, j), 1.49 — 1.38 (m, 2H, k), 1.37 — 1.31 (m, 4H, I-m),
0.90 (t, J = 7 Hz, 3H, n). ®*c{*H} NMR (101 MHz, CDCls) & 166.1 (h), 132.2 (e), 130.7
(9), 129.6 (f), 126.7 (d), 83.0 (c), 80.1 (b), 65.5 (i), 31.6 (j), 28.8 (k), 25.8 (I), 22.7 (m),

14.2 (n). MS* (ASAP) m/z (%): 147.04 (100.0, [M-CgHi3]"); 129.03 (40.4, [M-OCgH1s]").

o Pd (PPhs)4 e f k 1 o
_ BrCgH,C=CSiMe; a b ©¢d/~—\g h i . /—\'m
H— MeSi—=— —
oceH Cul \ 7/ N\ 7 Moo
6113 NEt,, A 6113
9) (10) (o:t)

Preparation of 10. In an oven dried 250 mL Schlenk flask, 9 (5.51 g, 23.6 mmol),
BrCsH,C=CSiMe;s (7.19 g, 28.4 mmol), Pd(PPh3), (1.641 g, 1.420 mmol) and Cul (0.273g,
1.43 mmol) were dissolved in NEt3 (200 mL) and the resulting solution was heated at
reflux overnight. The black mixture was then taken to dryness under reduced pressure and
the residue was purified through a silica gel column using hexane:CH,Cl, (9:1) as the
eluent system. The pure product was obtained as an off-white solid. Yield 7.16 g, 17.8
mmol, 75%. *H NMR (400 MHz, CDCls) § 8.02 (d, J = 9 Hz, 2H, 1), 7.57 (d, J = 9 Hz, 2H,
k), 7.50 — 7.43 (m, 4H, e-f), 4.32 (t, J = 7 Hz, 2H, 0), 1.82 — 1.72 (m, 2H, p), 1.49 — 1.41
(m, 2H, q), 1.39 — 1.30 (m, 4H, r-s), 0.91 (t, J = 7 Hz, 3H, t), 0.26 (s, 4H). *C{*H} NMR
(101 MHz, CDCls) § 166.2 (n), 132.1 (k), 131.7 (e), 131.6 (f), 130.3 (m), 129.6 (I), 127.7
(i), 123.6 (g), 122.9 (d), 104.7 (c), 96.8 (b), 92.0 (i), 90.7 (h), 65.5 (0), 31.6 (p), 28.8 (q),
25.9 (r), 22.7 (s), 14.1 (1), 0.1 (). MS* (ASAP) m/z (%): 402.20 (100, [M]"); 318.11 (6.8,

[M-CgH13]). IR (nujol) cm™: 2157 (m) v(C=C); 1725 (s) v(C=0).
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— — o TBAF &b Cog//=\gh i ;//\m o
Me;Si—— — —— H— —
\ 7/ \ 7/ ocH,,  THFTL \ 7/ \ 7/ 0CHs
(10) (11) (o:t)

Preparation of 11. To a solution of 10 (6.87 g, 17.0 mol) in THF (150 mL), TBAF
(IM in THF, 18 mL, 18 mmol) was added and the mixture stirred at room temperature
overnight. The solution was then taken to dryness under reduced pressure and the resulting
black oil was purified through a silica gel column using hexane:CH,Cl, (8:2) as the eluent
system. After taking the appropriate fractions to dryness the pure product was obtained as a
white powder. Yield 4.79 g, 14.5 mmol, 85%. *H NMR (400 MHz, CDCl3) § 8.03 (d, J =8
Hz, 2H, I), 7.58 (d, J = 8 Hz, 2H, k), 7.53 — 7.47 (m, 4H, e-f), 4.32 (t, J = 6 Hz, 2H, 0), 3.19
(s, 1H, a), 1.83 — 1.71 (m, 2H, p), 1.50 — 1.40 (m, 2H, q), 1.39 — 1.27 (m, 4H, r-s), 0.98 —
0.83 (m, 3H, t). *C{*H} NMR (101 MHz, CDCls) & 166.2 (n), 132.3 (k), 131.7 (), 131.7
(), 130.3 (m), 129.7 (1), 127.6 (j), 123.3 (g), 122.5 (d), 91.7 (i), 90.7 (h), 83.3 (c), 79.3 (b),
65.5 (0), 31.6 (p), 28.8 (q), 25.8 (r), 22.7 (s), 14.2 (t). MS* (ASAP) m/z (%): 660.3 (100,
[2M]"); 246.0 (65.1, [M-CgH12]"; 330. (7.4, [M]"). IR (nujol) cm™: 3277 (m) v(Cs,—H); not

observed v(C=C); 1717 (m) v(C=0).

o Pd (PPhs)a
— — BrCgH,C=CSiMeg
B —————————————

— N\ /7 — N\ / cul

OCH
61113 NEt,, A

a b C g //\gh i /A mn 0 p/— 0

Me,Si—— \ / — \ / — \ / T (12)

OCeHy3
(u-2)

Preparation of 12. In an oven dried 250 mL round-bottom flask, 11 (4.59 g, 9.13
mmol), BrC¢H,C=CSiMe3 (2.78 g, 10.9 mmol), Pd(PPhs3), (0.528 g, 0.457 mmol) and Cul
(0.092 g, 0.475 mmol) were dissolved in anhydrous degassed NEt; (250 mL). The resulting
solution was heated at reflux overnight. Upon completion, adjudged by TLC, the reaction

mixture was cooled in an ice bath and filtered. The brown filtrate was collected and
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purified by passage through a silica gel column using hexane:CH,Cl, (8:2) as eluent
system. Removal of solvent from the appropriate fractions yielded the pure product as a
white solid. Yield 2.46 g, 4.90 mmol, 54%. *H NMR (400 MHz, CDCl5) 6 8.03 (d, J = 8.5
Hz, 2H, r), 7.59 (d, J = 9 Hz, 2H, q), 7.53 — 7.49 (m, 4H, k-1), 7.46 (m, 4H, e-f), 4.33 (t, J =
7 Hz, 2H, u), 1.83 - 1.69 (m, 2H, v), 1.51 — 1.39 (m, 2H, w), 1.39 — 1.31 (m, 4H, x-y), 0.91
(t, J = 7 Hz, 3H, z), 0.26 (s, 9H, a). *C{*H} NMR (101 MHz, CDCls) § 166.2 (t), 132.1
(q), 131.8, 131.8, 131.6, 131.6 (e-f/k-1), 130.2 (), 129.7 (1), 127.7 (p), 123.5, 123.3, 123.1,
122.8 (g, j, m, d), 104.7 (c), 96.6 (b), 91.9 (0), 91.3 (i), 91.0 (h), 90.6 (n), 65.5 (u), 31.6 (V),
28.8 (W), 25.9 (x), 22.7 (y), 14.2 (2), 0.0 (a). MS* (ASAP) m/z (%): 502.2 (100, [M]");

419.1 (9, [M-CgH12]").

Me;Si—— — — _—
e \ 7 \_/ \_7" oy, THFIL
(12 e f k | q r
a b ¢ q/— g h i i/ \m N0 p/—\s 0
H——= — — (13)
N\ // N\ // N/t

OCgHy5
(u-2)

Preparation of 13. To a solution of 12 (1.821 g, 3.622 mmol) in THF (50 mL),
TBAF (1M in THF, 3.7 mL, 3.7 mmol) was added and the resulting dark-red solution was
stirred at room temperature overnight. After taking the solution to dryness, the resulting
black oil was purified by chromatography on silica gel using hexane:CH,Cl, (6:4) as
eluent system. After solvent removal the pure product was obtained as a white powder.
Yield 1.42 g, 3.30 mmol, 91% H NMR (400 MHz, CDCls) & 8.03 (d, J = 8 Hz, 2H, ),
7.59 (d, J = 8 Hz, 2H, q), 7.53 (5, 4H, k-1), 7.48 (s, 4H, e- f), 4.33 (t, J = 7 Hz, 2H, u), 3.19
(s, 1H, a), 1.86 — 1.71 (m, 2H, v), 1.51 — 1.41 (m, 2H, w), 1.40 — 1.29 (m, 4H, x-y), 0.91 (t,
J = 7 Hz, 3H, 2). ®c{*H} NMR (176 MHz, CDCls) § 166.23 (t), 132.26 (q), 131.85,
131.78, 131.65 (e-f/k-1), 130.26 (s), 129.67 (r), 127.69 (p), 123.58, 123.42, 122.96, 122.33

(g, j, m, d), 91.97 (0), 91.09 (h/i), 90.80 (n), 83.36 (c), 79.23 (b), 65.53 (u), 31.62 (v), 28.84
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(W), 25.86 (x), 22.71 (y), 14.16 (2). MS* (ASAP) m/z (%): 430.2 (100, [M]*); 406.2 (51.7,
[M-CoHT); 347.1 (16.8, [M-CsHus]"); 861.31 (8.4, [2M+H™]). IR (nujol) cm™: 3278 (s)

v(Csp—H); not observed v(C=C); 1714 (s) v(C=0).

— — — 0 )NBusOH / CHCI

H—— — —
N\ // N\ // N\ // OCeH;s i HCI
(13) e f koI q r
ab ¢ g/~\gh i ;/=\m" ° ,/=\s ,°
=\ /7 — N\ /7 — \ /K ©

Preparation of 6. In a 50 mL round bottom flask, 13 (0.180 g, 0.36 mmol) and
(NBu),OH - 30 H,O (0.784 g, 0.98 mmol) were dissolved in CHCI3 (5 mL), and stirred for
3 h at room temperature. Upon formation of the ammonium carboxylate, (monitored by the
shift in ve=o 1713 cm™ band), the solution was acidified to pH 2 upon addition of conc.
HCI and the two phases were stirred vigorously for 2 h. The resulting white suspension
was filtered, and the filtrate washed with water (3x10 mL) and acetone (3x10 mL) to yield
the desired product as a white powder. Yield 0.094 g, 0.27 mmol, 75%. ‘H NMR (400
MHz, DMSO-dg) 6 13.22 (br. s, 1H, 0), 7.98 (d, J =8 Hz, 2H, r), 7.69 (d, J = 8 Hz, 2H, q),
7.64 (d, J = 1 Hz, 4H, k-1), 7.57 (m, 4H, e-f), 4.41 (s, 1H, a). MS* (ASAP) m/z (%): 346.1

(100, [M]"). TGA shows incomplete combustion (54%) at 1000 °C.

Pd (PPh3)s

(o]
H : : 2\/ 1,4-diiodobenzene O@ —\b d e/~ \h
— —_—_—T p— — ~
OCgHy3 cul CeH130 — \_/ \_/ OCgHy3

NEt, r.t. :
9 (14) (:0)

o

Preparation of 14. In a 50 mL round bottom flask, 9 (0.34 g, 1.5 mmol), 1,4-
diiodobenzene (0.25 g, 0.76 mmol), Pd(PPhs), (0.045 g, 0.040 mmol) and Cul (0.007 g,
0.037 mmol) were added to NEt; (15 mL), and the resulting white suspension stirred at
room temperature overnight. The precipitate was collected by filtration and washed
thoroughly with hexane. The solids were dissolved in CH,Cl, and filtered through silica

gel. Solvent removal of the yellowish filtrate yielded the pure product as an off-white solid.
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Yield 0.30 g, 0.56 mmol, 75%. *H NMR (400 MHz, CDCls) & 8.04 (d, J = 9 Hz, 4H, g),
7.59 (d, J = 9 Hz, 4H, ), 7.54 (s, 4H, a), 4.33 (t, J = 7 Hz, 2H, j), 1.82 — 1.72 (m, 4H, k),
1.49 — 1.40 (m, 4H, 1), 1.39 — 1.29 (m, 8H, m/n), 0.92 (t, J = 7 Hz, 6H, 0). *C{*H} NMR
(101 MHz, CDCls) & 166.2 (i), 131.9, 131.6 (f/g), 130.3 (h), 129.7 (a), 127.6, 123.2 (b/e),
91.9, 90.9 (c/d), 65.5 (j), 31.6 (k), 28.8 (I), 25.8 (M), 22.7 (n), 14.1 (0). MS* (ASAP) m/z

(%): 451.19 (100, [M+H-CgH13]"); 534.28 (53, [M]"). IR (nujol) cm™: 1717 (m) v(C=0).

O>X_@ - — - — 2 i) N(Bu)4OH * 30 H,O / THF
— — iiy CHCI; / HCI
CeH130 — \_7/ \_/ OCgHy3 g : ©

(14) o a f g

N —bc_de®h_<°
HO — _\/_\/IOHj

(15)

Preparation of 15. A solution of N(Bu),OH - 30 H,O (0.30 g, 0.38 mmol) in THF
(3 mL) was added to solution of 14 (0.05 g, 0.09 mmol) in THF (3 mL). The resulting
brown solution was stirred at room temperature for 30 minutes, taken to dryness and
redissolved in CHCI; (2 mL). White solids precipitated upon addition of HCI and
sonication of the two phases. The precipitate was collected by filtration and washed with
water (2 x 5 mL), acetone (2 mL) and Et,O (5 mL) and dried in air. Yield 0.03 g, 0.08
mmol, 89%. *H NMR (500 MHz, DMSO-ds) 5 13.21 (br. s, 2H, j), 7.97 (d, J = 8 Hz, 4H,
g), 7.67 (d, J = 8 Hz, 4H, f), 7.64 (s, 4H, a). *C{*H} NMR (126 MHz, DMSO-ds, 50 °C) &
166.4 (i), 131.6, 131.4 (f/g), 130.8 (h), 129.3 (a), 126.0, 122.2 (b/e), 91.1, 90.6 (c/d). MS’
(ESI) m/z (%): 183.3 (100, [M-2H]?); 365.5 (34, [M-H]). TGA shows incomplete

combustion (91%) at 1000 °C.
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3. TOP ELECTRODE FORMATION: A NOVEL IN-SITU APPROACH

3.1. Abstract

Two novel approaches to the formation of the top electrode on molecular films to
generate reliable molecular junctions are described (Figure 3-1). The synthetic
methodologies appropriate for the preparation of gold ethynyl complexes Au(C=CR)(L) (R
= aryl, L= PPhs and CNR) that are critical to the thermal annealing route are also

discussed.

/7K3 /7K3 /\/'Ks 4%@%ﬁHﬂuCh
DEY =C <
M R(:—Qiﬁmuca

Figure 3-1. Novel soft methods for top-electrode formation: thermally induced

decomposition of an adsorbed gold complex (top) and photoreduction of aurate ions

integrated on the molecular film by the LB technique (bottom).

3.2. Introduction

The path towards further miniaturization of electronic devices has raised many
scientific and technological challenges.! Nevertheless, the use of single molecules to
perform as electronic components represents the ultimate miniaturization,? and therefore
despite the difficulties associated with the construction of a molecular electronic device,
the potential returns in terms of the capacity that such structures might offer to extend

89



Moore’s Law are sufficiently compelling to drive a vast body of academic and increasingly
industrial research in the field. Looking beyond the fundamental questions of molecular
conductance and the development of both new molecular structures and metric methods
appropriate for the investigation of even the most elementary of molecular junctions, the
use of smaller components to allow for greater device density is accompanied by an
increase on the difficulties to integrate them into a working device.® In considering the
challenges of fabricating a simple, two-electrode ‘sandwich’ device or scalable
metal|molecule|metal junction, Langmuir-Blodgett or self-assembly are nowadays well
developed techniques through which molecules can be orderly disposed on to a variety of
bottom electrode surfaces. In many single molecule experiments the metallic tip of a
scanning probe microscope serves as the top electrode and permits the formation of
immensely useful molecular junctions for the assessment of molecular electronic properties
and phenomena. However, the genuine technological application of molecule electronic
science requires reliable methods to form the top electrode as a conducting film on top of a
small bundle of molecules. Consequently, it is the preparation of the top electrode that
completes metallmolecule|metal sandwich structure which has become key bottleneck in
routes to fabricate a technologically viable molecular junction. Traditional methods to
generate the top electrode contacts on sandwich-like devices are based on metal
evaporation or sputtering atop a pre-formed molecular film. However, depositing a
metallic electrode on top of a molecular film can, and often does, cause damage to the
organic monolayer with penetration of the metallic layer through the organic film resulting
on a short circuit that renders the device unusable. In order to avoid the problems found by
the traditional methods to generate a defect-free molecular junction, two softer in-situ
methods to generate the top electrode by thermal or photochemical means were designed.

To these ends, compounds 16, 20 - 22, 25 and [27H]CI were synthesized (Chart 3-1).
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The first top electrode fabrication protocol involves the assembly of well-packed
LB films of 20 and 22 on a metallic substrate. Decomposition of the assembled metallic
complex is then thermally induced to produce nanometric gold particles that can act as the
top electrode, although the fate of co-ligand has not been established. The second approach
involves the preparation of a Langmuir film of the OPE ammonium salt [27H]CI on an
aqueous auric acid solution. The film is then transferred to a solid substrate leaving the
gold ions adsorbed to the polar end of the molecule exposed on top of the molecular film.
Photoreduction of the integrated aurate ions leads to the formation of metallic gold
particles performing as the top electrode. Importantly, both processes are highly
compatible with the prevailing lithographic routines employed to fabricate current

electronic devices.

Ph3P7Au%<i>—NH2 16 MeO—@—N: Au%<i>—NH2 22
PhsP-Au—— \7/ — @(:OOH 20 QN Au—— \7/ — @NHZ 25
C%N Au;@NHZ 21 MesSi——=— /7\ — \7/ — @N’mcf [27H]CI

Chart 3-1. Gold complexes and OPE derivatives prepared in this Chapter.

3.3. Synthetic considerations: Au(C=CR)(L) complexes

Despite having been studied for decades,® there is a renewed interest within the
scientific community in ethynyl gold chemistry.* Their stability, linear rod-like structure
and metallophilic interactions have made ethynyl gold complexes specially interesting in
the fields of polymer and supramolecular chemistry.® In addition, these complexes are
known to present remarkable photophysical properties such as luminescence® and non-
linear optical behaviour.” Likewise, gold ethynyl complexes have been employed as

synthetic intermediates taking the role of Cu in crosscoupling reactions of aryl halides with
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cuprous ethynylenes.® As a result of these efforts, many examples of linear Au(C=CR)(L)
complexes can be found in the literature. A wide variety of co-ligands, L, have been
successfully employed in stabilising these molecular rods over their homoleptic
analogues®™ including: tertiary phosphines;’ arsines;!® stibines;** isocyanides;* *°
pyridines™® and amines.** A summary of the different routes found in the literature for the
synthesis of Au(C=CR)(L) is presented in Scheme 3-1. One of the most traditional
methods consists in the treatment of AuCIL with lithiated ethynylenes (Scheme 3-1, a).”
Despite this method being successfully used in the synthesis of several ethynyl-gold
complexes, the use of the highly reactive organolithium reagents restricts the applicability
and convenience of this synthetic approach. A different approach (Scheme 3-1, b) consists
on the formation of the polymeric precursors [Au(C=CR)], by treating AuCl(tht) (tht =
tetrahydrothiophene) or AuCI(SMe,) with HC=CR under basic conditions™ ® which can be
readily depolymerized through displacement of the network metal-alkyne m-interactions
and aurophilic interactions by donor ligands L, to form the monomeric complexes
Au(C=CR)(L). The milder conditions required for this reaction allowed the synthesis of a
much wider range of complexes. A related, but arguably less convenient approach (Scheme
3-1, c¢) involves the treatment of the polymeric [Au(C=CR)], first with CI" to form anionic
mononuclear complexes [Au(C=CR)CI]" and further treatment with L to displace the
chloride.’® A simpler higher yielding route (Scheme 3-1, d) involves the treatment of
AuCIL with a terminal alkyne and a base.*” This approach can be seen as a milder variation
of route (a) typically conducted in the presence of NaOEt or KBU'O in polar protic solvents
such as EtOH. Despite its wider applicability, this reaction conditions may still be harsh
enough to decompose the more sensitive ethynylgold complexes. A softer variation of
route (d) involves the replacement of the strong inorganic bases for amines, typically NEt;

or NHPr,' together with organic aprotic solvents (Scheme 3-1, e).*® However, these
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changes typically lead to slower reaction kinetics that may require higher reaction
temperatures. Milder conditions in the organic amine/solvent route can be achieved by
addition of catalytic Cul which promotes formation of the desired Au(C=CR)(L)

complexes through a transmetallation reaction (Scheme 3-1, f).'#*°

[AUCIL]  +  Li(C=CR)
NS
L b) e)

AUCTCR)) =<——— NEf + RC=CH + [AuCIL]

IH_ N
c)

{Auc=cr)}. + C % _  [au(C=cR)cl Cul + NEt3 + RC=CH + [AuCIL]

B® + RC=CH + [AuCIL]

{AUCC=CR)}. +

Scheme 3-1. Summary of the available synthetic routes to ethynylgold (I) complexes. For

details of reactions a - f see text.

The first mention to the polymeric nature of ethynylgold complexes was made by
Coates and Parkin who after preparing [Au(C=CBu'")], suggested its polymeric structure
purely from experimental observations without supporting structural data.*> Three decades
later X-ray crystallographic analysis on a sample prepared in the Mingos group
demonstrated that the compound presented a novel catenane structure.’® The structure
presented two inter-locking six-membered rings in which three different coordination
modes for the ethynyl ligand were present (one ¢ and two different n-coordination modes)

confirming Coates prediction (Scheme 3-2).

R
——— I _
Aiu A!u Au R—— Au—m ‘ ‘ l}— Auj//
i Au;i;R i '
a) b)

Scheme 3-2. Alkyne coordination modes on ethynylgold complexes: a) Coates prediction;

and b) found in Mingos catenane X-ray structure.
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However, the polymeric nature of the gold ethynylenes is still not completely
understood. As an example of the wide variety of aurophilic interactions, Hogarth et al.’
reported the synthesis and crystal structure of [Au(C=CCgHsNH,-4){P(3-tolyl)s}] with
molecules presenting N-H---Au supramolecular interactions. These various structural
idiosyncrasies aside, it is simply pertinent to this discussion to note that there is ample
synthetic precedence for the preparation of complexes Au(C=CR)(L), with the wide range
of different synthetic protocols that have already been described allowing preparation of a

vast array of complexes with different R groups and supporting co-ligands L.
3.4. Synthesis
3.4.1. Synthesis of —AuPPh3; complexes

The stability of complexes 16 and 20 to reaction conditions involving polar protic
solvents and strong bases, allowed for a straightforward synthetic approach. Both
complexes were prepared by direct reaction of AuCI(PPhs) with the appropriate terminal

alkyne under basic conditions (Scheme 3-3).

MeOH
AuCI(PPh H——= NH ————— PhP-Au—= NH 16
(PPh3) + 2 KBUO 3 2
— — i) THF / NaOH ohp_A — —
AuCI(PPh: H— — COOCgH;3 ——————» ~Au— — COOH 20
( 3) + \ / \ / 6" '13 ii) HC|aq 3 \ / \ /

11

Scheme 3-3. Synthesis of 16 and 20.

The gold precursor AuCI(PPh3) was prepared following well-established literature
methods from AuCl(tht) in good yields.?* Treatment of a suspension of AuCI(PPhs) in
MeOH with potassium tert-butoxide (KBu'O) and 4-ethynylaniline produced 16 as an
orange precipitate in good yields (ca. 70%). The reaction, which took place at room

temperature in under two hours could be easily monitored by IR spectroscopy.
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Coordination of AuCI(PPh3) by ethynyl aniline leads to the reduction and ultimate
consumption of the v(C=C-H) 3259 cm™ absorption band together with a marked shift in

the v(C=C) vibration frequency from 2097 cm™ in the pro-ligand to 2213 cm™ in 16.

However, contrary to the simple preparation of 16, the synthesis of 20 was found to
present several challenges that required an optimization process (Scheme 3-4). Although
the amine mediated Cu® transmetallation route allowed the straightforward synthesis of 17
at room temperature, as deduced from the v(C=C) band shift and the **P{*H} NMR which
showed a singlet for PPhs that shifted from 57 ppm for AuCI(PPh3) to 39 ppm for 17, the
poor solubility of the product hindered chromatographic isolation of the reaction mixture.
In order to circumvent the solubility issues encountered, a similar approach to that
employed in Chapter 2 was adopted (Scheme 3-4, b). However, this synthetic route had to
be reconsidered as treatment of 18 under basic aqueous MeOH conditions lead to
transesterification and precipitation of the methyl ester made the formation of 20 uncertain.
Hence, to avoid the transesterification reaction, the synthesis of 20 was conducted in THF
and the mixture treated with aqueous KBU'O at reflux. However high temperatures induced
decomposition of the gold derivative and a gold mirror was formed on the reaction flask
(Scheme 3-4, c). Hence, a room temperature one-pot, two-step synthetic procedure was
devised (Scheme 3-4, d). In a parallel manner analogous to that described for the synthesis
of 18, a suspension of AuCI(PPhg) and 11 (see Chapter 2) in THF was treated with an
aqueous solution of NaOH (1M). The suspension was allowed to stir overnight to ensure
coordination of the ethynylene to the gold atom with concomitant de-esterification and
formation of the sodium carboxylate salt 19. The reaction was monitored by IR
spectroscopy, which allowed observation of the alkyne coordination to AuCI(PPhs) by
following the decrease in intensity of the v(C=C-H) band at 3278 cm™ and the formation of

the carboxylate anion by observation of the new v(COO") band at 1660 cm™. After
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evaporation of the organic solvent, the remaining aqueous solution was acidified by
addition of HCl,q (1M). Compound 20 was then easily collected from the aqueous mixture
by centrifugation as an off-white solid in 70% yield. Despite the foreseen poor solubility of
20, the compound could be fully characterized by IR, MS and *H, *C and *'P NMR (see

experimental section).

CHCI; / NEty — —
a) AuCI(PPhs) + H — \ / COOMe T» PhP-Au— \ / — \ / COOMe 17
4
— — CHCly / NEty — —
b) AuCI(PPhs) + H— \ — \ COOCgH, 3 cul PhsP-Au—+ \ — N\ / COOCgH;3 18
11
i) MeOH / NaOH
iy HCI
PhP-Au—— COOH 20
: ="
— — THF / KBU'O )
c) AuCI(PPh3) + H— \ / — \ / COOC6H13+> Gold mirror
11
— — iy THF / NaOH,, — —
d) AuCI(PPh3) + H— \ / — \ / COOCgH 3 PhaP-Au—= \ / — \ / COONa 19
11
ii) HCIaq
PhyP—-Au— — COCH 20
: — N\ 7 — \ 7

Scheme 3-4. Attempted synthetic routes to 20: a) Cu mediated transmetallation route on a
methylester ligand; b) Cu mediated transmetallation route on a hexylester ligand; and c)

Aqueous THF basic conditions at reflux; d) optimized two-stepped synthesis of 20.
3.4.2. Synthesis of ~AUNCR complexes

In initial survey and proof of principle work, the gold isocyanide complexes 21 and
22 were synthesized by drop wise addition of the appropriate isocyanide to a suspension of
polymeric [Au(C=CCgH4NH2-4)], in CH,CIl, (Scheme 3-5). The preparation of the
organogold polymer from AuClI(tht) ran smoothly following literature procedures.” > The
polymer [Au(C=CCgH4NH,-4)], was characterized by IR spectroscopy with the formation
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of a characteristic, broad v(C=C) band envelope spanning 2035 - 1910 cm™. The breadth
and extraordinarily low frequency of the v(C=C) vibration is ascribed to the formation of a
networked structure with alkyne-Au = bonds in addition to other supramolecular motifs.™
Compounds 21 and 22 were obtained as a light-brown precipitate upon addition of hexane

in good yields ca. 70%.

QN Au——— : >—NH2 21

CH,Cl, —
AuCltht)y + H——— NH, Au— NH,
NEL, \_/

MeO—@—N: Au%@—NHZ 22

Scheme 3-5. Synthesis of 21 and 22 through the polymeric route.

However, a similar route based on polymeric precursors was found to be unsuitable
for the preparation of the parent complex 25 (Scheme 3-6, a). Treatment of AuClI(tht) with
23 resulted on the instant formation of a dark precipitate that would develop an intense
green colouration with time. The black precipitate 24, which was poorly soluble in organic
solvents was found to be unreactive towards the addition of 2,6-dimethylphenyl
isocyanide. After several unsuccessful attempts to prepare 25, an alternative route was
designed. A two step one pot reaction (Scheme 3-6, b) was employed in which initially
AuCI(tht) was treated with 2,6-dimethylphenyl isocyanide to form AuCI(CNCsHz;Me;-2,6)
overnight reaction. Subsequent addition of 23 and NEts, and further 24 hours reaction

period at room temperature resulted in the formation of 25 in good yield i.e. 60%.
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— CH,Cl, — —
a) AuCl(tht) + H— /7\ QNHZ New {Au — N/ — @—NHZ} 24

CH,Cl,
b) N= + AuCltthy ———— N=
ii) 23 (1 eq.), NEtg

Scheme 3-6. Synthesis of 25: a) Unsuccessful polymeric route; and b) synthetic protocol

25

Au—— \7/ — @—NHZ

based on in-situ formation of a gold isocyanide intermediate.
3.4.3. Synthesis of OPE derivative [27H]CI

The synthesis of [27H]CI was performed in a very similar manner to the carboxyl
terminated OPEs 6 and 15 (see Chapter 2) taking advantage of the previously prepared
building block HC=CC¢H4C=CSiMes (see experimental section).?> Scheme 3-7 shows the
one pot double-Sonogashira cross-coupling procedure used in the preparation of [27H]CI.
The first step involved selective crosscoupling of HC=CCgH4C=CSiMez with 4-iodo-
bromobenzene. In order for the oxidative addition to take place selectively on the iodine,
the reaction was conducted in NEt; at 0 °C for 5 h. When all the HC=CCgH4C=CSiMes
was consumed, 4-ethynylaniline was added and the reaction was stirred at reflux overnight.
After chromatographic purification and crystallization from hot toluene 27 was obtained as
orange crystals in acceptable yields i.e. 30%. For a fair yield comparison, the 30% yield
obtained with the one-pot protocol should be compared with its equivalent coupling-
deprotection-coupling procedure analogue to that employed in Chapter 2, with each of the
reactions taking place in 67% yields. More importantly the one-pot synthetic route takes
place in 24 hours and only one work-up is required. Finally a solution of 27 in CH,Cl, was
exposed to HClg generating [27H]CI as a brown precipitate that was collected by

filtration.
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i) Pd(PPhg)s / Cul
NEt,, 0°C

HC=CCgH,C=CSiMe;  + IOBr Me;Si——— / \ — \ / Br 26

— — HCI — —
Sj— — 7\ — — N B © e,Si——— 7 N\ — —
MegSi—=— B =\ )= @—NHS cl rch Me;Si—— B =\ )= @—NHZ

[27H]CI 27
Scheme 3-7. One-pot double-Sonogashira protocol to prepare [27H]CI.
3.5. Film and junction formation and characterization
3.5.1. Thermally induced decomposition of monolayers of 20 and 22

In order to produce Langmuir monolayers free of 3D aggregates, exceptionally
diluted solutions of 20 and 22 (~10° M) had to be spread over the water surface. The
tendency of ethynyl gold complexes to generate supramolecular aggregates is well known
and typically attributed to strong aurophilic interactions between neighbouring metallic
centres.”® After the Langmuir film preparation was optimized, the films were transferred
onto solid substrates at surface pressures of 10 mN/m (ca. 0.35 nm?molecule) for 20 and
16 mN/m (ca.0.2 nm?/molecule) for the comparatively less bulky isocyanide complex 22.
The good quality of the LB films prepared was confirmed by QCM and electrode
passivation experiments. Thermal treatment of the LB films of 20 and 22 was found to
cause significant changes to the sample appearance and composition of the film surface.
These results being consistent with the previously discussed thermal decomposition of 20
(formation of a gold mirror) when reflux conditions were employed (Scheme 3-4, ¢). In
order to optimize the thermal treatment of both systems, Langmuir films of 20 and 22 were
deposited on QCM substrates and changes in frequency were monitored upon time at

temperatures ranging from 75 to 200 °C.

99



The optimum annealing conditions for LB films of 20 was found for samples
treated at 150°C for 2 hours. After the thermal treatment and rinsing with CHCI3 a change
of 14Hz in the QCM frequency was found, consistent with the calculated loss of the PPhg
ligand (262 amu). Further characterization of the effects of the thermal process on the
monolayers of 20 was possible by means of XPS. Figure 3-2 shows the evolution of the
characteristic phosphorus 2p photoelectron signal (~131 eV) associated with the PPhg
moiety before (top) and after (bottom) the sample thermal treatment and rinsing. As it is
clear from the XPS spectra, no phosphorus signal is observed for the thermally annealed
films which fits with the hypothesised loss of the —PPh; moiety upon thermal treatment. In
addition, the XPS signals attributable to Au™ (85.04 and 88.74 eV) at the Au4f region were
found to disappear upon annealing indicating the possible reduction of the Au® atom and

the formation of Au®.?*
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Figure 3-2. XPS spectra of P,, photoelectron signal obtained for a monolayer of 20 before

(top) and after thermal treatment at 150 °C for 2 hours (bottom).
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These results, together with the formation of a gold mirror when 20 was prepared at
reflux temperatures (vide supra), lead us to believe that thermal treatment of the samples
induced the reduction of 20 resulting on the formation of gold nanoparticles (GNPs) on the
film surface. The electrical response of the metal|molecule|GNP structures generated after
thermal treatment was tested with a CP-AFM. Figure 3-3 shows the averaged I-V profile
obtained for the GNPs when contacted with the AFM tip employing a force set-point of 26
nN. The conductance value obtained from the Ohmic region of the I-V curve (£ 0.3 V)
revealed an average conductance of 4.65-10" G similar to that of other phenyl ethynylene
molecular ensembles previously reported. Importantly, no low resistance I-V curves were
observed indicating the lack of metallic filaments diffusing through the organic monolayer.

Current (nA)
8_

Voltage (V)

-1.0 -0.5 : 0.5 1.0

Figure 3-3. Averaged electrical response obtained for metal|20|GNP junctions when

addressed by the CP-AFM tip.

In the case of LB films of 22, the optimum thermal treatment was found for
samples that were heated at 100 °C for 2 hours. The sample surface transformation was
evidenced by the different contact angle results for the sample before and after being

annealed. The results showed a contact angle of 67° for the pristine LB film, compared to
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the 42° of the more hydrophilic annealed sample. The samples surface was further
characterized by AFM imaging, showing the characteristic appearance of nanometric sized
particles on the annealed samples surface (Figure 3-4). That is clearly evidenced by the
dramatic increase of the root mean square (RMS) roughness from 0.2 to 0.9 nm for the

thermally treated samples.

. |

3.0dm 3.0um

Figure 3-4. AFM images of a pristine molecular film of 22 (left), and the same film after

thermal annealing (right) showing the formation of gold nanoparticles (GNPs).

The Aud4f region of the XPS spectra for the annealed samples revealed the same
features previously observed for annealed films of 20 ascribed to the formation of Au°
superficial particles as a result of Au” reduction. In addition, QCM experiments revealed a
weight loss on the annealed samples consistent with the loss of the C=NCgH;OMe-4
moiety (133 amu). Following the protocol employed for 20, the electrical properties of the
sandwich like structures generated after thermal treatment of LB films of 22 were
evaluated with a CP-AFM employing a force set-point of 35nN. The 1-V curves collected
by addressing several different particles found along the surface revealed an averaged
conductance of 1.35 -10™ Gy (Figure 3-5). The comparatively higher conductance value
obtained for 22, around three times that observed for 20 (4.65-10" Gg) was ascribed to the
narrower tunnelling barrier provided by the shorter derivative 20. In addition, none of the
GNP addressed by the AFM tip presented a metallic electrical response ruling out the
presence of filaments diffusing through the organic monolayer.
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Figure 3-5. Averaged electrical response obtained for metal|22| GNP junctions when the

gold particles were addressed employing the CP-AFM.
3.5.2. Photoreduction of auric ions on molecular films of [27H]AuCl,4

The hydrophilic ammonium chloride head of [27H]CI facilitates the formation of
dense well-ordered monolayers on the water surface. In addition, the CI" can be readily
displaced by different anions when those are introduced into the aqueous phase. Thus,
HAuUCI, was added to the sub-phase in order to conveniently exchange CI" for AuCl,
forming [27H]AuUCI,. The preparation of Langmuir films of [27H]CI on an aqueous auric
acid sub-phase (2-10° M) was optimized using similar methods to those described above
by our collaborators in Zaragoza. The molecular films were transferred from the water onto
a variety of solid substrates that were initially held outside of the sub-phase by the vertical
dipping method. The transference was performed at a constant surface pressure of 20
mN/m (ca. 0.5 nm?molecule). Under these conditions the trimethylsilyl group was
chemisorbed to the substrate (as it was confirmed by XPS) leaving the aurate anions
exposed on the top surface of the molecular film. Irradiation of the samples with UV light

(254 nm) resulted on the formation of metallic nanoparticles on the film surface.
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The formation of metallic gold particles was possible by tracking the development of a
gold plasmon band on the UV-Vis spectra (550 nm) of the irradiated film. The formation
of metallic gold on the monolayer surface was confirmed by XPS. In order to investigate
the distribution of the photochemically produced gold nanoparticles, SEM images of the
LB films were taken before and after irradiation (Figure 3-6). The original samples showed
a homogeneous surface very different to the several circular spots (5-20 nm diameter size)

found on the irradiated films.

(R

| 4

>,

UV (254nm) :j

Figure 3-6. SEM image (500x500) nm?, molecular film of [27H]AuCI; on glass before

(left) and after (right) UV (254 nm) irradiation.

In order to characterize the physical and electrical properties of the irradiated films
AFM was employed. The AFM topographic images confirmed the presence of round
nanometric size particles on the surface of the organic monolayer. In addition a conductive
AFM tip was employed to address the superficial gold particles allowing electrical 1-V
characterization of the metall|molecule| GNP sandwich device. The 1-V curves were
averaged from multiple scans to ensure reproducibility and reliability (Figure 3-7). The
electric response observed is nearly symmetric with a marked sigmoidal shape over the
studied voltage range. The conductance value obtained from the Ohmic region (+ 0.5 V) of
the averaged I-V trace is 7.86 -10™ Go. Importantly, none of the curves collected presented
the low resistance profile characteristic of metallic short circuits.
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Figure 3-7. Averaged I-V curve obtained from the gold particles on the surface of the

irradiated [27H]AuUCl, film when addressed with the CP-AFM.

3.6. Conclusions

Compounds 16, 20 - 22, 25 and [27H]CI were synthesized and preparative routes
optimised. In addition a more rapid synthetic procedure to prepare unsymmetrically
substituted OPEs was described. Two novel top-electrode fabrication methods were
developed based on thermal and photochemical decomposition of gold containing
precursors. Monolayers of 20 and 22 were assembled and transferred on to gold substrates
by the LB technique. Thermal treatment of the monolayers for 2 hours at 150 °C induced
decomposition of the ethynylgold complexes leading to the formation of gold nano-
particles atop the molecular films. A second approach, towards the soft formation of the
top electrode employing the purely organic [27H]CI was described. By preparing the
Langmuir films of [27H]CI on an aqueous auric acid sub-phase metathesis of the CI" by
AuCl, takes place. After film transference, photoreduction of the exposed aurate anions on
the film surface lead to the formation of nanometric gold particles distributed along the

film surface. In both cases, the gold nano-particles performed as defect free top-electrodes
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allowing electrical characterization of the molecular junction. Encouraged by these first
results, further research is being conducted on parent compounds 16, 21 and 25 in an
attempt to improve electrode coverage and to obtain further information on the

metallization process.
3.7. Experimental
3.7.1. General conditions

General experimental conditions were reported in Chapter 2. The organometallic
precursors AuCl(tht),”®* AuCI(PPh3)*® and [AuC=CCgH4NH,-4],° were prepared by
literature methods. The synthesis of 11 (Chapter 2) was reported in previous experimental

sections of this thesis. Other reagents were purchased commercially and used as received.

3.7.2. Synthesis and characterization

f

e
o Pd(PPhs)s a b ¢y h
— H + |4<;>7NH2 Ui Me,Si — / \ [¢] NH,

NEt,, A

Me,Si

Preparation of 4-(trimethylsilylethynyl)aniline.?® In a 100 mL Schlenk flask 4-
iodoaniline (4.2 g, 20 mmol), trimethylsilylacetylene (3.5 mL, 2.4 g, 25 mmol), Pd(PPhs),
(1.184 g, 1.025 mmol) and Cul (0.239 g, 1.256 mmol) were dissolved in anhydrous
degassed NEt; (100 mL). The resulting solution was heated at reflux temperature
overnight. Upon completion of the reaction, the black mixture was taken to dryness under
reduced pressure and the residue was purified by silica gel column chromatography
(hexane:CH,CI,) (1:1). Removal of solvent from the main fraction yielded a colourless oil
that crystallized on standing. Yield 2.2 g, 12 mmol, 60%."H NMR (400 MHz, CDCl3) &

7.27(d, J=9 Hz, 2H, €), 6.57 (d, J = 9 Hz, 2H, f), 3.79 (s br., 2H, h), 0.22 (s, 9H, a).
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e f
TBAF a b ¢ h
Me,Si——— NH, H— d / \ 9 NH,
THF r.t. —

Preparation of 4-ethynylaniline.®® To a solution of 4-(trimethylsilylethynyl)

aniline (2.12 g, 11.2 mmol) in THF (50 mL), TBAF (1M in THF, 12 mL ~12 mmol) was
added and the resulting black solution stirred at room temperature overnight. The solution
was then taken to dryness under reduced pressure and the remaining black oil was re-
dissolved in CH,ClI, (50 mL). The organic phase was washed with water (2x50 mL), brine
(1x50 mL) and dried over MgSO,4. Removal of solvent of the organic phase yielded the
pure product as a light-brown solid. Yield 1.3 g, 11.1 mmol, 99%. ‘H NMR (400 MHz,
CDCl3) § 7.29 (d, J = 9 Hz, 2H, ), 6.59 (d, J = 9 Hz, 2H, f), 3.82 (s, 2H, h), 2.95 (s, 1H,
a). “C{*H} NMR (101 MHz, CDCls) § 147.2 (g), 133.8 (), 114.7 (f), 111.4 (d), 84.5, 75.0

(b/c). IR (nujol) cm: 3485, 3388 (m) v(NH,); 3259 (M) v(Csp—H); 2097 (W) v(C=C).

d e

MeOH a b f
AuCI(PPhs) + H— NH, B ——— PhP—Au——= NH, (16)
KOBu
9

Preparation of 16. To a Schlenk flask charged with KOBuU' (0.030 g, 0.26 mmol),
4-ethynylaniline (0.024 g, 0.20 mmol) and 5 mL of MeOH, AuCI(PPh3) (0.10 g, 0.21
mmol) was added. The orange suspension was stirred in the absence of light at room
temperature for 2 hours. The precipitate was collected by filtration and washed thoroughly
with hexane. The solids were extracted with Et,O (2 x 5 mL). The white precipitate formed
upon addition of hexane to the combined ether extracts was collected by filtration, washed
with hexane (5 mL) and dried in air (0.080 g, 0.14 mmol, 70%). *H NMR (400 MHz,
CDCl3) § 7.47 (m, 15H, PPhs), 7.33 (d, J = 9 Hz, 2H, d), 6.56 (d, J = 9 Hz, 2H, €), 3.68
(br. s, 2H, ). **P{*H} NMR (162 MHz, CDCls) 5 41.6 (s, PPhs). MS (ESI)" m/z (%) 576.0
(10, [M+H]"), 1033.8 (100, [2M-C,PhNH,] ). IR (nujol) cm™: 3439, 3349 v(NH,); 2213

v(C=C).
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7 N\ — o iy THF / NaOH 1M

— N\ // i) HCI IM

— OCgH13 ) Ko e d
(11) n m . h g — (]
phop—Ai——/ \\_—

AuCI(PPhz) + H——

Preparation of 20. In a 25 mL round bottom flask, chloro(triphenylphosphine)
gold (1) (0.102 g, 0.206 mmol) and 11 (0.069 g, 0.209 mmol) were dissolved in THF (10
mL). To that solution, NaOH (1M, 5 mL) was added. The mixture was allowed to stir
overnight at room temperature. The organic solvent was removed under vacuum and the
remaining aqueous solution was acidified to pH ~2 by addition of HCI (1M). The off-white
precipitate was isolated by centrifugation, washed with acetone (10 mL), and dried under
vacuum. Yield 0.098 g, 0.139 mmol, 68%. *H NMR (600 MHz, DMSO-dg) & 13.17 (br. s,
1H, a), 7.95 (d, J = 8 Hz, 2H, d), 7.62 (d, J = 8 Hz, 2H, €), 7.63-7.51 (m, 15H, PPhs), 7.48
(d, J = 8 Hz, 2H, k/j), 7.37 (d, J = 8 Hz, 2H, k/j). *C{*H} NMR (151 MHz, DMSO-d¢) &
167.12 (b), 134.35 (d, J = 14 Hz, PPhs), 132.43 (br. s, PPhs), 132.12 (K/j), 132.02 (k/j),
131.92 (e), 131.06 (c/f/g), 130.08 (d, J = 11 Hz, PPhs), 130.00 (d), 129.62 (d, J = 56 Hz,
PPhs), 126.98 (c/flg), 126.46, 120.20, 102.98, 92.39 (m/l/i/h), 90.30 (c/f/g), (n, not
observed). *'P{"H} NMR (243 MHz, DMSO-dg) & 41.5 (s, PPhs). MS* (ASAP) m/z (%)
705.1 (4, [M+H]"), 263.1 (100, [M—AuPPhs+O]"). IR (nujol) cm™: 3391 (br. s)

v(COO-H); 2216 (w); 2108 (w) v(C=C); 1682 (s) v(C=0).

d
b ¢ Pk
j
_ CH,CI f g hj m
[AUC=CCeHNHy-a],  + QNE 2Cly a e N:_Au;'QLNHZ 1)

Preparation of 21. To a suspension of [AuC=CCgHsNH,-4], (0.075 g, 0.24 mmol),
in CH,Cl, (10 mL) 2,6-dimethylphenyl isocyanide (0.030 g, 0.25 mmol) was added. The
mixture was stirred at room temperature for 30 minutes. Upon complete dissolution of the

solids suspended, the mixture was concentrated by solvent evaporation (~ 2 mL) and the
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desired product precipitated upon hexane addition. The light-brown powder was collected
by filtration, washed thoroughly with hexane and ether (2 mL) and dried in air (0.075 g,
0.17 mmol, 70%). *H NMR (400 MHz, CDCl5) & 7.35 — 7.27 (m, 3H, a-b), 7.16 (d, J = 8
Hz, 2H, j), 6.56 (d, J = 8 Hz, 2H, k), 3.70 (s, 2H, m), 2.43 (s, 6H, d). MS" (ESI) m/z (%):
445.6 (100, [M+H]"). IR (nujol) cm™: 3453, 3352 (m) v(NH,); 2196 (s) v(N=C); 2109 (w)

v(C=C).

c d i k

_ CH,CI b e f g hj |
[AUCTCCgH NH,-4],  + MeOONE T2 MeO@N: Au——" NH, (22)
a m

Preparation of 22. To a suspension of [AuC=CCgH4NH,-4], (0.051 g, 0.16 mmol),

in CH,Cl, (10 mL) 4-methoxyphenyl isocyanide (0.024 g, 0.18 mmol) was added. The
mixture was stirred at room temperature for 30 minutes. Upon complete dissolution of the
solids suspended, the mixture was concentrated by solvent evaporation (~2 mL) and the
desired product was precipitated upon addition of hexane. The light-brown powder was
collected by filtration, washed thoroughly with hexane and ether (2 mL) and dried in air
(0.049 g, 0.11 mmol, 69%). *H NMR (600 MHz, CDClg) & 7.45 (d, J = 9 Hz, 2H, d), 7.29
(d, J =9 Hz, 2H, k), 6.94 (d, J = 9 Hz, 2H, c), 6.56 (d, J = 9 Hz, 2H, ), 3.85 (s, 3H, a), 3.70
(s, 2H, m). BC{*H} NMR (151 MHz, CDCls) & 161.52 (b), 145.50 (g/h/i/l), 133.73 (k),
128.48 (d), 119.03 (g/h/i/l), 116.91 (e), 115.19 (c), 114.58 (j), 114.21 (g/h/i/l), 104.52
(g/h/ill), 55.78 (a). MS (ESI)* m/z (%) 447.6 (100, [M+H]"). IR (nujol) cm™: 3439, 3354
v(NH3) (m); 2214 w(N=C) (s); 2210 v(C=C) (w). Elemental analysis % calcd. (found): C

43.06 (42.92); H 2.94 (2.94); N 6.28 (6.39).
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Pd(PPha3)s

e
BrCgH,C=CSiMe, 2 b C 4 h i
H%@NHZ cul vesi—=—{ =\ /"

NEt;, A

Preparation of Me;SiC=CCsH,C=CCeH;NH,.** To a 50 mL Schlenk flask
charged with NEt; (40 mL), 4-ethynylaniline (1.25 g, 10.7 mmol), BrC¢H,C=CSiMes (2.71
g, 10.7 mmol), Pd(PPh3), (0.610 g, 0.528 mmol) and Cul (0.118 g, 0.621 mmol) were
added. The resulting suspension was heated at reflux overnight. The black mixture was
taken to dryness under reduced pressure and the residue purified by silica gel column
chromatography (hexane:CH,Cl,) (1:1). Yield 2.5 g, 8.6 mmol, 80%. *H NMR (400 MHz,
CDCl3) 6 7.41 (s, 4H, eff), 7.32 (d, J = 9 Hz, 4H, k), 6.63 (d, J = 9 Hz, 4H, 1), 3.83 (br.s,
2H, n), 0.25 (s, 9H, a). IR (nujol) cm™: 3483, 3395 (m) v(NH,); 2153, 2144 (w) v(C=C).

e f
Messi—=—= ¢ = NH K2COq W/ Ne L TN\

_ — N\ 7 > "THF/MeOH H— - \ @3

r.t

Preparation of 23.%° The base, K,COj3 (3.0 g, 21.7 mmol) was added to a solution
of Me;SiC=CCgH4C=CCsH4NH, (2.41 g, 7.14 mmol) in THF:MeOH (1:1) (50 mL) in a
100 mL round bottomed flask. The mixture was stirred at room temperature overnight. The
orange precipitate was collected by filtration and washed thoroughly with water and
acetone. The orange product was used in subsequent reactions without further purification.
Yield 1.4 g, 6.4 mmol, 90%. *H NMR (400 MHz, CDCls) & 7.52 — 7.42 (m, 4H, e/f), 7.33
(d,J=9Hz, 2H, k), 6.64 (d, J =9 Hz, 2H, I), 3.85 (s, 2H, n), 3.15 (s, 1H, a). IR (nujol) cm’

1 3482 (w), 3389 (m) v(NH,); 3249 (m) v(Csp—H); not observed v(C=C).

rp i d ¢
CH,Cl, s o N ml o h 9f e/—\bp 2
N= + AuClith) —— > N=—Au— 7 N\ — NH,  (25)
ii) 23, NEt _ N\ //

Preparation of 25. To a Schlenk flask charged with a solution of AuCl(tht) (0.20

g, 0.62 mmol) in CH,CI;, (10 mL), 2,6-dimethylphenyl isocyanide (0.08 g, 0.62 mmol) was
added. The clear solution was allowed to stir at room temperature overnight. To the
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reaction mixture NEt; (0.5 mL) and 23 (0.14 g, 0.64 mmol) were added and allowed to
react overnight. The precipitate was removed by filtration and the filtrate taken to dryness
under reduced pressure. The orange residue was purified by silica gel column
chromatography using hexane:CH,Cl, (1:1) as the eluent. Removal of solvent from the
main fraction yielded the pure product as an orange solid. Yield 0.20 g, 0.37 mmol, 60%.
'H NMR (400 MHz, CDCls) & 7.41 (d, J = 9 Hz, 2H, i/j), 7.36 (d, J = 9 Hz, 2H, i/j), 7.34-
7.31 (m, 3H, d/s), 7.16 (br. d, J =8 Hz, 2H, r), 6.63 (d, J = 9 Hz, 2H, ¢), 3.82 (br. s, 2H, a),
2.44 (s, 6H, q) “C{*H} NMR (126 MHz, CDCl5) & 160.1 (t, J = 24 Hz, n), 136.4 (p),
133.1, 132.5, 131.1 (d/i/j), 131.00 (s), 128.6 (r), 124.5 (t, J = 13 Hz, 0), 124.3 (m/l), 124.0,
122.5 (h/k), 114.9 (c), 112.8 (s), 104.1 (m/l), 91.6, 87.6 (g/f), 18.8 (q). MS (ESI)" m/z (%):

586.2 (100, [M+H+MeCN]"). IR (CH.Cl,) cm™: 3485, 3394 (br. w) v(NH,); 2208 (s)

V(N=C).

Pd(PPhs)4/Cul e f I

NE b ¢ 4/ ~\q h i .
Br | ° Me,Si—— ¢ 9 — il «
i) TMSA, 0°C a N\ // |

ii) 2-methyl-3-butyn-2-ol, &

Preparation of Me;SiC=CC6H4C=CC(Me),OH.?? To a 500 mL Schlenk flask
immersed in an ice bath and charged with NEt; (450 mL), 1-bromo-4-iodobenzene (30.01
g, 106.1 mmol), Pd(PPhs)4 (6.12 g, 5.30 mmol) and Cul (1.01 g, 5.30 mmol) were added.
To the cooled suspension, trimethylsilylacetylene (16.5 mL, 11.4 g, 116 mmol) was added
in small portions over an hour. After stirring the solution at 0 °C for 6 h,
trimethylsilylacetylene excess was removed under reduced pressure keeping the reaction
vessel in the ice bath. After refilling the vessel with N,, 2-methyl-3-butyn-2-ol (11.3 mL,
9.81 g, 116 mmol) was added and the reaction mixture was taken out of the ice bath and
heated at reflux overnight. The reaction mixture was then taken to dryness under reduced

pressure, and the resulting black residue was re-dissolved in CH,Cl, and adsorbed onto
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silica for further silica gel column chromatography (hexane). The pure product was
collected upon solvent evaporation of the main fraction as a yellow powder. Yield 21 g, 83
mmol, 78%. *H NMR (400 MHz, CDCl5) § 7.37 (d, J = 9 Hz, 2H, ), 7.31 (d, J = 9 Hz, 2H,
f), 1.32 (s, 6H, k), 2.01 (s, 1H, 1), 0.25 (s, 9H, a). *C{*H} NMR (101 MHz, CDCls) &
131.8, 131.5 (eff), 123.0, 122.9 (d/g), 104.7 (b), 96.2, 95.8, 81.8 (c/h/i), 65.7 (j), 31.51 (K),

0.0 (a). MS* (ASAP) m/z (%): 241.10 (100, [M-OH]").

=g

Messi——( )y——| NaOoH Meysi— 9/ \o L1
: - 7 | Toluene, & a — N\ /7 —

Preparation of Me3SiC=CCgH4C=CH.” A 250 mL round bottom flask, fitted
with a nitrogen purge, reflux condenser and bubbler was charged with sodium hydroxide
(0.63 g, 0.16 mmol), Me3SiC=CC6H4C=CC(Me),OH (3.25 g, 12.6 mmol) and anhydrous
toluene (150 mL). The solution was heated at reflux for 30 min whilst nitrogen was
bubbled through it. Upon completion of the reaction, the red solution was poured into
water, and the organic phase was washed with water (2 x 150 mL) and brine (1 x 150 mL),
and dried over MgSQO,. The solvent was removed under reduced pressure and the residue
was purified by silica gel column chromatography using hexane:CH,Cl, (9:1) as the eluent.
Removal of solvent from the main fraction yielded the pure product as a white solid. Yield
1.83 g, 9.23 mmol, 73%. *H NMR (400 MHz, CDCls) & 7.41 (s, 4H, e/f), 3.16 (s, 1H, j),
0.25 (s, 9H, a). *C{"H} NMR (101 MHz, CDCls) & 132.1, 132.0 (e/f), 123.7, 122.2 (d/g),
104.5 (b), 96.6 (c), 83.3 (h), 79.1 (i), 0.0 (a). MS™ (ASAP) m/z (%): 183.05 (100, [M-

CHa]"), 198.07 (24.4, [M]"). IR (nujol) cm™: 3311 (m) (Csp—H); 2159 (M) v(C=C).
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i) Pd(PPhs)4 / Cul
Me;SiC=CC¢H,C=CH b c d e

NEtg, 0 °C B
I@B' : vesi——=— =" N= VA
i) 4-ethynylaniline, A a — — f

Preparation of 27.° To a 100 mL Schlenk flask charged with NEt; (70 mL),

immersed in an ice bath, Me3SiC=CCgH,C=CH (0.15 g, 0.76 mmol), Pd(PPhs), (0.04 g,
0.04 mmol) and Cul (0.01 g, 0.05 mmol) were added. To the cooled mixture, 1-bromo-4-
iodobenzene (0.22 g, 0.78 mmol) was added. After stirring the solution at 0 °C for 5 h, 4-
ethynylaniline (0.09 g, 0.77 mmol) was added and the reaction mixture was taken out of
the ice bath and heated at reflux overnight. Upon completion of the reaction, the precipitate
was removed by filtration and the yellow filtrate taken to dryness under reduced pressure.
The resulting yellow residue was then purified by column chromatography in neutral
alumina (hexane:EtOAc) (6:4). The orange solid obtained from taking the appropriate
fraction to dryness was crystallised from hot toluene giving the pure product as a yellow
powder. Yield 0.09 g, 0.23 mmol, 30%. *H NMR (400 MHz, CDCls) & 7.46 (s, 4H, b), 7.44
(s, 4H, c), 7.34 (d, J = 9 Hz, 2H, d), 6.64 (d, J = 9 Hz, 2H, ¢), 3.85 (s br., 2H, f), 0.25 (s,
9H, a). IR (nujol) cm™: 3449 (w), 3366 (m) w(N-H); 2201 (m), 2140 (s) W(C=C). MS"

(ASAP) m/z (%): 389.2 (100, [M]*).

esi—— / N\_— 7/ N\ — /7 HClg
MeaSI—= — _ — — \ 7/ N2 CHZ(;I;

(27) d e

N;e3Si — /_\ — /_\ — \_/ N+H3 c  [27HICI

b Cc

Preparation of [27H]CI. In 25 mL Schlenk flask charged with CH,Cl, (20 mL), 27
(0.026 g, 0.067 mmol) was added. The yellow suspension was then stirred vigorously for 3
hours under an HCl) atmosphere (generated by drop wise addition of H,SO, to NaCl and
passed through the reaction vessel by connecting it to the HCl g reactor with PVC tubing)

at room temperature. The precipitate was collected by filtration and the brown precipitate
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was washed with CH,Cl, (2 x 5 mL), Et,O (2 x 5 mL), and dried in air. The pure product
was collected as a brown powder. Yield 0.024 g, 0.056 mmol, 84 %. *H NMR (400 MHz,
CD30D) 6 7.67 (d,J =8 Hz, 2H, e), 7.54 (s, 4H, b), 7.49 (d, J =8 Hz, 2H, c), 7.44 (d, J =8
Hz, 2H, c), 7.38 (d, J = 8 Hz, 2H, d), 0.23 (s, 9H, a). IR (nujol) cm™: 2650-2400 (s)
v(N-H); 2207 (w), 2153 (m) w(C=C). MS* (ASAP) m/z (%): 389.1 (100, [M-H]"); 390.1

(81.6, [M]").
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4. SYNTHESIS AND CHARACTERIZATION OF ETHYNYL-

RUTHENIUM COMPLEXES

4.1. Abstract

A novel and convenient route towards the synthesis bis(ethynyl) complexes trans-
Ru(C=CR),(dppe). [30, R = C¢H4sMe (a), C¢H4CsH11 (b), CeH4OMe (c), CcH4CO,Me (d),
CeH4NO, (e), CeH4C=CSiMe; (f), CeH4,C=CBU' (g), CeHsNH, (h), C=CSiMe; (j)] and
unsymmetrically substituted trans-Ru(C=CR")(C=CR?)(dppe), (31: R* = C¢H4C=CSiMej,
R* = CeHaNH,; 32: R* = CHsCOMe, R* = CgHsNH,; 33: R' = CgH CO,Me, R® =
CsHsOMe) prepared from reactions of trans-RuCI(C=CR")(dppe). 29 (a - h, j) with
terminal alkynes in CH,Cl, solutions containing 1,8-diazabicycloundec-7-ene (DBU) and
TIBF, is described. Desilylation of 29f and 30f afford 29i and 30i (R* = C¢H.C=CH-4)
respectively. In addition, the synthesis of the mono-ethynyl complex 29k trans-

RuCI(C=CPy-4)(dppe), (Py = pyridine), is reported.

The molecular structures of 30a, 30b, 30c, 30d, 30f, 30g, 30h and 30i have been
determined and are reported here together with the structures of the mono ethynyl
complexes 29f, 29g, 29i, 29j and 29k and compared with related compounds from the
literature. Complexes 30(a - j), 31, 32 and 33 undergo one reversible electrochemical
oxidation process, which can be attributed to depopulation of an orbital with significant
ethynyl ligand character. The one-electron oxidation products [30f]™, [30h]™, [31]" and
[32]™* exhibit a series of NIR absorption between 15000-5000 cm™ which on the basis of
TD-DFT calculations cannot be attributed to a single, static lowest energy molecular
structure. Rather, the transitions that are responsible for the absorption band envelope have

varying degrees of LMCT, ethynyl-ligand IVCT or MLCT character that depends not only
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on the nature of the R" groups but also on the ensemble of thermally populated molecular
conformers in solution with various relative orientations of the metal fragment and

arylethynyl moieties.
4.2. Introduction

Complexes of the general form trans-Ru(C=CR),(dppe). and unsymmetrically
substituted derivatives trans-Ru(C=CR')(C=CR?)(dppe), are emerging as important
structural and electronic moieties in a range of molecular electronic® (see Chapter 5) and
electro-optic? applications. These materials properties arise due in no small part to the
efficient mixing of the organic ethynyl n-electron system with the central metal d-orbitals,
which leads polymetallic systems with highly delocalized electronic structures.* One-pot
methods for the preparation of complexes trans-Ru(C=CR),(dppe). are often based on
activation of cis-RuCl,(dppe), with NaPFg in the presence of the precursor alkyne and a
suitable base, usually NEts, over reaction periods that can extend for several days (Scheme
4-1).* Bis(ethynyl) complexes trans-Ru(C=CR),(dppe), may also be prepared in a two-step
method via intermediate mono-ethynyl trans-RuCI(C=CR)(dppe). or vinylidene
[RuCI(C=CHR)(dppe).]” complexes through a sequence of deprotonation (in the case of
vinylidenes), halide abstraction, alkyne coordination, rearrangement and deprotonation
(Scheme 4-1, a).**®

Alternatively, ammine complex intermediates, [Ru(C=CR)(NHa3)(dppe)2]*, which
can be prepared from either trans-RuCI(C=CR)(dppe)., NH4PFs and NEt; (Scheme 4-1, b)°
or trans-Ru(C=CR),(dppe), and NH4PFs (Scheme 4-1, ¢)** may be employed as precursors
to trans-bis(ethynyl) complexes. The latter procedures are useful alternatives to the

preparation of unsymmetrically substituted derivatives generally prepared from the
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appropriate vinylidenes (Scheme 4-1, d)” and similar strategies have been employed with

good effect for the preparation of Os analogues.®

A PRy *PRg
PPh, I\ \
Ph,P, Cl . NaPF, / NEt, th PPh2 th PPh2 H
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(PPhe 2Cl Ph,P PPh2 I Ph,p’ “PPh, Rl
NE,
PhoF PPy PhoF PPhy
NaPFg / NEt,
Rl—m Rl H— R * Cl— Ru R!
Ph,P?’ “PPh, CHoCly Ph,P” PPhZ
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P ‘ F¢ P Ph,F.  PPh
Ph, Pth NH,PF, / NEt, Ph, Ph, NH,PF, ) AE L )
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Scheme 4-1. The conceptual steps in the preparation of: a) trans-Ru(C=CR"),(dppe) from
cis-RuCl,(dppe),; b) trans-Ru(C=CR*)(C=CR?)(dppe), from trans-RuCI(C=R")(dppe) via
intermediate ammine complexes; c) trans-Ru(C=CR')(C=CR?)(dppe), from trans-
Ru(C=CR"),(dppe). via intermediate ammine complexes; d) trans-
Ru(C=CR")(C=CR?)(dppe). via intermediate vinylidene complexes
[RuCI(C=CHR)(dppe).] PFs.
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Here were report some further explorations of the synthetic routes to complexes
trans-Ru(C=CR")»(dppe), and trans-Ru(C=CR%)(C=CR?)(dppe),. A combination of
spectroelectrochemical (UV-Vis-NIR) and computational (DFT/TDDFT) methods have
been used to explore the electronic structure of these species, with the oxidation leading to
more or less highly delocalized radical cations, the precise distribution of spin density
within which is highly dependent on the relative conformation of the metal centre and

ethynyl ligand substituents.
4.3. Synthetic considerations

The complex trans-RuCl,(dppe) is relatively inert to substitution reactions due to
the limited lability of the chloride ligands® and efficient preparations of trans-
Ru(C=CR),(dppe), complexes from this precursor are generally restricted to
transmetallation strategies using trimethyltin alkynes and Cul catalysts.® In contrast, one
chloride ligand in cis-RuCl,(dppe). is more labile due to the stronger trans-effect of the
phosphine ligands. Thus, in the presence of a suitable halide abstracting agent, such as
NaPFg, reactions of cis-RuCl,(dppe), with 1-alkynes, HC=CR, proceed to give the
corresponding vinylidene trans-[RuCI(C=CHR)(dppe)-]* (Scheme 4-1, a).> The strongly
electron-withdrawing nature of the vinylidene ligand decreases the lability of the
remaining chloride, allowing ready isolation of the mono-vinylidene compounds, which
can be readily deprotonated to give the analogous ethynyl complexes trans-
RuCIl(C=CR(dppe).. The reaction of the five-coordinate complex [RuCl(dppe),]OTf (28)
with 1-alkynes, HC=CR, is now also well known to rapidly give the corresponding
vinylidene complexes trans-[RuCI(C=CHR)(dppe).]*.>* ¥ Thus treatment of a CH.Cl,

solution of [RuCl(dppe).]OTf (28) with an excess of the appropriate ethynyl ligand and
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1,8-diazabicycloundec-7-ene (DBU) gives yellow solutions of ethynyl complexes trans-
RuCI(C=CR)(dppe),, with the stronger trans-effect of the ethynyl ligand leading to an
increase in lability of the chloride ligand and permitting access to bis(ethynyl)
complexes.™ The formation of mono- and bis(ethynyl) complexes can be easily monitored
by *P{*H} NMR. Typically, the singlet corresponding to the dppe ligands can be observed
at under 50 ppm for mono(ethynyl) complexes, and over 50 ppm for the bis(ethynyl)
complexes generally shifted downfield by 2-3 ppm with respect to the mono(ethynyl)
signal. By way of example, the *'P{*H} NMR obtained from the reaction of 28, with 2
equivalents of electron-withdrawing ligand 1-ethynyl-4-nitrobenzene (29¢) and electron-
donating ligand 4-ethynylaniline (29h), in the presence of DBU excess are shown in Figure
4-1. After 30 minutes, in the absence of any halide abstracting agent the reaction with 1-
ethynyl-4-nitrobenzene (Figure 4-1, top) presents a singlet at ~49 ppm corresponding to
the formation of mono-substituted (29e), while the reaction with the electron-donating
ligand 4-ethynylaniline (Figure 4-1, bottom) progressed further yielding a mixture of

mono- (29h, ~53 ppm) and bis-substituted complexes (30h, ~57 ppm).

23

" ) \30nh m 28h

80 78 75 74 72 70 68 66 64 62 60 58 66 54 52 50 48 46 44 42 40
ppm

Figure 4-1. **P{*H} NMR spectra obtained from the reaction of 28 with 1-ethynyl-4-

nitrobenzene (top) and 4-ethynylaniline (bottom) in the presence of DBU (t =30 min).
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Hence, the relatively kinetically inert complex featuring electron-withdrawing
ligands provides an opportunity to prepare RuCI(C=CR)(dppe), complexes in an
expeditious manner, by treatment of 28 with the appropriate ethynyl ligand and DBU for
15 - 30 minutes at room temperature until the reaction mixture turns yellow. The
mono(ethynyl) complexes present in the mixture, can then be precipitated upon addition of
the appropriate solvent (see experimental section) and collected by simple filtration
(Scheme 4-2). This synthetic protocol was successfully employed to synthesize
mono(ethynyl) complexes 29 (d - g, j, K). However, this strategy was found to be
impractical for the preparation of mono(ethynyl) complexes bearing electron-donating
substituents [R = Me (29a), CsHi1 (29b), OMe (29c), NH, (29h)]. Due to the increased
ionization of the Ru-CI bond, slow conversion of these complexes to the generation of
bis(ethynyl) complexes takes place, deriving in the generation of mixtures of mono- and
bis(ethynyl) complexes. In many cases, the chromatographic purification required to
isolate the pure compounds led to decomposition of the product. However, the natural
tendency of the ligands bearing strong electron-donating substituents, namely [R = OMe,
NH.] allowed for the generation of bis(ethynyl) complexes 30c and 30h in the absence of a
halide abstracting agent by treatment of 28 with DBU and 4-ethynyl aniline and 4-ethynyl
anisole respectively. Over the course of 7 days, the greenish reaction mixtures slowly
deposited an off-white precipitate of pure bis(ethynyl) complexes 30c and 30h in ca. 45%

isolated yield.

By way of a rapid and versatile synthetic approach to bis(ethynyl) complexes,
thallium salts proved to be extremely efficient, albeit toxic, halide abstracting agents
allowing access to a wide range of the desired compounds. In a manner entirely analogous
to that described above, treatment of a CH,Cl, solution of 28 with an excess of DBU and

the appropriate alkyne ligand gave yellow solutions of the mono- and bis(ethynyl)
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complexes. Subsequent addition of halide abstracting agent TIBF,; resulted in the
immediate precipitation of TICI and formation of the symmetrically substituted complexes
30 (a - g, J) (Scheme 4-2). After careful filtration of the TICI precipitate, the pure
bis(ethynyl) complexes were precipitated from the filtrate by addition of the appropriate

solvent (see experimental section).

i) CH,Cl,, DBU th\ ‘\\Pth
[RuCl(dppe)2]OTf Cl—-Ru———R 29(d -g,j, k)
i) H——R Ph,pY  “PPh
(28) 2 2
\__/
iy DBU, H——R (2.1 eq.)
ii) TIBF, .
a CgHyuMe f CgH4C=CSiMe,
b CgHsCsHqy g CgH,C=CBuU!
PhoF PP € CgH,OMe h CgH,NH,
R——Ri——R d CgH,COM i
., e i =
Ph,P?’ “PPh, e jcresives
v e CgH,NO, k py
30(a-h,j)

Scheme 4-2. Synthesis of mono(ethynyl) complexes 29 (d — g, j, k) and one-pot TI*

mediated synthetic route to symmetrically substituted complexes 30 (a - h, j).

However, despite the broad scope of this procedure, a few exceptions were
encountered. Thus, whilst the addition of TIBF, to a mixture of 29h, DBU and
HC=CC¢HsNH, was found to produce the desired trans-Ru(C=CCg¢H4NH,-4),(dppe).
(30h) any attempt to purify the final product from the reaction mixture lead to
decomposition. A second exception regards the synthesis of trans-Ru(C=CCg¢HsNO,-
4),(dppe); (30e). The addition of TI" salts was found insufficient to drive the reaction of 28
with two equivalents of 1-ethynyl-4-nitrobenzene to completion, yielding instead a mixture
of mono- (29e) and bis(ethynyl) (30e) complexes over 48 hours. Whilst the use of NaPFg
in the presence of NEt; allows further substitution of the chloride ligand in 29¢,% in our
hands the TI" salts proved less effective in this context. In addition, the poor solubility of

30e hindered further chromatographic purification reducing the final yield ca. 15%.
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The last exception regards the preparation of trans-Ru(C=CPy-4),(dppe). (30k).
Addition of TIBF, to a mixture of 29k, DBU and HC=CPy-HCI was found to produce a
mixture of several unknown compounds that frustrated every attempt to synthesize 30Kk.
The formation of these unknown compounds can be clearly observed in the **P{*H} NMR

collected before (top) and after (bottom) the addition of TI" salts (Figure 4-2).

mono
" A

?iS - i " ” Y e Apiv - rap— J 3 e

ol Y TS

6‘5 I Sb SIS ‘ 5IO ’ 45 I 410 3;5 ' 3‘0 I 2’5
ppm
Figure 4-2. Selected *'P{"H} NMR spectra obtained from a mixture of 29k, DBU and

HC=CPy-HClI, before (top) and after the addition of TI" salts (bottom).

In spite of these exceptions, the reaction sequence described above can be adapted
to permit the rapid and convenient formation of unsymmetrically substituted complexes
trans-Ru(C=CR")(C=CR?(dppe), (Scheme 4-3). In our hands, the preparation of
unsymmetrical substituted complexes trans-[Ru(C=CR")(C=CR?)(dppe),] from trans-
RuCI(C=CR")(dppe), by activation with NaPFs proved problematic, with ligand
scrambling leading to mixtures of symmetric and unsymmetric products. Similar
difficulties have been noted in analogous dppm systems.*? Ligand scrambling is perhaps
unsurprising given the acid-base relationship that exists between ethynyl and vinylidene

complexes and the reversibility of the sequence of reactions shown in Scheme 4-1 (d) and
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might account for the modest yields of the unsymmetrical complexes often reported.™
These complications can be avoided to some extent through the use of transmetallation
based synthetic strategies,” or through the use of activated ethynyl-amine complexes’ and
reaction media containing a strong, non-nucleophilic base to minimize the accumulation of
vinylidene intermediates.® However the selective formation unsymmetrically substituted
complexes 31 - 33 is achieved upon drop wise addition of a terminal alkyne HC=CR? (30
minutes) to a CH,ClI, solution of the appropriate mono(ethynyl) complex (30d and 30f),
excess DBU and one equivalent of TIBF,. After careful filtration of TICI precipitate, the
unsymmetric products 31 - 33 were obtained as pure precipitates in moderate to good yield

upon addition of hexane.

R? R?
[ / \ 31 C4¢H,CO,Me CgH,OMe
PhaF( ‘\\PPhZ ) DBU, TIBF, Phaf( Ph,
30d, 30f  Cl—-Ru————R! > R?2——_Ru———R! 32 C4H,CO,Me CgHaNH,
‘¢ iy H———R ‘
Ph,P? “PPh Ph,P? “PPh
2\ 2 2\ 2 33 CgH,C=CSiMe;  CgHyNH,

Scheme 4-3. Synthesis of unsymmetrically substituted complexes 31 — 33 using TIBF,.
4.4. Crystallographic studies

The structures of the bis(ethynyl) complexes 30a, 30b, 30c, 30d, 30f, 30g, 30h and
30i together with those of the mono(ethynyl) species 29f, 29g, 29i, 29j and 29k were
determined by Dr. Dmitry Yufit employing single-crystal X-ray diffraction at Durham
University. Single crystals of the unsymmetrically substituted complexes 31 - 33 were
found to be disordered impeding conclusive identification of the ethynyl substituents.
Representative molecular plots for compounds 29f and 30h with representative atom
labelling schemes are given in Figures 4-3 and 4-4 respectively. Key bond lengths (A) and
angles (°) for these complexes and related systems reported elsewhere are given together in
Tables 4-1 and 4-2 for comparison. The crystallographic information files of these

complexes can be found in the associated electronic content that accompanies this thesis.
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Figure 4-3. trans-RuCIl(C=CCgH4sC=CSiMes),(dppe). (29f) molecular structure (thermal

ellipsoids at 50%). Solvent molecules and hydrogen atoms have been omitted for clarity.

Figure 4-4. Plot of a molecule of trans-Ru(C=CCsH4NH,).(dppe). (30h) with thermal

ellipsoids at 50%. Hydrogen atoms have been omitted for clarity.
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All the studied complexes were found to adopt an approximately octahedral
environment at the Ru centre, with small distortions arising from the constrained bite angle
of the dppe ligands. Although the experimental evidence show that chloride substitution in
trans-RuCI(C=CR)(dppe); is clearly influenced by the electronic character of the ethynyl
ligand, there is little evidence for a closely correlated structural trans-effect (Table 4-1). At
first inspection, complexes such as trans-RuCl(C=CCgH4sNPh,)(dppe), and 29c bearing
electron donating groups display elongated Ru-Cl bond lengths, consistent with the
electron donating ability of the ethynyl ligand located trans to chloride. Similarly, at the
opposite end of the table, shorter Ru-Cl bond lengths can be found associated with
complexes featuring trans ethynyl ligands bearing electron withdrawing substituents such
as trans-RuCI{C=CCgH3(Me-2)NO,-4}(dppe), and 29d. These structural features, which
reflect the n-donor properties of the chloride ligand and n-donor/weak m-acceptor character
of the ethynyl ligand, are in agreement with the synthetic observations, where electron

donating ligands favour the substitution of the trans-disposed chloride.

However, Table 4-1 also contains several examples of mono(ethynyl) complexes
for which the structural data is in disagreement with the experimental observations. For
example, the complex trans-RuCl(C=CCgHs)(dppe). presents a Ru-Cl bond length
(2.4786(13) A), which is unexpectedly shorter than that of the most unreactive complex of
the series trans-RuCl(C=CCgsH4NO,-4)(dppe), (29¢, 2.500(1) A). On the other hand, the
complex trans-RuCI{C=CCgH3(Me-2)NO,-4}(dppe),, which is closely related to 29e,
presents the shortest of the Ru-Cl bond lengths observed in Table 4-1 (2.473(3) A). A
further remarkable exception concerns complex trans-RuCl(C=CCgH;Me)(dppe). (29a)
which presents two substantially different Ru-Cl bond lengths depending on the nature of

the solvate in the unit cell: 0.5THF 2.4907(12) A; 2CH,Cl, 2.5096(8) A.%
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Table 4-1. Selected bond lengths (A) from crystallographically characterized complexes

trans-RuCI(C=CR)(dppe)..

R Ru-Cl RuC=C c=c RU 0 po
Pag (9
CeH3(Me-2)NO,-4 2.473(3) 2.013(11) 1.189(14) 2.386 2 °©
C=CPy-4 2.4749(9) 1.986(4) 1.211(5) 2.373 78 (29k)
CeHs 2.4786(13) 2.007(5) 1.198(7) 2371 7 @«
CsH4C=CBU' 2.4799(11) 1.997(4) 1.234(5) 2.369 75 (29g)
CsH4CO,Me 2.4806(13) 1.998(5) 1.195(8) 2.368 92 ®
CsHa-C3N3(NHCOEY), 2.4811(10) 1.988(4) 1.221(5) 2372 74 B
CsH4C(=0)Me-4 2.4831(11) 1.989(4) 1.212(6) 2.3685 92
CsHa-C3N3(NHCOBUY), 2.4832(9) 1.996(4) 1.204(5) 2362 72 B
CsH3NCsH4N 2.4871(15) 2.007(6) 1.183(8) 2.367 88 *
CeH4sCH=CHCgH4NO, 2.489(1) 1.996(4) 1.205(7) 2.368 26 *°
CeHsMe-0.5THF 2.4907(12) 2.009(5) 1.196(6) 2.360 12 %
CsH3NCsH,N.PdCl, 2.4988(13) 1.969(5) 1.235(7) 2368 6
CsH4NO,-4 2.500(1) 1.986(5) 1.206(7) 2.366 66 °
CsH4C=CH 2.50030(6) 2.027(2) 1.190(3) 2.3879 59 (29i)
CsH4C=CSiMe; 2.5041(11) 2.005(5) 1.196(6) 2.359 4 (29f)
CsH4C(=O)H 2.507(1) 2.012(4) 1.158(5) 2377 65 P
CsHaMe-2CH,Cl, 2.5096(8) 2.007(4) 1.202(5) 2.369 64 %
C4H,SCH=CHC,H,SC(=0)H  2.5099(10) 1.990(4) 1.197(5) 2379 78 *°
CsHsOMe 2.5118(9) 2.018(4) 1.188(5) 2.369 65 %
CeH4F-4 2.5149(10) 2.013(4) 1.197(5) 2371 51 Y
C=CSiMe; 2.5233(9) 1.978(4) 1.205(5) 2.368 - (29j)
CeHaNPh, 2.5349(7) 1.997(3) 1.215(4) 2366 90 B
CsH4F-3 (poor data set) 2.5370(18) 2.043(8) 1.096(9) 2.376 14 **
A (CCHICI disorder50:20° 5 63g(14) 1.936(5) 1190(5) 2367 -

occupancy)

A closer analysis of the structural details of these complexes revealed that for

complex trans-RuCl(C=CC¢HsMe)(dppe),-0.5THF (29a-0.5THF), the torsion angle
between the plane of the arylethynyl ligand and the plane bisecting the dppe ligands, &
depicted in Figure 4-5, is 12° while for trans-RuCl(C=CCgsH;Me)(dppe)2-2CH.Cl, 6= 64°.

Previous computational studies revealed that the Ru-based d, and dy, orbitals are involved

in the HOMO of trans-RuCl(C=CCgH,R)(dppe), complexes™ (taking the axial Ru-ethynyl
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vector as the z-direction, and x and y in the plane of the equatorial dppe ligands). Thus, a &
= 90° or 0° configuration of the aromatic portion of the ethynyl ligand (shaded entries in
Table 4-1) provides better overlap of the arylethynyl ligand n and =n* orbitals with respect
to the metal centre, enhancing the electronic influence of the ligand on the Ru-Cl bond
length and giving rise to a consistent structure-property relationship. The structural
parameters of complexes which offer & values substantially removed from the optimal 0°
or 90° conformations are less well correlated with the simple ideas of the structural trans-
effect based on the donor or acceptor properties of the ethynyl ligand substituent, due to

the lack of extended conjugation between the substituent and the metal centre.

b Y

(6 =90°) (8=0°)

Figure 4-5. Representation of angle 6 in trans-RuCIl(C=CCgH4R)(dppe)..

The importance of the ligand orientation (expressed as the angle 6) is clearly
illustrated by the contrasting molecular structures of the closely related complexes trans-
RuCl(C=CCgH4NO,-4)(dppe), (29¢) and trans-RuCI{C=CCsH3(Me-2)NO,-4}(dppe),.
Despite the electronic properties of the ligands 4-nitrophenyl ethynyl and 4-nitro-2-methyl
ethynyl being very similar, the latter complex presents a much shorter Ru-Cl bond length
(Table 4-1, 2.473(3) vs 2.500(1) A). It appears from inspection of a space filling model that
the methyl group present in trans-RuCI{C=CCsH3(Me-2)NO,-4}(dppe), locks into a
groove formed by the dppe phenyl rings and forces the nitroaromatic moiety to adopt a 8=

2° configuration, enhancing drastically the trans-effect. On the other hand, the non-
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sterically hindered C=CCgH4NO,-4 adopts a configuration in the crystal (€ = 66°) which
reduces the electronic influence of the ligand on the trans-disposed chloride. The
importance of ligand orientation and molecular conformation on molecular electronic and
spectroscopic properties is becoming increasingly recognized as a contributing factor to
solution-based spectroscopic properties (vide infra),?° and these observations are supported
by the solid-state structure-property relationships summarized in Table 4-1.

The bis(ethynyl) complexes 30a, 30b, 30c, 30d, 30f, 30g, 30h and 30i complexes
and other examples in Table 4-2 present a linear rod-like structure with angles along the -
C=C-Ru-C=C- fragment close to 180° and the aryl rings of both ethynyl ligands lying in a
common plane. Compared to their mono-substituted counterparts (29), the bis(ethynyl)
complexes (30) generally exhibit longer Ru-C=C bonds and correspondingly shorter Ru-P
bond lengths (Table 4-2). In a manner similar to that described for the mono(ethynyl)
complexes, a variety of dangles from 0 - 90° can be found across the data set, but few near
the critical angles of 0 and 90°. Due to the importance of orbital overlap on the propagation
of electronic effects through the molecular backbone, a systematic relationship between the
electronic properties of the ethynyl ligand substituent and bond lengths cannot be found for
these complexes with @ angles that deviate from the optimal 0 and 90° positions. However,
it appears that the greater o- and n-donor properties of the additional ethynyl ligand in
bis(ethynyl) complexes (30) vs the inductive electron withdrawing and w-donor properties
of the chloride ligand in complexes (29) leads to an increased amount of electron density at
the metal centre, and a greater degree of n- back donation to the phosphine ligands. This in
turn leads to shorter Ru-P distances in the bis(ethynyl) complexes than in the

mono(ethynyl) analogues.
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Table 4-2. Selected bond lengths (A) from crystallographically characterised complexes trans-Ru(C=CR')(C=CR?)(dppe)s.

R1 R, Ru-C=CR' Ru-C=CR? Cc=C Ru-Pay  6(°) REF
C{CH=C(CN),}=C(CN), C{CH=C(CN),}=C(CN), 2.007(7) 1.231(9) 2.389 2
CsH2(OMe),C=CH CsH2(OMe),C=CH 2.047(5) 1.223(6) 2.352 2 22
C=CH C=CH 2.050(4) 1.198(5) 2.369 23
CeH4C=CBU' CeH4,C=CBU" 2.057(2) 1.211(3) 2.358 65 (309)
CsH2(OMe),C=CSiMes CsH2(OMe),C=CSiMes 2.0583(17) 1.218(2) 2.357 17 22
CsH4C=CH (mol A) CsH4C=CH 2.061(3) 1.212(4) 2.357 55 (30i)
CeHs CeHs 2.061(5) 2.064(5) iig;g; 2.360 0/58 S
CeHs CsH4C(=O)H (disordered)  2.0619(19) 1.213(3) 2.363 75 24
CsH4C=CH (mol B) CsH4C=CH 2.062(3) 1.209(4) 2.354 82 (30i)
CeHs CeH4C=C{Fe(dppe)Cp*}" 2.063(5) 2.062(5) 1.209(6) / 1.201(6) 2.369  60/60 2
CsH4sOMe CsH4sOMe 2.0648(16) 1.217(2) 2.358 70 (30c)
CsHiMe-4 CsHiMe-4 2.065(2) 1.210(3) 2.349 68 (30a)
CsH4C=CSiMe; CeH4C=CSiMe; 2.066(3) 1.204(4) 2.358 68  (30f)%
CeHsCsH11-4 CeHsCsH11-4 2.0666(16) 1.206(2) 2.355 59 (30b)
CsH4CO2Me CsH4CO,Me 2.0687(18) 1.197(2) 2.357 64 (30d)
TTFMes TTFMes 2.0691(18) 1.203(3) 2.373 13 27
CsHaNH; CsHaNH; 2.074(2) 1.197(3) 2.349 64 (30h)
Fc Fc 2.075(3) 1.212(5) 2.358 28
— 1.
Fc CeH4NPh, 2.082(3) 2.061(3) g;g;; ii:gi; 2356  ---/86 ¥
C=CSiMe; C=CSiMe; 2.095(14) 1.099(17) 2.360 23
CeHs CsH3sNCsH,;N.Dyhfacac 2.105(7) 2.049(6) 1 ;g% 2.350 5/45 2
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4.5. Electrochemistry

The availability of a substantial number of mono and bis(ethynyl) complexes
provided an opportunity to explore trends in the electrochemical response of trans-
RuX(C=CR)(dppe), (X = Cl, C=CR) complexes. Results are summarized in Table 4-3,
although comparisons with data reported elsewhere is made somewhat more difficult by the
various combinations of solvent, electrolyte, and reference potential employed in these earlier

works. However, several consistencies can be identified as discussed below.

Table 4-3. Electrochemical data from 29(a - g, i - k), 30(a - j), and 31 - 33.7

Complex Ei’ (V) “En’ (V) °Ei’ (V)  E™(V)
293" -0.03 0.85
29p*% -0.04 0.83
29c'% -0.10 0.69

29d 0.10 0.98
2% 0.20 1.10
29f 0.04 0.98
29g -0.01 0.85
29i 0.06 0.90
29f 0.14 1.12
29k 0.20

30a -0.06 0.85
30b -0.09 0.80
30c -0.15 0.65
30d 0.12 0.90
30e 0.26

30f 0.05 0.90
30g 0.00 0.85
30h -0.29 0.10 0.46

30i 0.05 0.90
30j 0.16

31 -0.21 0.2

32 -0.19 0.22 0.61
33 -0.04 0.76

 Ey;, vs ferrocene/ferrocenium (FeCp,/[FeCp,]*) (CH,Cl, 0.1 M NBu,BF,, Pt dot working
electrode). Under these conditions, internal reference  decamethylferrocene/
decamethylferrocenium (FeCp*,/[FeCp*,]*) = -0.53 V vs FeCp,/[FeCp,]".
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As previously reported in earlier studies of similar complexes, a reversible first

oxidation process ‘Ey,° was present in almost every case,*® % 6 8 10a 22

although the poor
solubility of 30e prevented the recording of accurate voltammetric data in CH,Cl,. One or
two additional oxidation processes (°E..°, *E.,") were found for amino-substituted complexes
30h, 4 and 5. The low oxidation potential of 30h provides a reasonable explanation to the

experimental difficulties found during work-up. In most cases an irreversible, multi-electron

oxidation wave E” was also present close to the anodic solvent limit.

The range of potentials E;° recorded for compounds 29 (a - g, i - k) and 30 (a - j) span
300 mV to over 500 mV, respectively. The correlation of the electronic character of the
remote substituents on the redox properties of the complexes is consistent with a strong aryl-
ethynyl character of the HOMO® ¥ and the greater conformational freedom offered by the
solution medium as opposed to the solid state that permits better m-conjugation in the
molecular backbone. Complexes 29c, 30h and 30c bearing the most electron-donating aryl
substituents were more easily oxidized in the thermodynamic sense than other members of
the series, while oxidation of 29d, 30d and 30e bearing electron withdrawing substituents,
took place at more positive potentials. According to Lever’s early model, the influence of
different ligands on the electronic properties of a coordination complex is frequently found to
be additive.®> However, Heath and Humphrey reported an attenuation of those additive
effects for complexes bearing trans-disposed m-accepting ligands.®* Lever’s model is able to
accurately predict the influence of a ligand on the electronic properties of a coordination
complex when the oxidation process is located on the metal centre. Hence, ethynyl
complexes of Os and Ru, which present a characteristic and pronounced ligand contribution
to the HOMO (vide infra), often deviate from the predictions of the Lever model.®® This
becomes especially relevant for complexes bearing redox active ligands in which the metallic

nature of the redox processes is not clearly established.

133



4.6. Spectroelectrochemistry and quantum chemical calculations

Although various examples of the complexes trans-RuX(C=CR)(dppe), have been the

subject of UV-Vis-NIR spectroelectrochemical studies,? ** 3

curiously the use of IR
spectroelectrochemical methods to study this class of compounds is rare,®* * despite the
considerable amount of complementary electronic and chemical structural detail contained in
the IR spectroelectrochemical response of ethynyl complexes.* To further explore the effects
of oxidation on the molecular and electronic structure of this class of complex an IR
spectroelectrochemical study of compounds 30c, 30f, 30h, 31, 32 and 33, together with
comparable UV-Vis-NIR spectroelectrochemical studies of compounds the unsymmetrically
substituted complexes 31 and 32 with reference data from 30f and 30h was undertaken.
These complexes were selected because of their demonstrated (30f), or potential (30h, 31),
capacity to perform as wires during single molecule conductance measurements,? or to serve
as reference compounds with different electron-donating groups (30c) or vibrational probes
(32, 33). To gain further insight into the electronic structure, density functional theory (DFT)
calculations on [30f]™, [30h]™, [31]™" and [32]™ (n = 0, 1) were performed in collaboration
with Prof. Dr. Martin Kaupp group at the Technische Universitat Berlin. The BLYP35

I*” in combination with suitable solvent models, COSMO? as implemented in the

functiona
TURBOMOLE 6.4 code® and C-PCM* as implemented in the Gaussian09 code,** was
employed. The BLYP35 functional has proven to reliably reproduce and more importantly

predict the ground-state charge distribution and spectra including excitations involving

37,42 | 43

charge transfer for organic and transition-metal ™ mixed-valence systems.

Molecular and electronic structural changes upon oxidation were conveniently
followed by monitoring the key IR vibrational modes, such as v(Ru-C=C) and the non-

coordinated v(C=C), together with v(C=0) and v(N—H) bands when present (Figure 4-6).
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Figure 4-6. IR spectra of complexes [trans-Ru(C=CR*-4),(dppe),]™* [R* = C¢H4OMe (30c),
CsH4C=CSiMe; (30f), CeH4NH, (30h)] and [trans-Ru(C=CR*-4)(C=CR%*4)(dppe).]™ [R' =
CeHaNH,, R? = C¢H4C=CSiMe; (31); R! = C¢H4NH,, R* = C¢H4CO,Me (32); R* =

CsH4OMe, R? = CgH4CO,Me (33)] (n = 0, black solid line; n = 1 red dotted line).

The v(Ru-C=C) metal coordinated ethynyl bands were present between 2054-2066
cm™ for all complexes in the closed shell, 18 e configuration, whilst the 17 e* Ru ethynyl
complexes derived by oxidation were characterized by the appearance of a broad and
asymmetric v(Ru-C=C) band at 1900 cm™?* * The aryl ring breathing mode gains in
intensity on oxidation and appears as an intense band between 1568-1592 cm™ for all
complexes except 30f, where upon oxidation to [30f]"™" the v(C=C) mode decreases in
intensity and shifts to lower wavenumbers. The less intense v(C=C) from the non-coordinated
C=C moiety in 30f and 31 present at 2148 cm™, shifted towards slightly higher wavenumbers

(2153 cm™) and lost intensity on oxidation. Vibrational frequencies computed within the
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harmonic approach at the optimized structures are fully consistent with the recorded spectra
of [30f]™, [30h]™, [31]™ and [32]™ (n = 0, 1; Table 4-4).* The oxidized species [30h]™,
[31]" and [32]" were also characterized by two sharp low-intensity bands between 3400-
3200 cm™, attributed to the w(N—H) mode. Frequency calculations with computational
models of 30h and 31 confirm the extremely weak oscillator strength of the v(N—H) band for
these systems (vide infra). The calculations also predict a marked increase in the intensity of
the N-H bands on oxidation, in good agreement with the spectroscopic data recorded.
Overall, the IR studies strongly suggest a great degree of ligand redox activity in these

complexes.

Table 4-4. Experimental and calculated (shaded entries) vibrational frequencies of [30f] ™,
[30h]™, [31] and [32]™".

Complex v (Ru-C=C) v (C=Cyy) v(C=C) v (N-H) v (C=0)
1899(m) 1580(w)  2155(w)
o 2180(w),
[30f]
1981(s) 1484(w)  2177(w)
2034 (w)
1890(s) 1574(s) 3370(m), 3235(w)
" 1583(m),
[30h]
1942(s)  1581(m), - 3458(w), 3446(w) -
1578(m)
1912(m) 1592(s)  2153(w) 3360(m), 3235(w)
[31] 1964(m) 1587(s)  2179(w) _—
1582 (w)  2078(w)
1933(w) 1593(s) 3361(m), 3242(w) 1712(m)
(521" 1934 1976(3) 3464(m) 1735(w)
W
©) 1559 (m)
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The concept of ligand redox activity (or non-innocence) in these complexes is
supported by the spin densities obtained from the DFT structure optimizations of [30f]™,

[30h]™, [31] and [32] (Table 4-5).%

The optimized structures, derived from Cj-symmetric starting geometries, have the
ethynylaromatic moiety bisecting the dppe ligands (¢ ~ 0° Figure 4-5) and the two aryl
moieties in the same plane (torsion angle Q = 0°, Figure 4-8). For convenience and clarity the
complexes with this geometry are now defined here as in-plane-[30f]™, in-plane-[30h]™, in-

plane-[31]™ and in-plane-[32]"".

Table 4-5. Mulliken fragment spin-density contributions (%) for the in-plane conformations

of [30f]™", [30h]™, [31]™, [32]™".

Spin density contribution (%)

Complex L _ B )
RICeHs C=C [Ru] C=C C¢H.R
in-plane-[30f]"™* 7 11 71 6 5
in-plane-[30h]™ 18 18 54 6 7
in-plane-[31]" (NH,)30 27 43 1 2
in-plane-[32]" (NHy) 22 18 57 4 3

While the Ru(dppe). fragment contributes significantly in all cases (in-plane
structures [30f]™: 71%; [30h]™": 54%; [31]™": 43%; [32]™": 57%), the ligand involvement in
supporting the unpaired spin density depends strongly on the substitution of the aromatic
unit, and for in-plane-[30f]™ the outer-most parts of the ethynyl ligands barely contribute
(12% of the total). Thus, whilst the spin density is high on the C=CCgHsNH,-4 ligands in in-
plane-[31]™ (57%) and in-plane-[32]"" (40%), the alkyne ligand bearing the less electron
donating substituent is largely redox-inactive or -innocent (in-plane-[31]":
C=CCgH,C=CSiMez-4: 3%; (in-plane-[32]": C=CCsH,CO,Me-4: 7%). It is also noteworthy

that in these lowest-energy conformations, for in-plane-[30h]™ the spin density is partly
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localized on one ligand and the ruthenium unit, but little on the other ethynyl ligand. The
DFT calculations therefore suggest that, for the in-plane conformations of [30h]™, [31]",
[32]" might be considered as further examples of metal-bridged organic mixed-valence

systems.*” With this notion of metal-bridged, organic mixed-valence character in mind, the

observation of the low-energy tail of a NIR electronic transition band in the IR spectra of

[30h]™ and [31]"" between 7000-5500 cm™ is intriguing, with similar low-energy bands

having been observed in closely related complexes by Rigaut, Winter and colleagues,?

prompting further consideration of the underlying electronic transitions here.
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Figure 4-7. UV-Vis-NIR spectral changes of 30f, 30h, 31 and 32 resulting from the first

oxidation process.

A series of UV-Vis-NIR spectroelectrochemical experiments (Figure 4-7), supported
by time-dependent DFT (TDDFT) studies, was performed on 30f, 30h, 31 and 32 as
representative examples by Matthias Parthey of the Kaupp group. The results are reproduced

here for completeness and illustration of the critical points underlying the conformational
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effects on the appearance of the electronic spectra. For each complex 30f, 30h, 31 and 32 a
well-defined UV absorption band was observed in the electronic spectrum, at 26667 cm™
(30f), 31847 cm™ (30h), 26316 cm™ (31) or 25839 cm™ (32), respectively. Upon oxidation in
the OTTLE cell, the main absorption band of four complexes undergoes a marked intensity
loss and several new features develop in the NIR region of the spectra. The spectroscopic

details of [30f], [30n]™", [31]" and [32]"" are summarized in Table 4-6.

Table 4-6. UV-Vis-NIR spectral data of [30f]"", [30h]™", [31]"* and [32] " obtained upon
oxidation of 30i, 30f, 31 and 32.

Complex Viax (cm™) [/ 10°-M T .cm™]

[30f]" 23640 [0.4], 18761 [0.1], 15625 [0.1], 10417 [0.2], 9328 [0.3], 8333 [0.5], 6131 [0.1]

[30h]" 24331 [2.1], 22779 [L.4], 18214 [0.3], 16339 [0.3], 13679 [0.3], 10822 [0.7], 7662 [L.6]

[31]" 24814 [3.7], 22522 [1.4], 18727 [0.4], 16474 [0.4], 11507 [1.0], 9191 [2.5], 5695 [0.4]

[32]° 24691 [2.6], 22573 [0.9], 16155 [0.2], 12062 [0.6], 9551 [1.6]

For the symmetrically substituted complexes (30f and 30h), Gaussian09 TDDFT
calculations at the fully optimized structures give only one intense (lyans > 1.0 D) transition
at 11316 cm™ (Wyans = 9.7 D) for in-plane-[30f]* and at 7778 cm™ (pyans = 11.7 D) for in-
plane-[30h]™ arising from a p-HOMO - B-SOMO excitation (Table 4-7). While for both
complexes the B-HOMO features significant contributions from both ethynyl ligands (in-
plane-[30f]": 85% and for in-plane-[30h]™: 91%), the B-SOMO is mainly
C=CRu(dppe),C=C centred for in-plane-[30f]™ (75%) while for for in-plane-[30h]™ it is
localized at one C=CCgHsNH2-4 ligand (40%) and the Ru(dppe), moiety (39%). Hence the
main NIR transition in symmetrical complexes [30f]"and [30h]™ for the in-plane
conformations has appreciable ligand-metal CT (LMCT) character, being more pronounced

for [30f]™ while some interligand IVCT character is present in [30h] ™.
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Similarly, TDDFT calculations performed in complexes [31]™ and [32]"" gave each
one intense transition below 15000 cm™. For in-plane-[31]" the computed transition energy
8999 cm™ (Myans = 11.2 D) is in good agreement with the experimentally obtained band at
9191 cm™. This transition arises from B-HOMO - B-SOMO excitation. Analogously to in-
plane-[30f]"" and in-plane-[30h]™, the B-HOMO of in-plane-[31] " is effectively delocalized
over the molecular backbone while the B-SOMO is essentially localized on the 4-
NH2CgH4C=C ligand and the Ru(dppe), moiety while the C=CCgH4sC=CSiMes-4 ligand
barely contributes (Table 4-7). This principal contribution to the NIR spectrum can therefore
be approximated better as an IVCT transition between the arylethynyl ligand moieties linked
by the trans-{Ru(dppe).} bridge with even more IVCT character than in in-plane-[30h]™.
For in-plane-[32]" the B-HOMO - B-SOMO transition at 9286 cm™ (Myans = 11.1 D) is also
the only excitation for which appreciable intensity is computed, and it is of similar mixed
LMCT and inter-ligand IVCT character as the transition calculated for in-plane-[30h]™

(Table 4-7).

Table 4-7. Summary of the main electronic transitions calculated for the in-plane
conformations of [30f]™, [30h] ™, [31]™, [32]"".

Calc. transition ) Spin density contribution (%)
Complex Orbitals 1 )
Htrans (D) R'CHs C=C [Ru] C=C CgH4R
_ . 11316cm™  p-soMO 11 15 50 10 8
in-plane-[30f]
9.7 B-HOMO 25 19 8 18 23
) " 7778 cm™ B-SOMO 19 21 39 9 6
in-plane- [30h]
(11.7) B-HOMO 25 12 4 19 35
) " 8999 cm™ B-SOMO (NHz)31 29 29 4 1
in-plane- [31]
(11.2) B-HOMO (NHy)24 7 17 22 20
_ R 9286 cm™ B-SOMO (NHy)23 22 39 6 4
in-plane-[32]
(11.1) B-HOMO (NH,)35 11 12 22 12
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However, in addition to the main NIR transitions several additional low-energy
absorption features can be found for all complexes (Figure 4-7). Recently the appearance of
additional features, such as shoulders in the NIR bands, in mixed-valence complexes was
assigned on the basis of quantum-chemical calculations to the presence of different thermally
accessible conformational structures*? and synthetic restriction to a small conformational

subspace led to an appreciable decrease of intensity of the shoulder in experiment.**

Different twisted configurations of the C=CCgH4R-4 ligands found in the crystal
structures (Table 4-2) point towards a conformational distribution in solution being a possible
explanation for these additional spectral features. Hence, the influence of different
conformational forms on the appearance of the UV-Vis-NIR spectrum was investigated
quantum-chemically. Due to the particularly good agreement with experiment, [30h]™ was
chosen by way of example. The influence of the orientation of the aryl portion of the
C=CCgH4NH,-4 ligand relative to the ruthenium moiety in [30h] ™" was examined by varying
the previously described torsion angle 6 in a range from 0° to 90° (Figure 4-5). Additionally
the conformation of the two C=CCgH4NH:-4 aryl moieties relative to each other was

explored by varying the torsion angle Q from 0° to 90° (Figure 4-8).

(Q=90°) (Q=0°)

Figure 4-8. Representation of the torsion angle Q in trans-Ru(C=CCsH4R")2(dppe),.
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The resulting potential-energy surface (PES) is shown in Figure 4-9. The energy
difference between the minimum on the PES (6 = 0°, Q = 20°) and the maximum (6 = 90°,
Q =30°) is computed to be only 16.6 kJ/mol higher in energy (Figure 4-9). When varying Q
with one ligand being fixed at 6 ~0° the rotational barrier was found to be 3.2 kJ/mol

between the minimum (Q = 20°) and the maximum energy conformers (Q = 60°) .

40
0 (°)
Figure 4-9. Computed potential energy surface for complex [30h]™ for the range =0 - 90°,

and Q =0 - 90° {in kd/mol; BLYP35/COSMO (CH.Cl,) level}.

As the spin density obtained from the full optimization (Table 4-7) already exhibits
slight symmetry-breaking, this low barrier can be explained by the tendency of [30h]™
towards charge localization onto one C=CCgH4NH>-4 ligand and the metal centre. Hence the
C=CCgH4NH,-4 unit not involved in the charge delocalization can rotate almost freely. As Q
goes to 90° the spin density becomes steadily more localized onto one ligand and the
ruthenium centre, resulting in a clearly symmetry-broken structure for Q = 90°, which is only
2.5 kd/mol higher in energy than the minimum. For this structure the frontier orbitals are

centred on the Ru(dppe), unit and one ligand. In this conformation, the main electronic
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excitations at 9900 cm™ (Myans = 10.0 D) arise from the p-HOMO-1 - B-SOMO transition.
Both these orbitals are located at the same aniline unit, the phenyl plane of which bisects the
dppe ligands, (B-HOMO-1: 42%; B-SOMO: 24%) and the C=CRu(dppe),C=C (B-HOMO-1:
49%; B-SOMO: 70%). They are of m-, m*-character, respectively. Thus only little charge is
transferred upon excitation. Obviously, although the experimental excitation energy of
10822 cm™ is underestimated, this transition can be assigned to the high-energy shoulder
obtained in the UV-Vis-NIR spectrum. The rotation of both C=CCgHsNH»-4 ligands out of
the plane bisecting the dppe ligands by increasing 6 from 0°, while keeping the relative
conformation of the ligands at Q =0°, is associated with a more sizeable barrier than the
rotation of only one ligand (vide supra). Interestingly, a minimum is found at 4~ 90°, which
is disfavoured by only 3.2 kd/mol compared to the minimum of the relaxed scan and by
2.6 kd/mol compared to the lowest-energy structure at 8~ 0° of the PES cut at Q = 0°. Hence
the spectral features of this local minimum are also likely to contribute to the overall spectral
profile. TDDFT calculations using this local minimum (6 = 90°, Q = 0°) give two excitations
below 15000 cm™ with pgas>1.0D. The more intense excitation at 7849 cm™
(Mtrans = 12.1 D) arises from the B-HOMO - B-SOMO transition and appears at very similar
energy as for in-plane-[30h]™. Indeed the orbital distribution is comparable to the fully
optimized structure (NH,CsHsC=C/Ru(dppe)/C=CCsHsNH,, B-HOMO: 34%/2%/58% P-
SOMO: 45%/34%/17%). At 11959 cm™ (pyans = 1.5 D) a second, less intense excitation
arises from the B-HOMO-5 to the B-SOMO, corresponding to a metal-ligand CT (the f-

HOMO-5 exhibits almost exclusively metal character, 83%).

To perform vibrational analyses within the harmonic framework, selected points on
the PES were re-optimized without constraints. The minima, indicated by the absence of
imaginary frequencies, gave computed frequencies very similar to the lowest energy structure
in-plane-[30h]™ (V(RuC=C) = 1942 c¢m™). Optimizations starting from the two points [30h]
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(6= 0° Q=90° and [30n]™ (6 = 90°, Q = 0°) gave two minima perp-[30h]™ and out-of-
plane-[30h]™ (see Table 4-8). TDDFT calculations give the same main spectral features for
the minima perp-[30h]™* at 8268 cm™ (Hiyans = 11.6 D) and for out-of-plane-[30h]™ at 9295

cm™ (Uyans = 10.7 D) as observed for the corresponding relaxed-scan structures.

In addition, the previously discussed low-intensity MLCT excitation is computed at
11558 cm™ (Myans = 1.2 D) and 11526 cm™ (Myans = 1.3 D). However, fully optimized
structures perp-[30h]™ and out-of-plane-[30h]™ are slightly favored energetically (by 2.7
kJ/mol and 0.7 kJ/mol, respectively). Hence, within the accuracy of the method all three
structures can be considered isoenergetic and all would contribute significantly to the
observed spectroscopic profile. Vibrational analysis gave v(RuC=C) at 1930 cm™ for perp-
[30h]™ and 1915 cm™ for out-of-plane-[30h]"™, which is in good agreement with the slightly
broadened v(RuC=C) peak found experimentally for [30h]™ (Figure 4-6). Hence the finding
of different rotameric forms contributing to the UV-Vis-NIR spectrum is fully consistent with

the experimentally observed IR signature.

Table 4-8 presents the results obtained from extending this method of analysis to
complexes [30f]*, [31]" and [32]"" starting from inputs, in which one (6 = 0°, Q = 90°) or
both ligands (6 = 90°, Q =0°) are perpendicular to the plane bisecting the dppe ligands and
optimized without constraints. A complete list of calculated electronic transitions and IR
frequencies for the different conformers of [30f]™, [30h]™, [31]"" and [32]™" can be found in

the associated electronic content that accompanies this thesis.
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Table 4-8. Main electronic transitions calculated for the out-of-plane conformers of [30f]™, [30h] **, [31]™ and [32]™".

Main calculated transition

Spin density contribution (%)

. .
Conformer Angles (°) Complex (s D) Orbitals RICHs; C=C [Ru] C=C CoHiR’

Out-of-plane 1 B-SOMO 0 15 65 12 0

o 10860cm™, (10.3
[30f] (10-3) B-HOMO 27 21 18 13 15
Out-of-plane 8268 cm™, (11.6) B-SOMO 16 19 38 12 8
0="90 [30h] ™ T B-HOMO 29 14 5 17 32
Q=0 Out-of-plane 0108 o™ (11.1) B-SOMO (NH»)36 31 23 3 0
[31]" A B-HOMO (NHp)18 5 13 27 29
Out-of-plane 9024 cm™, (11.6) B-SOMO  (NHy)31 26 30 5 1
[32]" T B-HOMO (NH»)27 8 12 28 17
" ] -SOMO 13 18 54 9 0
perp-[30f] 12287 cm’, (8.1) [fHOMO-l 0 7 19 28 41
" ] B-SOMO 2 9 40 21 21

-[30h 2 ! (107
g_o  Perrlsonl 9295 em”, (10.7) B-HOMO 46 24 7 8 11
Q=90 - . -SOMO (NH,)33 30 29 4 0
perp-(31] 9555 cm”, (10.2) [fHOMO-l (NH; 3 7 31 18 0
" ) -SOMO (NH»)28 27 35 5 0
perp-[32] 9709 em”, (10.4) B[?HOMO-l ENHE; 38 10 23 20 0
B-SOMO (NH»)38 32 23 3 0

perp-[31]"* 10072 cm™, (10.0)
6= 90 B-HOMO-1 (NH»)31 6 31 23 0
=90 B-SOMO (NH)0 12 57 15 9

perp-[32]"* 9381 cm™, (9.9)
B-HOMO-1 0 19 19 26 19
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In addition to the main electronic transitions present in Table 4-8, both in-plane-
[30f]" and perp-[30f]™ exhibit an additional low-intensity transition (Myans < 0.5 D) at
8825 cm™, and 8517 cm™ respectively, arising from metal-centred orbitals. These two
excitations may exhibit or even gain intensity for other rotameric forms and thus they may
offer a possible explanation for the weak low-energy band in the experimental spectrum
(Table 4-6). As expected for [31]™ and [32]™, the structures with 6 = 0°, Q~90° exhibit
similar spectral features as the minimum energy structure. For these unsymmetrically
substituted compounds, 0 is defined as the angle between the C=CCgH4NH,-4 ligand and the
plane bisecting the dppe ligands. TDDFT calculations yield an intense B-HOMO-1 - (-
SOMO excitation at 9555 cm™ (Hyans = 10.2 D) for [31]™ and at 9709 cm™ (ians = 10.2 D)
for [32]". While the contributions to the p-SOMO stay nearly unchanged compared to the
minimum structures (see associated electronic content), the B-HOMO-1 is localized on the
CeHsNH,-4 ligand ([31]": 36%; [32]™*: 38%) and the C=CRu(dppe),C=C unit ([31]"*: 56%;

([32]"": 53%). Hence these transitions have substantial t-n* character.

In the case of [31]™" with 6 ~90°, Q~90° the dominant feature is again the B-
HOMO-1 - B-SOMO transition, which is computed at 10072 cm? (Mtrans = 10.0 D). This
excitation exhibits ligand n-n* character accompanied by small LMCT contributions and is
probably responsible for the high-energy shoulder observed in the experimental spectrum
(Figure 4-7). A second low-intensity excitation from the lower-lying orbitals f-HOMO-5 and
B-HOMO-4, which are metal centred (see associated electronic content), to the B-SOMO is
computed at 13613 cm™ (Hyans = 1.2 D). For [32]™ this structure likely makes only a
relatively minor contribution to the UV-Vis-NIR spectrum, as it is disfavoured by
16.4 kJ/mol. For the asymmetric complexes [31] ™ and [32]™ the computed excitations for the
out-of-plane structures (Table 4-8) are very similar to those of the in-plane structures (Table
4-7). The P-HOMO - B-SOMO transition appears slightly blue-shifted at 9198 cm™
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(Krans = 11.1 D) for out-of-plane-[31]"* and slightly red-shifted at 9024 cm™ (ians = 11.6 D)
for out-of-plane-[5]". For out-of-plane-[31]™* the previously discussed low-intensity LMCT
excitation from the lower-lying orbitals f-HOMO-5 and B-HOMO-4 is also found at
13461 cm™ (Uyans = 1.0 D). Again low-intensity transitions of mixed LMCT/ IVCT character
are found for the different conformers of [31]™ between 3740 cm™ (Myans = 0.9 D, 6 =~ 90°,
Q ~90°) and 5037 cm™ (Hyans = 0.1 D, in-plane-[31]™), which may explain the lowest energy

band envelope in the experimental spectrum (Table 4-6).
4.7. Conclusions

The trans-effects of ethynyl ligands bearing substituents, R', on the reactions of
trans-RuCI(C=CR*-4)(dppe), with terminal alkynes were examined. Whilst strongly
electron-donating R* groups (e.g. CeHsNH,, CeHsOMe) labilize the trans-chloride ligand
sufficiently to promote the slow formation of bis(ethynyl) complexes, precursors bearing
more modestly donating groups (R* = CgHsMe) or withdrawing groups (R = CgH4NO,,
CsH4sCO,Me) are largely inert to further reaction in the absence of a suitable halide
abstracting agent. In the presence of TI" salts and the non-coordinating base 1,8-
diazabicycloundec-7-ene (DBU), conversion of mono(ethynyl) complexes to symmetrically
or unsymmetrically substituted bis(ethynyl) complexes can be achieved in high yields in a
matter of minutes as pure precipitates which can be isolated from the reaction mixtures by
simple filtration. These complexes undergo one or more electrochemical oxidations, which
are shown by IR spectroelectrochemical methods to be substantially ethynyl ligand in
character.

Quantum-chemical calculations carried out by our collaborators in Berlin at DFT and
TDDFT levels on the monooxidized complexes using the BLYP35 functional and continuum

solvent models indicate: a) substantial delocalization of spin density between metal centres
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and the ethynyl ligand framework; b) ligand-based mixed-valence character in some of the
symmetrical diethynyl complexes; and c¢) substantial importance of the relative
conformational arrangement of the aromatic rings of the ethynyl ligands for both electronic
and vibrational spectra. That is, the PES of the complexes [trans-Ru(C=CR"-4),(dppe),]"™
feature several minima which differ in the relative orientation of the ligands and metal centre.
These are close in energy with small barriers between them, and many are likely to be
thermally populated in solution at RT. These conformations offer electronic transitions that
differ in energy and character depending on both conformation and nature of the aryl ligand
substituent. In general, the lowest-energy transitions are associated with LMCT
(symmetrically substituted complexes such as [30f]™) or inter-aryl ligand IVCT (complexes
with redox active ligands such as [30h]™ and related asymmetric complexes [31]™ and [32]™)
character. The higher-energy shoulders observed in the experimental spectra arise from the
slightly higher-energy conformations in which one or more of the arylethynyl moieties has
partially lost conjugation with the other side of the complex. The excitations of these
conformers have more MLCT and ligand ©-t* character. These studies have shown that the
NIR absorption band envelopes observed for symmetrically and unsymmetrically substituted
complexes [trans-Ru(C=CR"-4),(dppe),]™ are not accurately described in terms of transitions
of one specific character (MLCT, LMCT, IVCT etc). Rather, the conformational ensembles
present in solution mean that these complex band envelopes arise from transitions with
distinct electronic origin, a finding that should be of importance in interpreting the optical

and electronic behavior of compounds and materials based on this motif.
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4.8. Experimental
4.8.1 General conditions

General experimental conditions were reported in Chapter 2. No special precautions
were taken to exclude air during the workup. Preparative TLC was carried out of 20 x 20 cm
glass plates coated with silica gel (GF254, 500 pm thick). The metallic salts
[RuCl(dppe).]OTF (28)*** and TIBF,* were prepared by literature methods. Warning: TIBF,
should always be handled in a well-ventilated fume hood and personal protective equipment
should be worn throughout. The synthesis of 2 (Chapter 2), HC=CCg¢H;NH, and
HC=CCsH4C=CSiMe3 (Chapter 3) were reported in previous experimental sections of this

thesis. Other reagents were purchased commercially and used as received.

4.8.2 Synthesis and characterization

Br@%SiMe3 b oH— I Pd(z:h3)4 Ib —— e\_/h L SiMke3

NEt,, A

Preparation of Me;SiC=CCgH,C=CBu'. To a 100 mL oven-dried Schlenk flask
charged with BrCgH,C=CSiMejs (2.53 g, 9.99 mmol), Pd(PPhs), (0.60 g, 0.52 mmol) and Cul
(0.30 g, 0.52 mmol) in NEt; (100 mL), 3,3-dimethylbut-1-yne (1.53 mL, 1.02 g, 12.4 mmol)
was added. The mixture was stirred at reflux overnight. The brown suspension was filtered
and the red filtrate taken to dryness under reduced pressure. The residue was purified through
a silica gel column using hexane as eluent. The pure product was obtained as an off-white
powder upon solvent evaporation of the main fraction. Yield 2.16 g, 8.49 mmol, 85%. ‘H
NMR (400 MHz, CDCls) & 7.37 (d, J = 9 Hz, 2H, g), 7.31 (d, J = 9 Hz, 2H, f), 1.32 (s, 9H,
a), 0.25 (s, 9H, k). *C{*H} NMR (101 MHz, CDCls) & 133.8, 131.5 (e/h), 122.4, 122.1 (ilj),

105.0, 100.7, 95.6 (d/ifj), 79.0 (), 31.1 (a), 28.2 (b) 0.1 (K).
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) K,CO e/— i
— — SiMe, 223 |b — h —' 4
| — N 3 MeOH/THF | N\ /T«
r.t.

Preparation of HC=CC¢H,C=CBu". To a 250 mL round bottomed flask charged
with a solution of Me3SiC=CCgH4C=CBu' (1.5 g, 5.9 mmol) in MeOH/THF (1:1) (100 mL),
K,CO3 (0.83 g, 6.0 mmol) and the suspension was stirred at room temperature overnight. The
solution was then filtered and the filtrate taken to dryness under reduced pressure. The
resultant black oil was re-dissolved in Et,O (50 mL) and washed with water (2x50 mL) and
brine (1x50 mL) and dried over MgSO,4. Removal of solvent yielded the pure product as a
yellowish oil. Yield 1.0 g, 5.5 mmol, 93%. *H NMR (400 MHz, CDCl3) & 7.39 (d, J = 9 Hz,
2H, g), 7.56 (d, J = 9 Hz, 2H, f), 3.13 (s, 1H, k), 1.31 (s, 9H, a). *C{*H} NMR (101 MHz,
CDCls) § 132.0, 131.6 (f/g), 124.9, 121.1 (e/h), 100.9, 83.6, 78.9, 78.4 (c/d/ilj), 31.1 (a), 28.2

(b). IR (cast) cm™: 3291 (m) w(C=C-H); 2236, 2192 (w) v(C=C).

i) MeLi-LiBr

Et,0, rt. a ¢ d e f

Me;Si—————SiMe; H————— SiMe;
iiy NH,CI

o

(aq)

Preparation of HC=CC=CSiMes.*® To a 100 mL oven-dried Schlenk flask charged
with a solution of 1,4-bis(trimethylsilyl)buta-1,3-diyne (3.20 g, 16.46 mmol) in dry Et,O (70
mL), MeLi-LiBr (1.5M in Et,0) (11.0 mL, 16.5 mmol) was added. The mixture develops a
red colour that gets darker with time. The solution is stirred at room temperature overnight
yielding a black solution. The reaction mixture is then poured onto an NH,CIl saturated
aqueous solution (100 mL). The two phases were then separated and the aqueous phase
extracted with Et,O (2x100 mL). The combined organic phases were washed with brine
(1x150 mL), dried over MgSO, and the solvent was carefully removed yielding a dark oil.
The pure product was obtained as a yellowish oil by distillation of the crude oil (~19 mbar,
45 °C). Yield 1.52 g (~1.9 mL), 12.43 mmol, 81%. *H NMR (400 MHz, CDCl3) 5 2.11 (s,
1H, a), 0.20 (s, 9H, f). *C{*H} NMR (101 MHz, CDCls) & 87.5, 84.8 (d/e), 68.4, 66.8 (b/c),
0.41 (f). IR (cast) cm™: 3311 »(C=C-H); 2189, 2069 v(C=C).
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a b h

— Pd(PPh3)a —\ ¢ d e f |) CHC|3, TBAF g — .k | m
HCI- / Br + H———SiMe; (C | ) N / ———SiMe; HCI-N / —H
\ u \ ii) H,0 (wash) N\

A
NEt;, iiiy CHCl3, HCI(g)

Preparation of HC=CPy-HCIL. To 50 mL round bottom flask charged with 4-
bromopyridine (0.50 g, 2.57 mmol), Pd(PPh3), (0.15 g, 0.13 mmol) and Cul ( 0.02 g, 0.11
mmol), NEt; (15 mL) and THF (15 mL), trimethylsilylacetylene (0.37 mL, 2.58 mmol) was
added and the mixture was stirred at reflux overnight in the dark. The reaction mixture was
then taken to dryness and the black residue was purified through a silica gel column using
hexane:EtOAc (90:10) as the eluent. Removal of solvent from the main fraction yielded an
orange oil that tends to crystallize on standing. The product, Me3SiC=CPy was in-situ
deprotected for further reaction with [RuCl(dppe).]OTf without further purification. Yield
0.40 g, 2.80 mmol, 89%. *H NMR (400 MHz, CDCls) § 7.56 (d, J = 6 Hz, 2H, a), 7.30 (d, J =
6 Hz, 2H, b), 0.26 (s, 9H, f).

The oil can be dissolved in CHCI3; (50 mL) under inert atmosphere yielding an orange
solution that turned black upon drop wise addition of TBAF (1M in THF) (2.9 mL, 2.9
mmol). The mixture was stirred at room temperature in the dark for further 15 minutes and
poured into water. The organic red phase was washed with water (2x50 mL), brine (1x50
mL) and dried over MgSO,. The bright red solution was stirred vigorously under an HCl,
atmosphere for 20 minutes at room temperature, upon that time, the solution turned yellow
and a brown precipitate was formed. The precipitate was filtered and the yellow filtrate
purged with N,. The off-white solids precipitated out of solution upon solvent evaporation.
The precipitate was filtered, washed with Et,O and dried in air before storage under inert
atmosphere at -24 °C. Yield 0.253 g, 0.056 mmol, 65%. *H NMR (400 MHz, DMSO-dg) &
11.25 (s br., 1H, g), 8.86 (d, J = 6 Hz, 2H, h), 7.97 (d, J = 6, 2H, i), 5.20 (s, 1H, m). “C{'"H}
NMR (101 MHz, CDCls) & 144.1, 128.5 (h/i), 136.5 (j) 91.4, 79.9 (k/l). MS* (ASAP) m/z

(%): 279.09 (100, [2M]). IR (nujol) cm™: 3132 v(Csp—H); 2100 v(C=C).
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Synthesis of trans-RuCI(C=CR)(dppe), 29 (d - g, }, K):

To a solution of 1 (0.100 g, 0.092 mmol) and 1, 8-diazabicyclo[5.4.0]undec-7-ene
(DBU) (excess) in CH,Cl, (4 mL), the appropriate arylethynyl ligand (0.10 mmol) was
added. The red solution typically turned yellow (with the exception of 29e) after stirring at
room temperature for 1h. The final products were obtained from the reaction mixture after

the appropriate purification (vide infra).

(29d) trans-RuCl(C=CC¢H,CO,Me-4)(dppe),. The yellow solution was filtered
through neutral alumina (Brockmann 1). Addition of hexane to the filtrate yielded a pale-
yellow precipitate that was collected by filtration, washed with hexane and dried in air (97
mg, 97%). *H & 7.76 (d, J = 8 Hz, 2H, 0-Ph-CO,Me), 7.45-7.39 (m, 8H, 0-PPh,), 7.36-7.30
(m, 8H, 0-PPhy), 7.23-7.14 (m, 8H, p-PPh,), 7.05-6.98 (m, 8H, m-PPh,), 6.98-6.90 (m, 8H,
m-PPh,), 6.57 (d, J = 8 Hz, 2H, m-Ph-CO,Me), 3.89 (s, 3H, COO-Me), 2.77-2.59 (m, 8H,

dppe). **P{*H} & 48.2 (s, dppe). IR (nujol) cm™: 2064 (m) v(Ru-C=C); 1716 (m) v(C=0).

(29e) trans-RuCl(C=CCsH4NO,-4)(dppe).. The bright orange solution was filtered
through neutral alumina (Brockmann 1). Addition of hexane to the filtrate yielded an orange
precipitate that was collected by filtration, washed with MeOH and dried in air (93 mg, 94%).
'H § 7.94 (d, J = 8 Hz, 2H, 0-Ph-NO,), 7.41-7.30 (m, 16H, 0-PPh,), 7.24-7.17 (m,8H, p-
PPh,), 7.06-6.99 (m, 8H, m-PPh,), 6.98-6.91 (m, 8H, m-PPh,), 6.44 (d, J = 8 Hz, 2H, m-Ph-
NO,), 2.81-2.58 (m, 8H, dppe). *P{*H} & 47.7 (s, dppe). IR (nujol) cm™: 2052 (m) v(Ru-

C=C).

(29f) trans-RuCl(C=CCgH,C=CSiMes-4)(dppe).. The yellow solution was filtered
through neutral alumina (Brockmann I). Addition of hexane to the yellow filtrate yielded the
pure product as a yellow precipitate (96 mg, 92%). Single crystals suitable for X-ray

diffraction were obtained from CH,Cl,/hexane. *H & 7.44-7.38 (m, 8H, 0-PPh,), 7.37-7.30
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(m, 8H, 0-PPh,), 7.23-7.12 (m, 10H, C»-Ph-C,/ p-PPh,), 7.05-6.97 (m, 8H, m-PPh,), 6.95—
6.88 (m, 8H, m-PPh,), 6.49 (d, J = 8 Hz, 2H, C,-Ph-C,), 2.75-2.61 (m, 8H, dppe), 0.26 (s,
9H, SiMes). *'P{*H} & 50.1 (s, dppe). IR (nujol) cm™: 2150 (m) W(C=C); 2068 (s) v(Ru-

C=C).

(29g) trans-RuCl(C=CC¢H,C=CBu'-4)(dppe),. The yellow solution was filtered
through neutral alumina (Brockmann 1). Addition of Et,O to the yellow filtrate yielded the
pure product as a yellow precipitate (74 mg, 72%). Single crystals suitable for X-ray
diffraction were obtained from CDCIs/Et,0. 'H & 7.46-7.41 (m, 8H, 0-PPh,), 7.36-7.30 (m,
8H, 0-PPhy), 7.22-7.12 (m, 10H C,-Ph-C,/ p-PPh,), 7.04-6.98 (m, 8H m-PPh;), 6.95-6.89
(m, 8H, m-PPh,), 6.50 (d, J = 8 Hz, 2H, C,-Ph-Cy), 1.33 (s, 9H, CMe3). *'P{'H} & 49.2 (s,

dppe). IR (nujol) cm™: 2183 (w) v(C=C); 2068 (s) v(Ru-C=C).

(29i) trans-RuCl(C=CC¢H,C=CH-4)(dppe).. Reaction of (29f) (50 mg, 0.044
mmol) with TBAF (1M in THF, 50 pL, 0.050 mmol) in CH,Cl, at room temperature
overnight. The orange solution was filtered through basic alumina (Brockmann 111) and the
filtrate taken to dryness to obtain the pure product as an orange powder (41 mg, 88%). Single
crystals suitable for X-ray diffraction were obtained from CH,CI,/Et,0. *H § 7.50-7.42 (m,
8H, 0-PPh,), 7.35-7.28 (m, 8H, 0-PPh,), 7.25-7.14 (m, 10H, C=C-Ph-C=C/p-PPh,), 7.05—
6.98 (m, 8H, m-PPh,), 6.98-6.92 (m, 8H, m-PPh,), 6.52 (d, J = 8Hz, 2H, C=C-Ph-C=C), 3.11
(s, 1H, C=C-H), 2.78-2.59 (m, 8H, dppe). *P{*H} & 50.3 (s, dppe). IR (nujol) cm™: 3270 (s)

W(C=C-H); 2050 (m) v(Ru-C=C).

(29)) trans-RuCl(C=CC=CSiMe;3)(dppe).. The off-white precipitate generated upon
addition of hexane was collected by filtration, washed with MeOH and dried in air (86 mg,
89%). Single crystals suitable for X-ray diffraction were obtained from CH,Cl,/hexane. *H

NMR (400 MHz, CDCls) & 7.49-7.41 (m, 8H, 0-PPhy), 7.25-7.18 (m, 8H, p-PPh;), 7.18-7.11
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(m, 8H, 0-PPhy), 7.09-6.96 (m, 16H, m-PPh,), 2.70-2.61 (m, 8H, dppe), 0.21 (s, 9H, SiMey).
$pf1H} NMR (162 MHz, CDCls) & 47.7 (s, dppe). IR (nujol) cm™: 2169 (w) w(C=C); 2064

(m) v(Ru-C=C)

(29k) trans-RuCl(C=CPy)(dppe),. In our hands, the use of HC=CPy resulted
problematic. Hence, HC=CPy was generated in-situ by deprotection of the more stable
Me3SiC=CPy employing leq. TBAF (1M in THF). The yellow precipitate generated upon
addition of MeOH was collected by filtration and dried in air (67 mg, 70%). Single crystals
suitable for X-ray diffraction were obtained from CH,Cl,/Et,0. *H NMR (400 MHz, CDCl5)
§8.22 (d, J = 6 Hz, 2H, Py), 7.41 — 7.31 (m, 16H, 0-PPh,), 7.24 — 7.15 (m, 8H, p-PPh,), 7.06
—6.99 (M, 8H, m-PPh,), 6.98 — 6.91 (m, 8H, m-PPh,), 6.35 (d, J = 6 Hz, 2H, Py), 2.79 — 2.58

(s, 8H, dppe). *'P{*H} & 49.4 (s, dppe). IR (nujol) cm™: 2068 (m) v(Ru-C=C).

Synthesis of trans-Ru(C=CR),(dppe). 30 (a - h, j):

To a solution of [RuCl(dppe),]OTf (28) (0.100 g, 0.092 mmol) and 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) (excess) in CH,Cl, (4 mL), slight excess of the
appropriate alkyne (0.20 mmol) was added. The resulting red solution typically turned yellow
after stirring at room temperature for 20 minutes. To the yellow solution, one equivalent of
TIBF, (0.027 g, 0.092 mmol) was added and the off-white precipitate (TICI) was carefully
removed by filtration. The final products were obtained from the filtrate after the appropriate
purification (vide infra).

(30a) trans-Ru(C=CCgHsMe-4),(dppe),. The TICI precipitate was removed by
filtration through neutral alumina (Brockmann 1). Addition of hexane to the yellow filtrate
yielded the pure product as a pale-yellow precipitate (72 mg, 69%). Single crystals suitable
for X-ray diffraction were obtained from hot toluene. *H & 7.56-7.48 (m, 16H, 0-PPh,), 7.20-

7.12 (m, 8H, p-PPh,), 7.05-6.85 (m, 20H, Ph-Me/o-PPh,), 6.67 (d, J = 8 Hz, 4H, Ph-Me),
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2.65-2.56 (m, 8H, dppe), 2.31(s, 6H, OMe). *P{*H} & 53.2 (s, dppe). IR (nujol) cm™: 2069

(m) v(Ru-C=C).

(30b) trans-Ru(C=CCgH4CsH11-4)2(dppe).. The TICI precipitate was removed by
filtration through neutral alumina (Brockmann I). The pure product precipitated out of the
filtrate as pale-yellow solids upon addition of MeOH (59 mg, 52%). Crystals suitable for X-
ray diffraction were obtained from CHCIls/MeOH. *H § 7.58-7.47 (m, 16H, o-PPh,), 7.20-
7.15 (m, 8H, p-PPhy), 7.00-6.92 (m, 20H, Ph-CsH11/m-PPhy), 6.70 (d, J = 8 Hz, 4H, Ph-
CsHa1), 2.65-2.52 (m, 12H dppe/a-CHy), 1.63 (q, J = 7 Hz, 4H, f-CH,), 1.40-1.34 (m, 8H,
7,6-CHy), 0.93 (t, J = 7 Hz, 6H, &CH,). *'P{"H} & 55.0 (s, dppe). IR (nujol) cm™: 2065 (m)

V(Ru-C=C).

(30c) trans-Ru(C=CCgH;OMe-4),(dppe).. The TICI precipitate was removed by
filtration through neutral alumina (Brockmann 1). The pure product was obtained from the
filtrate as a yellow precipitate upon addition of Et,O (67 mg, 63%). Single crystals suitable
for X-ray diffraction were obtained from hot toluene. *H & 7.56-7.50 (m, 16H, 0-PPh,), 7.19-
7.12 (m, 8H, p-PPh,), 6.97-691 (m, 16H, m-PPh,), 6.79 (s, 8H, C,-Ph-OMe), 3.80 (s, 6H,
OMe), 2.65-2.56 (m, 8H, dppe), *P{*H} 5 54.1 (s, dppe). IR (nujol) cm™: 2069 (M) v(Ru-

C=C).

(30d) trans-Ru(C=CC¢H;CO,Me-4),(dppe).. The TICI precipitate was removed by
filtration through neutral alumina (Brockmann 1). The pure product precipitated from the
filtrate as pale-yellow solids upon addition of Et,O (67 mg, 60%). Crystals suitable for X-ray
diffraction were obtained from CH,CI,/Et,O. *H & 7.81 (d, J = 8 Hz, 4H, 0-Ph-CO,Me),
7.51-7.44 (m, 16H, 0-PPh,), 7.20-7.14 (m, 8H, p-PPh,), 6.98-6.90 (m, 16H, m-PPh,), 6.71
(d, J = 8 Hz, 4H, m-Ph-CO,Me), 3.90 (s, 6H, COO-Me), 2.68-2.57 (m, 8H, dppe). **P{*H} &

54.4 (s, dppe). IR (nujol) cm™: 2058 (s) v(Ru-C=C); 1722 (m) v(C=0).
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(30e) trans-Ru(C=CCsH4NO,-4),(dppe).. The TICI precipitate was removed from
the red mixture upon filtration through neutral alumina (Brockmann 1). The red solids
precipitated from the filtrate upon addition of Et,O were collected by filtration and purified
further by preparatory silica TLC using hexane:CH,Cl, (2:3) as the eluent. The pure product
was obtained as a red powder from the top red band (15 mg, 14%). *H & 7.94 (d, J = 8 Hz,
4H, , 0-Ph-NO,), 7.47-7.40 (m, 16H, 0-PPh,), 7.25-7.16 (m, 8H, p-PPh,), 7.00-6.93 (m,
16H, m-PPh,), 6.65 (d, J = 8 Hz, 4H, m-Ph-NO,), 2.62 (t, J = 8 Hz, 8H, dppe). **P{"H} &

52.0 (s). IR (nujol) cm™: 2047 (m) v(Ru-C=C).

(30f) trans-Ru(C=CC¢H,C=CSiMe3-4),(dppe).. The TICI precipitate was removed
by filtration through neutral alumina (Brockmann I). The pure product was obtained from the
filtrate as a pale-yellow precipitate upon addition of Et;O (96 mg, 81%). Single crystals
suitable for X-ray diffraction were obtained from CH,Cl,/hexane. *H & 7.52-7.43 (m, 16H, o-
PPhy), 7.25 (d, J = 8 Hz, 4H, C,-Ph-C,), 7.18-7.11 (m, 8H, p-PPh,), 6.97-689 (m, 16H, m-
PPh,), 6.62 (d, J = 8 Hz, 4H, C,-Ph-C,), 2.66-2.58 (m, 8H, dppe), 0.26 (s, 9H, SiMes).

$pLIH) § 53.4 (s, dppe). IR (nujol) cm™: 2153 (m) w(C=C); 2065 (s) v(Ru-C=C).

(30g) trans-Ru(C=CCsH4C=CBu'-4),(dppe),. The TICI precipitate was removed by
filtration through neutral alumina (Brockmann 1). The pure product precipitated from the
filtrate as pale-yellow solids upon addition of Et,O (96 mg, 83%). Single crystals suitable for
X-ray diffraction were obtained from CHCIl3/MeOH. *H & 7.52-7.43 (m, 16H, 0-PPh,), 7.20-
7.10 (m, 12H, C,-Ph-Cy/p-PPhy,), 6.96-6.88 (m, 16H, m-PPh,), 6.63 (d, J = 8 Hz, 4H, C,-Ph-
C.), 2.68-2.56 (m, 8H, dppe), 1.33 (s, 18H, CMes). *P{*H} & 52.5 (s, dppe). IR (nujol) cm™:

2177 (W) W(C=C); 2069 (s) v(Ru-C=C).
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(30i) trans-Ru(C=CCgH,C=CH-4),(dppe).. Reaction of (30f) (30 mg, 0.023 mmol)
with TBAF (1M in THF, 46 pL, 0.046 mmol) in CH,Cl, at room temperature overnight. The
orange solution was filtered through neutral alumina (Brockmann I) and the filtrate taken to
dryness to obtain the pure product as an orange powder (24 mg, 91%). Single crystals
suitable for X-ray diffraction were obtained from CH,Cl,/hexane. *H & 7.53-7.43 (m, 16H, o-
PPh,), 7.26 (d, J = 8Hz, 4H, C,-Ph-Cy), 7.20-7.13 (m, 8H, p-PPh,), 6.99-6.89 (m, 16H, m-
PPh,), 6.64 (d, J = 8Hz, 4H, C»-Ph-C,), 3.11 (s, 2H, C=C-H), 2.66-2.56 (m, 8H, dppe).

$pLIH) §52.6 (s, dppe). IR (nujol) cm™: 3276 (s) v(C=C-H); 2054 (W) v(Ru-C=C).

(30)) trans-Ru(C=CC=CSiMe3),(dppe),. The TICI precipitate was removed by
filtration through a PTFE filter (0.2 um pore size). The off-white precipitate generated upon
addition of hexane was collected by filtration and rinsed with MeOH (89 mg, 85%). Single
crystals suitable for X-ray diffraction were obtained from CHCls/MeOH. *H NMR (400
MHz, CDCls) § 7.33-7.27 (m, 16H, 0-PPh,), 7.24-7.17 (m, 12H, p-PPh,), 7.05-6.99 (m,
16H, 0-PPh,), 2.65-7.50 (m, 8H, dppe), 0.22 (s, 18H, SiMes). *P{*H} NMR (162 MHz,

CDCls) 6 52.5 (s, dppe). IR (nujol) cm™: 2168 (w) w(C=C); 2062 (m) v(Ru-C=C).

Halide abstractor-free synthesis of trans-Ru(C=CR),(dppe), (30c, 30h):

To a solution of 28 (0.100 g, 0.092 mmol) and DBU (excess) in CH,Cl, (4 mL), the
appropriate alkyne (0.20 mmol) was added. The resulting solution was stirred at room
temperature for 7 days. The yellow precipitate was removed by filtration and washed
thoroughly with hexane. Product 30c was obtained as a yellow solid (47 mg, 44%), 30h was
obtained as an off-white powder (51 mg, 48%) Single crystals suitable for X-ray diffraction
were obtained from CH,Cly/hexane. *H § 7.64—-7.57 (m, 16H, 0-PPh,), 7.25-7.19 (m, 8H, p-
PPh,), 7.04 — 6.99 (m, 16H, m-PPh,), 6.68 (d, J = 8 Hz, 4H, Ph-NH,), 6.59 (d, J = 8 Hz, 4H,
Ph-NH,), 3.56 (s, 4H, NH,), 2.73-2.61 (m, 8H, dppe). *'P{*H} & 53.2 (s, dppe). IR (nujol)
cm™: 3351 (m) v(NH,); 2073 cm™ w(C=C).
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Synthesis of trans-Ru(C=CR)(C=CR ’)(dppe). (31 - 33):

To a solution of the appropriate trans-RuCIl(C=CR)(dppe). (0.10 g) and DBU (excess)
in CH,Cl, (4 mL), TIBF4 (1 eq.) was added. Subsequent drop wise addition of HC=CR’ (1.1
eq.) dissolved in CH,Cl, (~3 mL) over 30 minutes generated an off-white precipitate (TICI)
that was removed by filtration. The final products were isolated from the filtrate (vide infra).

(31) trans-Ru(C=CCsH,C=CSiMe;-4)(C=CCsH;NH,-4)(dppe).. To a solution of
29f (0.100 g, 0.083 mmol), 4-ethynylaniline (0.012 g, 0.10 mmol) was added according to the
general procedure. The TICI precipitate was removed by filtration through basic alumina
(Brockmann 11I). The pure product precipitated from the filtrate as orange solids upon
addition of hexane (61 mg, 0.050 mmol, 60%). 'H & 7.67—7.60 (m, 8H, 0-PPh,), 7.39-7.34
(m, 8H, 0-PPhy), 7.23 (d, J = 8 Hz, 2H, 0-Ph-TMSA), 7.20-7.09 (m, 8H, p-PPh,), 7.20-7.09
(m, 8H, m-PPh,), 7.00-6.93 (m, 8H, m-PPh,), 6.68 (d, J = 8 Hz, 2H, Ph-NH,), 6.56 (m, 2H,
m-Ph-TMSA), 6.53 (d, J = 8 Hz, 2H, Ph-NH,) 3.51 (s, 2H, NH,), 2.65-2.58 (m, 8H, dppe),
0.26 (s, 9H, Si-Mes). *P{*H} 5 52.8 (s, dppe). IR (nujol) cm™: not observed v(NH,); 2151
(W) W(C=C); 2062 (s) v(Ru-C=C).

(32) trans-Ru(C=CCgH,CO,Me-4)(C=CCsH;NH,-4)(dppe),. To a solution of 29d
(0.100 g, 0.092 mmol), 4-ethynylaniline (0.012 g, 0.10 mmol) was added following the
general procedure. The TICI precipitate was removed by filtration through basic alumina
(Brockmann 11I). The pure product precipitated from the filtrate as yellow solids upon
addition of hexane washed with Et,O (50 mg, 0.043 mmol, 47%). *H 5 7.79 (d, J = 8 Hz, 2H,
0-Ph-CO,Me), 7.70-7.58 (m, 8H, 0-PPhy,), 7.41-7.32 (m, 8H, 0-PPh,), 7.16 (m, 8H, p-PPh,),
7.01-6.95 (m, 8H, m-PPh,), 6.95-6.88 (m, 8H, m-PPh,), 6.69 (d, J = 8 Hz, 2H, Ph-NH,),
6.64 (d, J = 8 Hz, 2H, m-Ph-CO,Me), 6.54 (d, J = 8 Hz, 2H, Ph-NH,), 3.90 (s, 3H, COO-
Me), 3.52 (s br., 2H, NH,), 2.66 — 2.58 (m, 8H, dppe). **P{"H} & 52.8 (s, dppe). IR (nujol)

cm™: not observed v(NH,); 2058 v(Ru-C=C).
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(33) trans-Ru(C=CCsH,CO,Me-4)(C=CCsH,OMe-4)(dppe),. To a solution of 29d
(0.100 g, 0.092 mmol), 1-ethynyl-4-methoxybenzene (0.013 g, 0.10 mmol) was added
following the general procedure previously described. The TICI precipitate was removed by
filtration through basic alumina (Brockmann I11). The pure product precipitated from the
filtrate as bright yellow solids upon addition of hexane (95 mg, 0.080 mmol, 87%). *H & 7.79
(d, J = 8 Hz, 2H, 0-Ph-CO,Me), 7.65-7.59 (m, 8H, 0-PPhy), 7.41-7.35 (m, 8H, 0-PPh,),
7.21-7.12 (m, 8H, p-PPh,), 7.01-6.95 (m, 8H, m-PPh,), 6.95-6.89 (m, 8H, m-PPh,), 6.79—
6.71 (m, 4H, o/m-Ph-OMe), 6.65 (d, J = 8 Hz, 2H, m-Ph-CO,Me), 3.90 (s, 4H, COO-Me),
3.81 (s, 4H, O-Me), 2.66-2.58 (t, J = 7 Hz, 8H, dppe). *'P{*H} & 52.8 (s, dppe). IR (nujol)

cm™: 2060 v(Ru-C=C); 1704 v(C=0).
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5. SINGLE MOLECULE CONDUCTANCE STUDIES ON

PHENYLETHYNYL DERIVATIVES

5.1. Abstract

In this Chapter the single molecule conductance studies of phenylethynyl
derivatives 27, 30f, 30h and 34 — 38 are presented (Chart 5-1). The STM conductance
measurements were performed in collaboration with Prof. Richard Nichols and his group at
the University of Liverpool. A novel molecular junction linker —C=CSiMej is introduced
and its electrical properties benchmarked against the —NH, moiety, the latter being a well-
known and characterised contact group in the formation and study of metal|molecule|metal
junctions. In addition, the electrical properties of 35 and the organometallic analogue 30f
(see Chapter 4) are compared. Differences in the electronic properties of these compounds
are interpreted in terms of the influence of the ruthenium core on the electronic structure of
30f. In addition, preliminary electrochemical STM (EC-STM) studies performed on the
organometallic complex 30f are presented. The transistor-like behaviour observed is
explained in terms of molecular orbital alignment with the electrode Fermi levels

according to the Kuznetsov-Ulstrup two-step electron transfer model.
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Chart 5-1. Compounds subject of single molecule conductance studies in this Chapter.
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5.2. Introduction

The integration of molecular junctions on working electronic devices requires the
formation of stable reproducible self-assembled electrode-molecule contacts,* and it is now
agreed that the conductance across a metal|molecule|metal junction is strongly influenced
by the nature of the anchoring groups.? The difference between a chemisorbed and a
physisorbed system in terms of conductance can be up to three orders of magnitude™ 3
with the functional groups that serve as molecular linkers not only affecting the molecular
frontier orbitals but also the alignment of these orbitals energies relative to the electrode
Fermi levels.”® However, whilst the great influence of the contacting group on junction
behaviour is widely recognised, very little is known about the processes that take place at
the metal-molecule interface when the junction is formed. Furthermore, single molecule
studies tend to be strictly focused on the electrical properties of the junction without
explicit consideration of the electrode shape or the molecular geometry within the device,
or variations in these between individual devices or junctions.” Indeed, typically, multiple
conductance values can be observed for a single molecule in single molecule studies and
this variability is commonly ascribed to differences in the structure of the individual
junctions used to construct the overall measurement.® °> Amongst the different linkers
found in the literature, thiols (SH) are the prevailing anchoring groups for single molecule
studies.® The thiolate-gold bond has a strength close to that of the gold-gold bond’ and
consequently the adhesion of thiols is known to lead to modification of the gold surface
adding uncertainty about the junction geometry.? It is surprising that, despite the wide use
of the gold-sulfur couple, structural details of that interface have been largely neglected in
analyses of results of molecular conductance studies.” As a consequence, several research
groups are now exploring new molecular linkers in order to improve the reliability and

stability of the junctions. Amongst the most relevant alternatives to thiols as molecular
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linkers on gold are: pyridine;’® amines;*! selenides;*? dihydrobenzo[b] thiophene;™
carboxylic  acids;** cyanides;® isocyanides;*>*® isothiocyanides;'” phosphines;*
phosphine sulphides;*® or more recently halides;'® direct C-Au bonding® and silicon.?
Following previous reports on the ability of aliphatic compounds containing the
—C=CSiMe; moiety to self-assemble on to gold surfaces,? our contribution takes
advantage of the geometrical constraints introduced by this silyl linker® to simplify the
conductance fingerprint of molecular junctions. In a parallel way, single molecule
conductance studies on organometallic complexes are becoming more frequent
nowadays.'® 2* Organometallic derivatives have captured the attention of the scientific
community because of their enhanced conductance and added structural, chemical and

electronic functionality. The introduction of electronic function beyond a simple wire-like

behaviour takes the field a step closer to the future preparation of molecular devices.”®
5.3. Results and discussion

An Agilent STM controlled using Picoscan 4.19 software was used to collect all the
measurements. The STM tips were freshly prepared for each experiment by etching a Au
wire (99.99%) in a HCI:EtOH (50 v/v) at 2.4V. The gold-on-glass substrates employed
were purchased from Arrandee, Schroeer, Germany. The substrates were flame annealed
with a butane flame immediately before use. This thermal treatment is known to generate
atomically flat terraces on the Au(111) substrate.”® The substrates were immersed in low
concentration solutions (~10° M, CHClI5) of the targeted molecule for 40 seconds. The low
concentrations and short immersion times were chosen to favour a low surface coverage of
the gold substrate, consequently promoting single molecule events instead of molecular
aggregates. After adsorption, the sample was rinsed thoroughly with CHCI3 and blown dry

in a stream of N, gas.
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5.3.1. Linker influence in the molecular conductance fingerprint

As discussed in previous sections of this Chapter, the conductance across a
molecular junction is strongly influenced by the nature of the anchoring groups. Typically,
several conductance values can be observed in the conductance histograms of a single
molecule. It is now generally accepted that the different conductance values arise from
differences on the junction formation, commonly ascribed to different linker-surface
interactions. The different conductance values have been found to be strongly related to the
surface roughness and the STM experimental conditions.” % From lower to higher
conductance the different conductance values are typically referred to as A, B and C
(Figure 5-1). Low conductance (type A) contacts are due to molecular binding at low
coordination surface sites. On the other hand the higher conductance modes B and C are
believed to arise from molecular contacts at one (B type) or two (C type) defect
coordination sites (Figure 5-1). This hypothesis is in good agreement with the higher
conductance values typically observed for MCBJ or STM-BJ studies.?” As these techniques
involve surface reforming, a greater number of defect coordination sites become available
hence the higher conductance binding mode (C type) prevails. The use of STM-BJ
typically shows a broader distribution of conductance values attributed to a single molecule
and relatively higher conductance values.’® ?® Conversely, “softer” STM methods such as
the 1(s) or I(t) typically register lower conductance (A type) values due to a lower number
defect of coordination sites present. This variability is one of the biggest challenges
towards the integration of molecules in working devices, as was discussed in detail in

Chapter 3.
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Increasing Roughness |
Increasing Conductance

Figure 5-1. Schematic representation of A, B and C contact modes.

Recently the —C=CSiMe3 group has emerged as a promising molecular linker. The
ability of the ethynyl(trimethyl)silyl linker to form well-ordered self-assembled
monolayers on Au(111) surfaces has been demonstrated elsewhere.”* STM images of the
self-assembled monolayers of the silyl-terminated molecules studied showed the vertical
alignment of the molecules relative to the substrate. In addition, atom-step etch-pits were
occasionally found on the treated gold substrates,?* providing evidence for chemisorption
in a manner entirely consistent with observations made from thiol-contacted monolayer on
gold substrates.’ In order to evaluate the performance of the —C=CSiMes; group in
molecular junctions, the electrical properties of ethynyl(trimethyl)silyl terminated OPE 35

were benchmarked against —-NH, terminated parent compounds 27 and 34.

The 1(s) STM experiments performed on the diamino substituted OPE 34 led to two
different conductance values (Figure 5-2) by slightly changing the STM experimental
parameters. STM measurements on 34 were performed at 600 mV with current setpoints

10 nA (green) and 20 nA (orange) respectively. The lowest conductance value of (3.20 £
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0.83)-10™ Gy was assigned to the “flat” contact without the presence of any adatoms (A
type). By increasing the current setpoint to 20 nA a second conductance value was
distinguishable (14.4 + 2.78)-10™ G, (B type) in good agreement with previously reported
data from STM-BJ measurements.” The use of higher set-points at a constant sample bias
results in a closer tip-substrate gap that results in an increased probability of higher

conductance junctions (B or C type) being formed.

vl Y=t )=o)

A: (2.99+0.43)-10"

Counts a.u.

0.0 1.0x10™ 2.0x10* 3.0x10* 4.0x10*
Conductance (G)

Figure 5-2. Conductance histogram of 34 obtained by the I(s) method at 600mV with

setpoint currents 10 nA (A type, green) and 20 nA (B type, orange).

To our initial surprise, similar STM I(s) studies performed on 35 gave rise to a
single low conductance value ca. 3-10° Gy for all setpoints explored ascribed to an A-type
contact mode. These preliminary results, together with a low hit ratio (ca. 10%) led us to
believe that the —C=CSiMes; group may introduce some geometrical constraints to the
junction preventing the contact at defect sites and leading to a simplified conductance

profile. To confirm this hypothesis, the STM-BJ method was employed in order to
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encourage the formation of higher conductance junctions (B or C type). Interestingly, the
STM-BJ conductance histogram of the bis(trimethylsilyl)ethynyl derivative 35 (Figure 5-3)
shows a single well-defined, conductance peak at (2.75 + 0.56)-10 Gy indicating the
exclusive formation of defect free A type junctions despite the extensive surface

restructuring associated with the STM-BJ method.

Messi—— < N\ = — —  SiMe,

- =/ = 7 — 7 —

A: (2.75+0.56) -10° G,

Counts a.u.

TP T T P

0.0 1.0x10* 2.0x10™ 3.0x10™ 4.0x10™
Conductance (G,)

Figure 5-3. Conductance histogram of 35 obtained employing the STM-BJ method at

600mV showing the formation of a single low conductance value (A type).

Interestingly, replacement of one —C=CSiMe; contact for —NH, in the
unsymmetrically substituted derivative 27, resulted in two different conductance values
being observed: (2.99 + 0.43)-10° G, (A type) and (7.92 + 1.33)-10° G, (B type). The
great similarity between the A-type conductance values obtained for the trimethylsilyl
terminated 27 and 34 (ca. 3-10° Gg) prove the similar electronic performance of the
—C=CSiMes; linker compared to that of the —NH; on gold. In addition the A-type

conductance value is of the same order of magnitude as that obtained for the A-type
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contact of the equivalent bis(thiol) terminated compound (HS-OPE-SH) of 1.8 -10®° Go.*
The observation of an additional B type contact in 27 not observable for 35 is consistent
with the presence of a single —NH, contact, which can bind in defect sites on the gold

substrate or STM tip.

The nature of the —C=CSiMej interaction with the gold electrode implicit in these
single molecule conductance measurements of 27 and 35 is far from well understood, and
merits further discussion here. In a recent study, the formation of highly transmissive C-Au
contacts has been reported by using a related Group 14 derived —SnMejs linker.?% In this
work, the conductance of molecular junctions derived from Me3Sn-CH;-CgH4-CH,-SnMes
was studied using STM-BJ methods. The observation of a high molecular conductance
approaching 0.1 Gy suggests a radically different mechanism for molecule-surface contact
than in virtually all other molecular junctions. Organotin reagents are well known for their
high reactivity and despite their toxicity are widely used as carbon transfer reagents in the
Stille cross-coupling chemistry, in which Sn-Pd transmetallation processes play a critical
role. Transmetallation/oxidative addition reactions between bis(alkyltin) molecule to the

gold substrate and electrode STM tip therefore seems feasible.

Given the evidence for SnMe; moieties adsorbed on the surface, the working
hypothesis, which is supported by transport calculations, involves cleavage of the Sn-
methylene bond, transfer of the tin moiety to the surface, and formation of a direct Au-C
bond to the para-xylene fragment which forms the junctions. Coupling of the surface
orbitals with the xylyl-methylene o*-orbitals (i.e. hyperconjugation) and hence into the
phenylene © (or n*) systems leads to the high conductance observed. The implication of
this model and the dramatically higher conductance measured, is that the n-system of other
molecules studied in molecular junctions do not couple effectively to the metal electrodes.
There are many similarities in the structural and reaction chemistry of trialkyl-Sn and -Si
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compounds, so it is pertinent to consider if related Si-C bond cleavage processes are
involved in the formation of molecular junctions from —C=CSiMe; derivatives. The
trimethylsilyl group is readily cleaved on reactions with nucleophiles, although it is less

prone to transmetallation processes.

In order to assess the influence of the —C=CSiMe; moiety on the conductance of
35, a series of experiments were performed in which the STM gold substrate was incubated
in a diluted solution of 35 (~10° M, CHCl5) in the presence of the TBAF (2 eq.). Under
these conditions, the trimethylsilyl capping group in 35 reacts with F* ions to form the
insoluble SiMesF leaving the highly reactive —C=C" moiety as a potential surface linker.
The absence of the capping silyl group can theoretically enable direct C=C-Au interaction
in an analogue way to that reported for the Sn reagents. The assembly of 35 on a gold
substrate under these conditions was confirmed by QCM experiments, and preliminary
STM-BJ conductance studies on samples prepared following this protocol, show a
noticeable increase in conductance ca. (7.0 + 2.1 -10°) G, with respect to the silyl

terminated 35 (ca. 3-10° Gy) (Figure 5-4).

(35) TBAF: (7.0 +2.1)-10° G,

Counts a.u.

0.0 1.0x10™ 2.0x10™ 3.0x10™ 4.0x10™*
Conductance (G,)

Figure 5-4. STM-BJ (600 mV) for samples of 35 incubated in the presence of TBAF.
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Interestingly, the conductance histogram obtained for those samples prepared in the
presence of fluoride ions shows a much broader conductance profile consistent with the
lack of geometrical constraints imposed by the trimethylsilyl linker. However further
studies are required in order to determine the influence of the sample preparation in the

junction conductance.

In order to shed further light on the nature of the metaljmolecule interaction in the
silyl-based molecular junctions, a series of QCM and XPS were performed on compounds
27, 36 - 38. QCM studies performed at the University of Zaragoza by the group of Dr. Pilar
Cea confirmed the chemisorption of 35 (—C=CSiMe3) and 36 (—C=CH) onto gold
substrates. On the other hand, no weight change was observed for their carbon counterpart
37 (-C=CCMes) and the sterically hindered triisopropylsilyl terminated 38 (—~C=CSiPr3),
indicating that these do not adsorb. Interestingly, when the QCM experiments for the silyl
terminated OPEs 35 and 38 were conducted in the presence of TBAF, both compounds
were found to produce molecular assemblies on the QCM substrates. In addition XPS
measurements performed on 35 as powder and SAMs confirmed the presence of the -
SiMes; moiety in both cases, although a slight shift observed for the 2s peak of the SAMs

could indicate a change in the hybridization of the Si atom.

Preliminary STM-BJ conductance studies on OPE 38 for samples prepared by in-
situ deprotection of the terminal triisopropyl moiety revealed a conductance value similar
to that obtained for samples of 35 prepared following the same protocol (ca. 7-10° Gy).
However, further studies are required in order to fully characterize the electrical properties
of the in-situ deprotected samples of 35 and 38 and the influence of preparation and

experimental conditions on the junction formation.
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In the light of these results, it has been proposed that given the capacity of Si** to
adopt coordination numbers greater than four the —C=CSiMejs linker could adopt a five-
coordinate trigonal bipyramidal geometry at the silicon with a Si-Au bond, aided by the
presence of the electron-withdrawing ethynyl substituent.??* 3 This linker geometry
would imply the three silicon methyl groups distorting from the idealised tetrahedral
geometry and approaching a plane parallel to the Au surface, thereby sterically hindering
the formation of junctions adjacent to defect sites (Figure 5-5). The geometrical constraints
imposed by the —C=CSiMe; linker results on the simplification of the conductance
fingerprint of the molecule by preventing contact at under-coordinated surface defect sites
such as step edges and adjacent surface adatoms. On the other hand, its carbon counterpart
—~C=CCMe; and the sterically hindered ~C=CSiPr3' can only interact with the gold surface

by weaker van der Waals interactions that lead to insufficient molecule-surface coupling.

Figure 5-5. Schematic representation of the proposed five-coordinate trigonal bipyramidal

geometry of the ethynyl(trimethylsilyl) linker on gold.
5.3.2. Ruthenium molecular wires

Taking advantage of the —C=CSiMe;3 ability to generate simplified conductance
histograms, a comparative STM study between compounds 30f and 35 was performed.
Both compounds offer a rod-like geometry with estimated Si---Si distances of 24.49 and
23.97 A. The conductance histograms built from the current traces of 30f and 35 reveal
single conductance values of (2.75 + 0.56) -10° Go and (5.10 + 0.99) -10™° G, respectively

(Figure 5-6). These results confirm the ability of —C=CSiMe;s to exclusively generate A-
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type junctions, in good agreement with low number of traces showing plateaus (14 - 16%
of the scans). The higher conductance of the organometallic junction is consistent with the
shorter molecular length but also with a better alignment of the HOMO with the electrodes

Fermi levels.?4 %

%Qphz
Me,Si—=——= — Ri—— — SiMe,
— Ph,P’ “PPh, \_7
(5.10+0.99) 10° G,
> N\ _ _
$ MeySi—=— - — \ — \ — SiMe,
1=
3 5
8 (2.75+0.56) 10" G,
0.0 1.0x10™ 2.0x10™

Conductance (G,)

Figure 5-6. Conductance histograms of 35 (blue) and the organometallic 30f (pink).

Previous studies by Liu et al.?*

report similar results for thiol terminated analogues
of 35 and 30f (39 and 40, Chart 5-2) using the STM-BJ method. In those studies, the thiol
terminated OPE showed a conductance value four times smaller (4.6-10° Gy) than that of
the Ru(dppm), analogue (2.45-10* G,). However, in a parallel study performed by Mayor

et al.®

on thiol terminated platinum complexes (41 and 42, Chart 5-2) using the MCBJ
method the insulating properties of the platinum core are described. In their work, a
dramatic increase in resistance was found for the platinum complex 42 (5 — 50 GQ ~ 10”’
Go) about three orders of magnitude larger than that observed for the purely organic wire

41. It is generally accepted that the difference in conductance between the Pt and Ru
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complexes is due to the highly delocalized n—d—=n nature of the Ru(C=CR),(dppm),
systems which spans the length of the molecular backbone (see Chapter 4)** whilst the
analogous dy, and dy, orbitals on square planar Pt are not available to promote extended

delocalised electronic structures.

_ _ thP\/\\PPhZ
AcS—@ = )= @—SAC AcS—@%RJ%QfSAC
— thp’\/’ “PPh,
39 40

PPh,

Acs© — @ — @w AcSO%ritphg%@m
42

41

Chart 5-2. Thiol terminated derivatives 39 and 40 studied by Liu et al.?** and compounds
41 and 42 studied by Mayor et al.*® assessing the influence of the metallic core on the

junction electric performance.
5.3.3. Electrochemical gating in an STM

As it has been briefly discussed in previous sections of this Chapter, the use of
conjugated organometallic derivatives is not only interesting because of their enhanced
conductance, but also because of their accessible redox states. In the last decade, several

244, 28,35 and organometallic % derivatives have been subject of STM-

redox active organic
based investigation of single molecule conductance under electrochemical control. Despite
being in the early stages of the field, electrochemical modulation of a junction conductance
is now widely accepted.2#® 240 247, 362, b. 37 T4 that end, electrochemical STM studies were
performed in order to assess conductance modulation on redox active 30f (see Chapter 4)
under the influence of an external, electrochemical ‘gate’. A schematic representation of

the electrochemical STM (EC-STM) setup employed is shown in Figure 5-7. Despite its

added complexity, this method allows one to conveniently adjust the tip and substrate
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Fermi levels relative to the molecular orbitals of 30f by monitoring the substrate potential

against a reference electrode.”” ¥ ¥ The ability to control the conductance of the

molecular junction brings the field a step closer to the use of molecules as transistors." 252

Au STM tip
:‘.’ — ,-—-\\

Reference
Electrode

Counter
| Electrode

Vg ate

Au (111)

Figure 5-7. Electrochemically controlled STM. Vyias and Vgaee are the tip-substrate bias
voltage and the substrate potential with respect to the reference electrode, respectively.

Both are controlled by the STM software which operates the device as a bipotentiostat.

To test the conductance modulation on 30f the I(s) STM method was employed to
collect current traces at different gating bias. The I(s) experiments were performed in a 0.1
M TBAPF; (tetrabutylammonium hexafluorophosphate) DMF electrolyte solution. Figure
5-8 (top) summarizes the conductance values obtained for 30f relative to the gating bias
applied. Each value of conductance shown in Figure 5-8, represents the conductance peak
found from histograms built out of thousands of I(s) traces at each different gating
potential applied (£ 0.7 V). An evident increase in conductance was observed for gating
bias between -0.3 V and 0 V. That higher conductance area (Figure 5-8, region Il) is
delimited by two lower conductance areas (Figure 5-8, regions | and Il1) leading to a bell-

like G-Vgate plot typically referred to as an off-on-off behaviour. This junction response can
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be explained by the two-step electron/hole transfer model including vibrational relaxation
developed by Kuznetsov and Ulstrup.®® *° In a few simple words, this model describes
how the applied gate voltage can drive the molecular orbitals into resonance with the tip-
substrate Fermi levels leading to a conductance increase (Figure 5-8, region Il). On the
contrary, a conductance drop is expected as the energy levels are brought out of resonance
(Figure 5-8, I and Il areas).

2.5x10%
1II
2.0x10"

1.6x10"

1.0x10% £

Conductance (G))

5.0x10°

0.0 T T L — 71 f T T T r T T T T 1
-0.8 -0.6 -0.4 02 0.0 0.2 0.4 0.6 0.8

Gating Bias (V)

I1I

Figure 5-8. Conductance values of 30f at different gating bias (top). Alignment of the
electrode Fermi levels with the molecular orbital responsible of charge transport (bottom).

In resonance (1), positive (1) and negative (I11) overpotentials.

Further studies are being performed on 30f, in collaboration with Prof. Richard
Nichols group in order to confirm this transistor-like behaviour and collect more data
points in the critical region Il and near the I-11 and IlI-I1l transition regions. In addition,
related studies are being performed on related redox derivatives bearing different contact
groups such as the amine terminated 30h.
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5.4. Conclusions

Effective electrical contacts between conjugated molecules and conducting
substrates are important for the continued development of molecular electronic technology.
The —C=CSiMe; moiety was used to generate contacts on gold substrates with A-type
conductance in the same order of magnitude of more traditional linkers (—SH and —NH,)
but without the additional complication of multiple conductance signatures. The observed
simplification of the conductance profile is an encouraging step towards the integration of
molecules in electronic devices. However further studies need to be carried out in order to
clarify the C=CSiMe;s---Au interaction and the proposed mode of surface contact at Si
which appears to prevent coordination at defect sites. It must also be noted that the
—C=CSiMe; moiety is optimised for the least conductive A-type junctions. Future work to
develop higher conductance contacts may also require concerted optimisation of both the
molecular contact group and coarser electrode surfaces in which the under-coordinate sites
necessary for B- and C-type contacts can be exploited in a controlled and reliable manner.
Finally, encouraging EC-STM studies showed a possible transistor-like behaviour of the

redox active organometallic complex 30f.
5.5. Experimental
5.5.1. General conditions

General conditions were reported in Chapter 2. The catalyst Pd(PPhs)s was
prepared following literature methods.® The synthesis of 4-ethynylaniline,
Me;SiC=CCgH4C=CH and 27 (Chapter 3), and HC=CC¢H,C=CBU', 30f and 30h (Chapter
4) were reported in previous experimental sections of this thesis. Other reagents were

purchased commercially and used as received.
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5.5.2. Synthesis and characterization

Pd(PPha)s

c d i
i - a f 9 nh
|@. _ detynniine _ HzN@e = Y=—A N, e

NEt; r.t.

Preparation of 34.* To a 100 mL Schlenk charged with NEt; (80 mL), 4-
ethynylaniline (0.37 g, 3.2 mmol), 1, 4-diiodobenzene (0.53 g, 1.6 mmol), Pd(PPh3), (0.09
g, 0.10 mmol) and Cul (0.02 g, 0.10 mmol) were added and the mixture stirred at room
temperature overnight. The orange precipitate was collected by filtration washed
thoroughly with hexane and purified by column chromatography in neutral alumina
(hexane:EtOAC) (4:6). The brown powder obtained was then crystallized from hot toluene
to obtain the pure product as orange needles. Yield 0.074 g, 0.239 mmol, 15%. ‘H NMR
(400 MHz, CDCl3) § 7.43 (s, 4H, i), 7.33 (d, J = 9 Hz, 4H, d), 6.63 (d, J = 9 Hz, 4H, ¢),
3.82 (s br, 4H, a). *C{*H} NMR (101 MHz, CDCls) & 146.9 (b), 133.2, 131.3 (d/i), 123.3,
112.7 (e/h), 114.9 (c), 92.0, 87.5 (f/[g). MS™ (ASAP) m/z (%): 309.15 (100, [M+H]").

Elemental analysis % calcd. (found): C 85.69 (85.61); H 5.23 (5.12); N 9.08 (9.20).

Pd(PPha)s e f k
Me;SiC=CC¢H,C=CH a b ¢ h i .
! ! > > mesi——=20 W= N = 0 N\ — sive,
Cul — — —
NEty r.t.

35)

Preparation of 35 A 25 mL Schlenk flask charged with NEt; (20 mL),
Me3SiC=CCgH4C=CH (0.37 g, 1.5 mmol), 1, 4-diiodobenzene (0.23 g, 0.70 mmol),
Pd(PPh3)4 (0.09 g, 0.10 mmol) and Cul (0.02 g, 0.10 mmol) were added and the resulting
suspension stirred at room temperature overnight. The precipitate was collected by
filtration and washed thoroughly with hexane. The product was then recrystallized from
toluene yielding the pure product as white needles. Yield 0.13 g, 0.28 mmol, 40%. *H
NMR (400 MHz, CDCls) & 7.50 (s, 4H, €), 7.45 (s br, 8H, f/k), 0.26 (s, 18H, a). **C{*H}
NMR (101 MHz, CDCls) & 132.1, 131.7, 131.6 (e/f/k), 123.4, 123.2, 123.2 (d/g/j), 104.8
(b), 96.6 (c), 91.2, 91.1 (W/i), 0.1 (a). MS™ (ASAP) m/z (%): 470.20 (100, [M]").
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PRIS://Z0 - IR 7/ N/ TR

Preparation of 36.* To a solution of 35 (0.05 g, 0.11 mmol) in THF (35 mL),
K,COj3 (0.04 g, 0.29 mmol) dissolved in MeOH (5 mL) was added and the mixture stirred
at room temperature overnight. The mixture was then taken to dryness under reduced
pressure and the residue re-dissolved in CHCI3; (50 mL). The organic phase was then
washed with water (2x50 mL) and brine (1x25 mL) and dried over MgSO,. The pure
product was obtained after taking the organic phase to dryness as an off-white powder.
Yield 0.029 g, 0.088 mmol, 81%. *H NMR (400 MHz, CDCls) & 7.51 (s, 4H, €), 7.48 (s,
8H, f/k), 3.18 (s, 2H, a). MS* (ASAP) m/z (%): 326.1 (100, [M]". IR (nujol) cm™: 3271 (m)

v(Csp—H); not observed v(C=C).

Pd(PPh3)s a f g |
HC=CCoH,C=CBU! ¢ d i
! ! o |b:e/\h:]k/\ = (¢ N :' (37)
cul | — — — |
NEt; r.t.

Preparation of 37. To a 25 mL Schlenk charged with NEt; (20 mL),
HC=CCgH4,C=CBu" (0.37 g, 1.5 mmol), 1, 4-diiodobenzene (0.25 g, 0.76 mmol), Pd(PPhs),
(0.05 g, 0.04 mmol) and Cul (0.01 g, 0.05 mmol) were added and the mixture stirred at
room temperature overnight. The white precipitate was collected by filtration and washed
with hexane. The product was then crystallized from hot toluene and washed with hexane
and EtOH to obtain the pure product as white needles. Yield 0.24 g, 0.56 mmol, 74%. *H
NMR (400 MHz, CDCls) & 7.49 (s, 4H, 1), 7.44 (d, J = 8 Hz, 4H, f), 7.36 (d, J = 8 Hz, 4H,
g), 1.32 (s, 18H, a). *C{*H} NMR (101 MHz, CDCls) § 131.7, 131.7, 131.5 (f/g/l), 124.4,
123.2, 122.0 (e/h/k), 100.9 (c), 91.3, 90.5 (i/j), 79.0 (d), 31.1 (a), 28.2 (b). MS* (ASAP)

m/z (%): 389.2 (100, [M]").
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u —

NEt,, A

Preparation of Me;SiC=CCH,C=CSiMes;.** In an oven-dried round bottom
flask, trimethylsilylacetylene (7.6 mL, 5.2 g, 53 mmol) was added to a solution of 1,4-
dibromobenzene (6.37 g, 25.1 mmol), Pd(PPh3), (1.36 g, 1.18 mmol) and Cul (0.23 g, 1.23
mmol) in anhydrous degassed NEt; (150 mL). The reaction mixture was heated at reflux
overnight. Upon completion of the reaction, the black mixture was taken to dryness and
purified by silica gel column chromatography (hexane). Removal of solvent from the main
fraction yielded the pure product as a white powder. Yield 6.51 g, 24.1 mmol, 96%. *H
NMR (400 MHz, CDCls) & 7.39 (s, 4H, €), 0.24 (s, 18H, a). MS* (ASAP) m/z (%): 255.10

(100, [M-CH3]"); 270.12 (53.7, [M]"). IR (nujol) cm™: 2162 (m) v(C=C).

e

K,CO ab ¢

MesSi—=—— N\ =—_siMe, 278 L H 47 N\ H (3)
_ MeOH, .t _

Preparation of HC=CC¢H.C=CH.** In a 250 mL round bottom flask
Me;3SiC=CCgH4C=CSiMe; (6.47 ¢, 24.0 mmol) and K,CO;3; (4,83 g, 35.0 mmol) were
dissolved in MeOH (150 mL). The reaction mixture was stirred overnight at room
temperature. The mixture was then poured into water and extracted twice with CH,Cl..
The organic phase was washed with water (2x100 mL), brine (1x100 mL) and dried over
MgSO,. Yield 2.2 g, 17.4 mmol, 73%. *H NMR (400 MHz, CDCl3) & 7.44 (s, 4H, ), 3.17
(s, 2H, a). *C{*H} NMR (101 MHz, CDCls)  132.2 (e), 122.7 (d), 83.2 (c), 79.2 (b). MS*

(ASAP) m/z (%): 126.04 (100, [M]").
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Preparation of BrCsH,C=CSiPr3.* In a 250 mL Schlenk flask charged 1-bromo-

Pd(PPha3)s

= e Ol
4-iodobenzene (1.01 g, 3.58 mmol), Pd(PPh3), (0.198 g, 0.171 mmol) and Cul (0.032 g,
0.168 mmol) were suspended into an ice cold mixture of THF (100 mL) and NEt; (10 mL).
To that mixture ethynyltriisopropylsilane (0.80 mL, 3.6 mmol) was added drop wise during
15 minutes and the mixture stirred at 0 °C for 5 hours. The yellow suspension was allowed
to warm to room temperature and stirred overnight. The mixture was filtered and the
filtrate purified by chromatography on silica gel using hexane as the eluent. Removal of
solvent from the main fraction yielded the pure product as a colourless oil. Yield 1.13 g,
3.35 mmol, 94%. *H NMR (400 MHz, CDCls) & 7.24 (d, J = 9 Hz, 2H, ¢), 7.14 (d, J = 9
Hz, 2H, b), 0.93 (s, 21 H, g/h). *C{*H} NMR (101 MHz, CDCl5) 5 133.6, 131.58 (b/c),
122.6 (a/d), 106.0, 92.2 (e/f), 18.8 (g), 11.4 (h). IR (nujol) cm™: 2159 (s) v(C=C).

Br_< > :js\i< Pd(gilhs)A >;Y \h i:j kl/ N\_— 7 N\ :1<
“HC=CCgH,C=CH _ _
i A

NEt,, A

(38)

Preparation of 38. A 25 mL Schlenk flask charged with HC=CC¢H,C=CH (0.054
g, 0.428 mmol), BrCsH4C=CSiPr3 (0.29 g, 0.86 mmol), Pd(PPh3), (0.05 g, 0.04 mmol) and
Cul (0.01 g, 0.05 mmol) and NEt; (15 mL) was stirred at reflux overnight. The reaction
mixture was filtered and the yellow filtrate taken to dryness. The residue was purified by
silica gel column chromatography (hexane). A yellow residue obtained after solvent
evaporation from the main fraction. The pure product was obtained as white needles upon
crystallization from hexane. Yield 0.16 g, 0.26 mmol, 61%. *H NMR (400 MHz, CDCls) &
7.51 (s, 4H, f), 7.45 (s, 8H, g/l), 1.14 (s, 42H, a/b). *C{*H} NMR (101 MHz, CDCls) &
132.2, 131.7, 131.5 (f/g/l), 123.7, 123.2, 123.0 (e/h/k), 106.8, 93.2 (c/d), 91.2, 91.0 (i/j),

18.8 (b), 11.5 (a). MS* (ASAP) m/z (%): 638.36 (100, [M]").
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6. SINGLE MOLECULE CONDUCTANCE STUDIES ON POLYYNES

6.1. Abstract

In this Chapter the single molecule conductance studies a series of trimethylsilyl
terminated oligoyne molecular wires 43 - 46 (n = 2 - 5) (Chart 6-1) are discussed. The
STM conductance measurements were performed in collaboration with Prof. Richard
Nichols and Prof. Walther Schwarzacher groups at the University of Liverpool and Bristol
respectively. Preliminary results show that, for all molecular junctions, evaluated under
different experimental conditions, conductance is found to be almost independent of

molecular length.

o o Casn=o.
Messl—Hn—SlM% 43-46n=2-5

Chart 6-1. Series of polyynes studied in this Chapter.
6.2. Introduction

As previously discussed in Chapter 1, the electrical performance of a molecular
junction is dependent on a number of factors, namely the metaljmolecule interface (see
Chapter 5), the junction geometry (tilt angles and tip-substrate gap size), the nature of the
molecular bridge and environmental factors such as: temperature; solvent and measuring
technique. In this Chapter, we focus our attention on the influence of the molecular bridge
in the junction overall performance. Amongst the key molecular features found to
influence the junction overall conductance are: the degree of conjugation of the molecular
bridge;* the different molecular linkers? and the insertion of chemical substituents on the
molecular backbone.® Despite all factors being equally important, perhaps the most

intuitive is that related to the molecular bridge conjugation.
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Molecular wires with highly delocalized n-systems are known to transport charge
more effectively than their non-conjugated analogues. This was first observed in donor-
bridge-acceptor (D-B-A) studies in solution and self-assembled monolayers.> More
recently, several single molecule studies supported the same observation. In their work,
Mayor et al.!* demonstrated that disrupting the molecular conjugation of an
oligophenylene-ethynylene (OPE) derivative by inserting a Pt centre in the molecular

backbone lead to a conductance an order of magnitude lower whilst Liu et al.'

reported
the opposite behaviour when a Ru centre was employed in analogue studies. In addition,
purely organic conjugated systems have also been subject of study. In this context, OPEs
and their parent compounds oligo(phenylenevinylene)s (OPV)s have been subject of a
number of single molecule conductance studies.® The typically higher conductance found
for the OPV derivatives has been explained by the longer vinyl bond C=C (ca.1.35 A)
allowing for a better conjugation of the molecular backbone in comparison with the shorter

C=C (ca. 1.22 A), ultimately leading to a smaller energy difference between the frontier

orbitals in the case of OPVs.’

Although less experimentally exploited, an alternative family of conjugated
molecular wire candidates are polyynes. These compounds, which can be considered a
carbon allotrope typically referred to as carbyne,® consist on a succession of sp-hybridized
carbons forming a rigid linear chain, with an almost cylindrical orbital delocalization
throughout the molecular backbone.® Interestingly, due to the great degree of orbital
delocalization, the charge transport is independent of the different conformers. On the
contrary OPEs and OPVs, where a low energy barrier is present for the rotation of phenyl
rings leading to a disruption of the orbital conjugation, may ultimately lead to the
coexistence of high and low conductance conformers.® This clearly relates to the studies

of spectroscopic properties of the bis(arylethynyl) complexes discussed in Chapter 4.
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The high transmission and low distance dependence of polyyne based molecular

wires was first theoretically proposed by Crljen et al.,"*

expanded further by Garcia-Suarez
et al.'? and most recently by Lambert et al.*® These theoretical studies were later confirmed
experimentally by Wang et al.* In their work, the conductance of a series of pyridyl
terminated polyynes (n = 1, 2 and 4) were obtained by both the STM I(s) and STM-BJ
methods, benchmarked against 4,4 -bipyridyl and supported by computational studies.
Multiple conductance values were obtained for every compound ascribed to the different
possible pyridine surface binding modes with values ranging from 5 -10° to 2-10° G,.
Remarkably, the wires conductance was found to be very weakly dependent on molecular
length, with an experimentally obtained attenuation factor g = 0.6 + 0.3 nm™, five times
lower than that previously reported for pyridine terminated OPEs (3.3 nm™),®" and three
times lower than previously reported OPVs (~2 nm™).®* * Despite the marked differences,
it is important to note that, the attenuation factor f not only depends on the orbital
delocalization of the molecular backbone but on the entire molecular junction, including
metaljmolecule interface, electrode shape and material, and measuring technique.™®

Encouraged by these promising studies,™* *°

a series of symmetric polyynes 43 — 46 (n =2
- 5) were prepared bearing the previously introduced trimethylsilyl group as a molecular

linker (see Chapter 5), and molecular conductance of these simple wires explored.
6.3. Results and discussion

In order to ensure reproducibility and remove measurement specific artefacts
conductance studies of compounds 43 - 45 were performed employing both STM-BJ and
I(s) techniques. The experiments were performed employing an Agilent STM controlled
using Picoscan 4.19 software. The STM tips were freshly prepared for each experiment by
etching a Au wire (99.99%) in a HCI:EtOH (50 v/v) at 2.4 V. The gold-on-glass substrates

employed were purchased from Arrandee, Schroeer, Germany. The substrates were flame

189



annealed with a butane flame immediately before use. This thermal treatment is known to
generate atomically flat terraces on the Au(111) substrate.'” The substrates were immersed
in low concentration solutions (~10™ M, CHCI5) of the targeted molecule for ~30 seconds.
The low concentrations and short immersion times were chosen to promote a low surface
coverage of the gold substrate, encouraging single molecule events instead of molecular
aggregates. After adsorption, the sample was rinsed thoroughly with CHCI3 and blown dry
in a stream of N, gas. Figure 6-1 presents the conductance histograms, referenced to the
Gy, constructed from early STM studies performed in collaboration with the Liverpool
group for compounds 43 — 45 (n = 2 - 4) employing both I(s) (left) and STM-BJ techniques
(right). In every case, a single conductance value ca. 0.8-10™ G, was obtained, supporting
the hypothesis of the C=CSiMes; moiety enabling a single contact mode, and in good
agreement with previously reported values for the pyridine terminated polyynes (5 -107 to
2:10° Gg). M

I(s)

Counts a.u.
Counts a.u.

0.0 0.8 1.5 2.3 30 00 0.8 15 23 3.0
Conductance (G,)-10 Conductance (G,)-10"

Figure 6-1. Histograms obtained for 43 - 45 (n=2 - 4) by I(s) (left) and STM-BJ (right).
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Remarkably, the conductance values obtained were found to be almost independent
of the molecular length (Table 6-1). Despite these results being consistent with the
previously reported low values of £ for pyridyl terminated polyynes, the substantial
broadness of the conductance histograms obtained lead us evaluate the statistical
significance of the results.

Table 6-1. Values of BJ and I(s) STM analyses.

Molecular length  Conductance (Go) - 10

Compound o

Si---Si (nm)* I(s) method STM-BJ
43 (n=2) ~0.74 0.72+0.38 0.73+0.74
44 (n=3) ~0.98 0.71+£0.51 0.83+0.71
45 (n=4) ~1.22 0.68£0.50 0.70 +0.66

* MM2 energy minimizations

In order to statistically assess the molecular length influence on conductance, the
conductance data obtained for the shortest 43 (n = 2) and longest 45 (n = 4) compounds
was subjected to a t-test. The t-test offers a quick and simple alternative to the analysis of
variance in order to determine if two sets of data are significantly different from each

other. The value of t for a given dataset can be calculated using Eq. 6-1.

Eg. 6-1

where x is the mean of each normal distribution, and n the degrees of freedom of
the system under study, in this case the number of STM experiments per dataset minus
one. Once t is calculated for the pair of normal distributions under study, its value is
compared against tabulated values of t for the total number of degrees of freedom (n1 + ny)
and a given level of significance (typically 95%). If the tabulated value of t exceeds that of
the calculated for the system under study, then both distributions can be treated as identical

with a 95% confidence.
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A summary of the t-test for compounds 43 (n = 2) and 45 (n = 4) employing both
STM-BJ and I(s) methods are shown in Table 6-2. A value of t = 0.18 and t = 0.25 was
obtained from the analysis of the pair of normal distributions obtained by STM-BJ and I(s).
In both cases, the calculated t is smaller than that of the tabulated value (t ~ 1.97) for a
95% significance level and over 250 degrees of freedom. According to these results, it can
be stated with a 95% confidence that there is no statistically significant difference between
the conductance values obtained for 43 (n = 2) and 45 (n = 4). Hence, despite the small
differences in the conductance means, the distance dependence in this series of compounds

was found to be statistically insignificant for both measuring methods.

Table 6-2. Student’s t-test for compounds 43 and 45 obtained using I(s) and STM-BJ.

STM-BJ I(s)

43(n=2) 45 =4) 43(n=2) 45(n=4)

x 0.73 0.70 0.72 0.68
o 0.37 0.33 0.19 0.25
Number of experiments 152 151 125 131
Calculated t (Eq. 6-1) 0.18 0.25
Tabulated t (95%) ~1.97

In the light of these results, a more complete set of studies was designed to help
with the identification of the molecular length influence in the junction conductance. The
new studies were performed in parallel by our colleagues at the University of Liverpool
and Bristol in order cross-check the results. Furthermore, compound 46 (n = 5) was
prepared by Ms. Marie-Christine Oerthel (PhD candidate, Bryce and Low groups) and
included in the new studies in order to have an extra dataset to explore the attenuation
factor £ for trimethylsilyl terminated polyynes. In this occasion, the thermally annealed
gold substrates were immersed in solutions (~10° M) of the targeted molecule in dry 1,2,4-

trichlorobenzene (TCB) for 1 minute. After the incubation time, the sample was rinsed
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thoroughly with EtOH and blown dry in a stream of Ar gas. Once the substrate is placed on
the STM holder, a few drops of TCB are placed on the substrate in order to perform the
measurements in solution. In addition, an atmospheric chamber is fitted and purged with
Ar gas for an hour before the measurements start. A brief summary of the ongoing I(s)
studies obtained by the Liverpool group are shown in Figure 6-2. When compared with the
conductance values obtained from the early I(s) studies ~ 0.7-10™ Gy, a slightly higher
conductance was observed for every compound of the series ~ 1-10™* Go. This slight shift
to higher conductance values can be attributed to the different experimental conditions
employed. Importantly, the conductance value seems almost independent from the

molecular length consistent with the previous studies (Table 6-3).

Counts a.u.

n=>5

0.0 0.8 15 2.3 3.0
Conductance (G,) - 10°*

Figure 6-2. Preliminary conductance studies of compounds 43 - 46 obtained by the

Liverpool group employing the 1(s) method in solution (TCB).
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In a parallel way to the previous statistical analysis, a t-test was performed for the
conductance histograms of the shortest 43 (n = 2) and longest 46 (n = 5) compounds of the
series. In this case, the large number of experiments employed in the construction of the
conductance histograms of 43 (342) and 46 (327) led to sharp conductance peaks following
a narrow normal distribution. In this case, the value of t calculated employing Eq. 6-1 (t =
2.30) was found to exceed the tabulated t for a 95% significance (t = 1.96). Therefore, for
these studies, molecular length was found to play a statistically significant role with a
calculated attenuation factor £ ~ 0.12 nm™ of the same order of magnitude of that reported

for pyridine terminated polyynes (8 = 0.6 + 0.3 nm™).

Table 6-3. Summary of the on-going conductance studies of compounds 43 - 46 obtained
by the I(s) method in TCB.

Molecular length _ Conductance (Go) - 10*
Compound o Number of experiments )
Si---Si d(hm)* I(s) method in TCB
43 (n=2) ~0.74 342 1.09 £ 0.38
44 (n =3) ~0.98 401 1.03+0.28
45 (n =4) ~1.22 419 1.05+0.28
46 (n =5) ~1.46 327 0.99 £ 0.37

*MM2 energy minimizations
In addition to these STM I(s) studies in-solution, the electrical performance of
compounds 43 - 46 are being studied by our collaborators at the University of Bristol,
employing the STM-BJ method in order to verify the low S value obtained by the I(s)

technique.

6.4. Conclusions

A series of polyynes 43 — 46 (n = 2 - 5) were prepared and their electrical
performance studied by means of STM-BJ and I(s). The recently introduced —C=CSiMe3

moiety was employed to generate contacts on gold substrates. The presence of a single
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conductance value is consistent with the previously observed ability of the —C=CSiMe;
group to form A-type only contacts. The very low distance dependence observed in the
early studies, was found to be statistically insignificant leading to a redesign of the studies
in order to clarify the role of molecular length in the junction conductance. Preliminary
studies from our collaborators at the University of Liverpool, involving a larger number of
STM experiments, confirmed the previously reported weak distance dependence in
polyynes with a calculated attenuation factor # ~ 0.12 nm™. Finally, on-going STM-BJ
experiments are being performed on compounds 43 - 46 at the Univeristy of Bristol in

order to confirm the low $ when the BJ technique is employed.
6.5. Experimental
6.5.1. General conditions

General conditions were reported in Chapter 2. Compounds 45 and 46 were synthesized by
Marie-Christine Oerthel in the University of Durham. Other reagents were purchased

commercially and used as received.

6.5.2. Synthesis and characterization

HQ CuCl (109) / TMEDA HO ¢ 4 OH

—— H

0, (@
Acetone, 40 °C

Preparation of HOH,CC=CC=CCH,0H." A 250 mL Schlenk flask was charged
with acetone (150 mL) and CuCl (5 g, 51 mmol) and purged with nitrogen. To that, freshly
distilled N, N, N’, N’-tetramethylethylenediamine (TMEDA) (2.5 mL, 16.6 mmol) was
added and the mixture stirred at room temperature for 30 minutes. After that time, the
mixture was allowed to settle leaving a clear deep-blue solution of the catalyst used in the

coupling reaction. A 1 L four-necked flask, equipped with a reflux condenser, a gas
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sintered inlet, a thermometer and a rubber septum was charged with acetone (300 mL) and
prop-2-yn-1-ol (29 mL, 500 mmol). The mixture was stirred and a stream of oxygen was
passed through the solution. The blue supernatant solution containing the catalyst was
added in 5 mL portions into the reaction vessel, during the addition, the flask was cooled
occasionally to keep the temperature constant at 30 °C. After three hours, the solvent was
removed by evaporation and the residue extracted with hexane. The extract was washed
with 3M HCI (150 mL) and the aqueous phase extracted with EtOAc (2 x 200 mL). The
combined organic phases were washed with brine (200 mL), dried over MgSO, and taken
to dryness to yield the pure product as a light brown solid. Yield 21.6 g, 196 mmol, 78%.
'H NMR (400 MHz, Acetone-ds) & 4.46 (s br, 2H, a), 4.26 (s, 4H, b). **C*® NMR (101
MHz, Acetone-dg) & 79.4, 69.0 (c/d), 50.8 (b). IR (nujol) cm™: 3500-3100 (br. s) v(OH);

not observed v(C=C).

a

b ¢

. d

|)TSCI (2 eq.), KOH(aq)

HQ OH THF, -30 oC, 2h e
o — / : : O (o]
— — iiy 2h .. s~ Ss
o~ \ / S0
e S

Preparation of TsOH,CC=CC=CCH,0Ts.?’ To a 500 mL flask charged with a
solution of HOH,CC=CC=CCH,0OH (11 g, 100 mmol) in THF (250 mL) at -30 °C, 4-
toluenesulfonyl chloride (TsCl) (42 g, 220 mmol) was added and the suspension stirred at
that temperature for 15 minutes. To the cooled reaction mixture, a KOH (13g, 231 mmol)
aqueous solution (40 mL) was added in small portions. The orange mixture evolved to a
deep red suspension while stirring at -30 °C for 2 hours. The reaction was stirred at room
temperature for another 2 hours and then poured into an ice-water mixture yielding a light
yellow precipitate. As the precipitate was filtered under reduced pressure the yellow colour

turned into pink. The precipitate was washed thoroughly with MeOH and dried in air. The
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pure product was obtained as a pink powder. Yield 35 g, 84 mmol, 84%. 'H NMR (400
MHz, CDCl3) 6 7.77 (d, J =8.3 Hz, 4H, ¢), 7.35 (d, J = 7.9 Hz, 4H, d), 4.72 (s, 4H, 1), 2.45
(s, 6H, a). *C{*H} NMR (101 MHz, CDCls) & 145.7 (e), 132.7 (b), 130.1, 128.2 (c/d),

72.4,72.0 (g/h), 57.6 (f), 21.8 (a). IR (nujol) cm™: 2167 w(C=C).

iy N-BuLi (2 eq.)
TsO OTs Me3SiCl (5 eq.) b ¢
= — / MezSi——————"—SiMe; (44)
- THF, -78 °C, 3 h. a d
iiy NH,CI

Preparation of 44 (n = 3).! To a three necked 500 mL flask charged with a
solution of TsOH,CC=CC=CCH,0Ts (15 g, 36 mmol) in dry degassed THF (250 mL) at -
78 °C, n-butyllithium (n-BuLi) 1.5 M in hexane (80 mL, 120 mmol) was added drop wise
for one hour. After three hours stirring at -78 °C the brown suspension was allowed to
warm to -20 °C before the addition of an aqueous saturated solution of NH,Cl (200 mL).
The mixture was poured into a separation funnel and the red organic phase collected,
washed with brine (1x150mL) and dried over MgSO,. The clear red solution was then
taken to dryness and purified by silica gel column chromatography using hexane as eluent.
The final product was obtained as an oil that crystallizes on standing after solvent
evaporation of the first yellow fraction. High purity crystals of 44 were obtained after
several re-crystallizations of the compound from saturated hexane solutions. Yield 3.9 g,
17.8 mmol, 50%. *H NMR (400 MHz, CDCl3) & 0.20 (s, 9H, a). *C{*H} NMR (101 MHz,

CDCly) § 88.1, 87.5 (b/c), 62.0 (d), -0.4 (a). IR (nujol) cm™: 2158 (m), 2112 (w) w(C=C).
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7. CONCLUSIONS AND FUTURE PERSPECTIVES

The work detailed here embodies a multidisciplinary approach to some of the
challenges that molecular electronics faces nowadays. Initially, the synthesis of conjugated
oligo(phenylene-ethynylene)s (OPEs) has been reviewed in detail. Despite the synthetic
difficulties encountered deriving from solubility issues, OPEs were found to be a good
workhorse for molecular electronic studies as their modular synthesis allowed the
systematic study of the linker’s influence on the overall junction conductance. In that
regard, a novel molecular linker, C=CSiMe; was introduced and its electrical and
mechanical properties benchmarked against literature known molecular anchoring groups
i.e. NHy, pyridine, SH. Despite the former presenting a lower conductance than that of the
more traditional anchoring groups, the introduction of geometrical constraints to the
junction formation may be of great relevance to improve the reproducibility of single

molecule studies.

In addition to OPEs, polyynes also been prepared and studied as alternative
molecular wire candidates with preliminary conductance studies showing a comparatively
higher conductance than that of the OPEs, together with a remarkably low distance

dependence showing the great potential of polyynes as highly conductive molecular wires.

The synthesis of bis(ethynyl) complexes trans-Ru(C=CR),(dppe). and
unsymmetrically substituted derivatives trans-Ru(C=CR')(C=CR?)(dppe), has been
reviewed in detail. Preliminary single molecule electrochemical STM studies performed on
3f presented a transistor-like behaviour paving the way towards the design, development

and integration of molecular transistors.
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Furthermore, a detailed structural and spectroelectrochemical study of the trans-
Ru(C=CR),(dppe), complexes, supported by TD-DFT calculations demonstrated the
relationships between the underlying electronic transitions that are responsible for the NIR
absorption band shape and the relative orientations of the metal fragment and arylethynyl
moieties in the oxidized species, providing a very detailed insight into the charge transfer

processes occurring at the molecular level.

In addition, two novel approaches to the formation of the top electrode on sandwich
like metal|molecule|metal devices, based on the in-situ decomposition of gold complexes,
were developed. Despite the process not yielding a smooth metallic film atop the molecular
film, the formation of gold islands leading to defect-free molecular junctions was observed.
Future work will be directed to the integration of a larger number of Au atoms in order to
promote the formation of a smooth metallic electrode, and the integration of different

metals such as Ag, Cu and Pt.

Finally, some of the main challenges deriving from the statistical treatment of the
conductance (STM) and force (AFM) measurements were detailed and addressed with the
development of Visual Basic (VBA) codes able to lighten the processing and analysis of

the large datasets obtained.

To sum up, this work provides a wide view of the molecular electronics, from the
initial design and preparation of the molecular wire candidates, to their reliable integration
on molecular devices, in an attempt to provide a solid platform from which to ultimately

lead to the improved design of the next generation of molecular devices.
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APPENDIX A. STM DATA ANALYSIS

A.1. Introduction

As a result of many efforts made over many years, the reliable preparation and
electrical measurements of single molecule junctions is now possible. However, the data
generated by the different STM, AFM or MCBJ methods still require a sophisticated
numerical treatment in order to extract the electrical response in a meaningful way. For
example, during single molecule studies using the I(s) method employed in this thesis, the
current flow (nA) between the two electrodes (STM tip and substrate) is measured as a
function of electrode separation in the absence of molecular candidates in the first instance
(Figure A-1). An exponential current decay is typically registered in these blank
experiments deriving from the exponential relationship of the tunnelling regime with
distance. However, when these experiments are conducted in the presence of the molecules
under study, the molecules can spontaneously bridge the gap between the two electrodes
leading to junction formation to the metallic tip. The presence of the molecule in the newly
formed metaljmolecule|metal junction provides a wire-like connection between the
electrodes and a constant current plateau is registered in the current decay trace at a
particular electrode separation. As the STM tip continues to be withdrawn the junction
eventually ruptures and current-distance response falls back to the exponential decay
profile. The point of rupture, referred to as the break-off distance, often but not necessarily
corresponds to the molecular length. Despite the plateau being considered a direct
measurement of the molecular conductance, in order to acquire a statistically relevant
dataset the junction formation and rupture process is repeated thousands of times. To
facilitate the analysis of the large data sets generated, the series of electrical current traces

are typically plotted as conductance histograms. Electrical conductance G (nS) is defined
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as the inverse of resistance (hence G = 1/R = I/V) and gives an indication of the “ease”
with which electrical current flows through a material. A conductance histogram is built by
binning the raw electrical current traces into discrete divisions of I (nA) and dividing the
electrical current axis by the experimental bias. Typically, the conductance results are
further converted in terms of the quantum of conductance Go = 2e%/h = 77480 nS. In the
histograms built this way, peaks for the most frequently occurring conductance values can
be seen. In addition, a clear peak at Go conductance can be seen for the BJ techniques as a

direct proof of the formation of a point contact.
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Figure A-1. STM traces and histograms associated: clean exponential decay (black) and

constant current plateaus corresponding to a molecule bridging the electrodes (red).
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Although the use of conductance histograms is very common, no information about
the junction geometry can be extracted from them.! In order to obtain further insight into
the nature of the molecular junction, 2D distance-conductance binning is becoming
established as an alternative method of analysis.? Despite its additional complexity, 2D
mapping reveals important information about the junction formation as well as its electrical

properties (Figure A-2).
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Figure A-2. STM I(s) trace (left) and corresponding 2D binning plot (right).

A.2. Calibration of the B] data for 2D plotting

Despite the relevant information that can be extracted from the 2D conductance-
distance mapping, the plotting of data in a useful form can sometimes be a challenge.
Electrical current traces obtained by the 1(s) STM method have a common origin in both
axis (current and distance) that facilitates 2D mapping. However, in order to build the 2D
maps from the raw data obtained from other methods such as STM-BJ or MCBJ may
require preconditioning as the electrode shape is changed in every experiment leading to a
random distribution in the tip-substrate separation. Therefore, in contrast to data generated
from I(s) studies, the break-off distance in BJ methods may differ by several nanometers

on a run to run basis as a result of the repetitive electrode reforming rendering the 2D map
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useless (Figure A-3, top). Because data sets can contain over thousands of conductance
traces, manual calibration of the traces becomes unfeasible. In order to facilitate this task
an open code computer program was written. The code (vide infra) is able to read through
the collected traces, distinguish the electrode breaking point of each trace and reference the
data accordingly. In addition, the calibrated traces are automatically transformed to
conductance, and the output data arranged into columns to allow direct plotting. The
program is able to run through a dataset of 100 traces in a few seconds allowing immediate
data analysis. Once the calibration process is finished, a 2D map can be built from the BJ

data allowing further analysis of the junction formation process (Figure A-3, bottom).
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Figure A-3. Effect of the data calibration program developed on 100 BJ traces 2D plotting

(right): raw data from the STM (top) and after distance calibration (bottom).
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As an example of the importance of this process, both 2D maps in Figure A-3 were
built from the same raw data (top) before and (bottom) after calibration. Thanks to the
calibration program, a distance-conductance map can be built allowing for important
information about the junction formation in correlation with its electrical properties. At this
point it is important to note that, despite the clear scattering of the raw BJ data along the
electrode displacement axis in the raw data (Figure A-3, top), this has no influence on the
preparation of conductance histograms. The fact that both data sets (top) and (bottom),
would display the same electrical fingerprint in a conductance histogram is a good proof of
the importance of the 2D plotting for single molecule studies. Importantly, the calibrated
2D map also allows for easy detection of experimental errors and datasets with exceptional
inconsistency. The ability to analyze these results in real time also allows for corrections to

be made in the experimental setup when required.

A.3.VBA code

The BJ calibration program was written in Visual Basic language for Microsoft
Excel 2010. The code can be run on PC versions of Microsoft Excel 2007 or later. The
code is provided with the electronic content associated with this thesis. The reader is
encouraged to copy, modify and share this code for academic and educational purposes

only.
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APPENDIX B. NANOFABRICATION OF MOLECULAR MATERIALS

AND INELASTIC TUNNELLING INDUCED FLUORESCENCE

B.1. Introduction

Despite the many advances in scanning probe microscopies, one of the main
challenges towards the development of the molecular electronics field is the controlled
assembly of molecules into more complex architectures with the required function (see
Chapter 1). In this context, the ability of molecules to self-assemble on surfaces into
complex structures by supramolecular interactions (hydrogen bonding, m-m stacking,
dipolar and van der Waals) has attracted considerable attention in the last decade.! In
contrast to intermolecular interactions, a covalent bond offers a great chemical stability and
an efficient charge transport.? Although the generation of such intermolecular interactions
can be done employing a scanning tunnelling microscope (STM), a fabrication procedure
where each molecule needs to be addressed individually is clearly impractical for the
construction of systems involving a large number of molecules.® An alternative to this
tedious step-wise approach was first introduced by Grill et al.* In their pioneering work,
they demonstrated the formation of covalently bound porphyrin based structures on a gold
surface, by thermal activation and subsequent reaction of bromide substituted porphyrin

building blocks.

In addition to these recent nanofabrication developments, electron transport studies
at the nanoscale involving a few atoms or molecules, have recently revealed unusual
junction properties which may be of great relevance in the fabrication of electronic
devices. The generation of light induced by inelastic electron tunnelling was first reported
by Lambe and McCarthy for metal-insulator-metal junctions.> When a voltage was applied
to such junctions, visible light was seen to emanate from the device that ranged from red to
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orange to blue upon increasing voltage. This process was explained in terms of inelastic
tunnelling excitation of optically coupled surface plasmon modes in the junction. An
electron tunnelling between metal electrodes, can excite an optically coupled surface
plasmon mode with frequency v provided that the applied voltage [eV| > hv. This quantum
condition can be experimentally observed as a sharp cutoff at |eV| on the fluorescence
spectra of the STM junction. The experimentally observed photon efficiency of this
process is of the order of 10 photons per electron.® When a molecule is placed bridging
the tip-substrate gap intramolecular photon emission can be observed.” Amongst the most
relevant STM single molecule fluorescence studies present in the literature are: Cgo On Au
(110);® Cu phthalocyanine on Au (111);® and alkanethiols on Au (111)."° However, no
direct evidence of molecular fluorescence was encountered in any of these studies due to
the strong emission observed from the metallic substrates. In addition, the non-radiative
energy transfer from an excited molecular state to the metal substrate is often an efficient
decay process.'’ Therefore, the nature of the emission process at molecular junctions
remains unknown. In order to study further the single molecule luminescence in STM
molecular junction experiments OPEs 47 - 50 were synthesized (Chart B-1, see
experimental Chapter). In collaboration with Prof. Jose Ignacio Pascual and Dr. Jincheng
Li at the Free University of Berlin, and Dr Luz Marina Ballesteros and Dr Pilar Cea at the
University of Zaragoza, the halogen substituted 50 was thermally coupled in-situ to
fabricate more complex molecular structures, a process of nanofabrication deserving of
further attention in its own right. The light emission from those extended 1D structures
when addressed with the STM tip was recorded, and analysed within the framework of

inelastic tunnelling induced fluorescence.

X X
_ - . - 47 F . — o — 49 F
/f\ =\ 7/ — N\ /" {48 Br X /7\ =\ /= \ /= {50 Br

Chart B-1. Halogen-terminated OPEs 47 — 50.
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B.2. Sample preparation

Amongst the halogenated OPEs tested 47— 50, the dibromo substituted derivative
50 was chosen for these experiments because of its higher reactivity towards thermal
coupling and its ability to generate extended linear structures. The thermal coupling of 50
was conducted in a low-temperature STM (LT-STM) under ultrahigh vacuum conditions
(UHV). The working temperature was 4.8 K and the substrate of choice was a single
crystal of Ag (111). Compound 50 was deposited on the substrate by sublimation. The
optimum sublimation temperature of 50 was obtained from a series of QCM experiments
performed in UHV conditions, in which a significant shift in the oscillator frequency was
obtained at temperatures ~160 °C. Hence, the sublimation of 50 on the Ag substrate was
performed with a Knudsen cell at temperatures ranging 160-170 °C under UHV conditions.
After the deposition process was completed, the substrate was in some cases subject of a
thermal treatment and then transferred into the STM chamber and cooled down to working
temperatures (4.8 K). Table B-1 presents a summary of the molecular structures resulting

from the different sublimation and thermal annealing conditions employed

Table B-1. Sample preparation conditions and STM imaging of the resulting product.

Tsubl tsubl Tsubs Tann tann

C) | min) | ©C) P (mbar) C) | (min) RESULTS
A | 168 3 15 1.5.10° | - Complete coverage
B | 160 20 8 1.4.10° | - Short chains / easy Br dissociation
C 9 | - 2D honeycomb network
p | 10| 20 6 19107 =25 T Frash Long chain grid
E | 167 | 5 13 1.5.10° | --- Molecular network
F 2D honeycomb network
G|170 | 5 5 7.0-10™ | 27 | Flash Long chain and 2D networks
H 125 | Flash Long chain / no Br dissociation
I | 162 | 20 8 1.1:107 | --- Complete coverage
J | 162 | 3 5 9.9-10" Long chain / easy Br dissociation
K | 163 3 7 1.7-10° 52 | Flash Long chain / easy Br dissociation
L|162]| 3 6 | 1.2:10° Longej.t chain / easy Br

issociation

subl = sublimation, subs = substrate, P = chamber pressure, ann = annealing.
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B.3. Bromide dissociation

Molecular bond dissociation triggered by tunnelling electrons has been previously
reported and represents a powerful tool towards the manipulation of matter at the
molecular level.*? In this work, the weaker C—Br bonds in OPE 50 are the more susceptible
to cleavage, hence a bias pulse was applied at the molecular termini and the chemical
process was monitored by observing changes on the tunnelling current. Typically, when a
bias pulse of 2.2 V was applied on the Br termini, a marked drop of the tunnelling decay
was found. In addition, Figure B-1 shows the STM imaging obtained before (left) and after
(right) the bias pulse. Interestingly this process was not possible for samples prepared after
a thermal annealing at temperatures over 55 °C (Table B-1, entries D, H and ). These
differences were ascribed to the formation of a strong bond between the molecular radical

and the metallic surface generated upon thermal annealing.*
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Figure B-1. STM imaging sequence before (left) and after (right) applying a current pulse

of 2.2 V over the terminal bromide atom of a molecular chain present on the substrate.
B.4. Molecular chain manipulation

As it was described in the introduction of this Chapter, in order to measure the
photoelectrical properties of molecular junctions, the molecules need to be electronically
decoupled from the metallic substrate to avoid quenching radiative transitions. This has
typically been achieved by placing a thin oxide layer on the metallic substrate, however
even under these conditions the high intensity of the surface emission process dominates
the fluorescence spectra. In this work, the electronic decoupling of the molecular chains
was done by lifting the nanostructures from the Ag(111) substrate with the STM tip and
placing them vertically while the light emission is monitored. In order to lift the molecules
of interest, the molecular terminus was addressed with the STM tip (-0.1 V) and the STM
tip retracted 13 A while monitoring the tunnelling current decay.”* A typical current-
distance (I-s) profile registered for these experiments is shown in Figure B-2. The several
current jumps observed along the exponential decay were assigned to different molecular

conformations adopted upon lifting of the molecular chain.
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Figure B-2. Typical tunnelling current dependence on tip-substrate gap, for experiments

where molecular chains are lifted from the surface.
B.5. Scanning Tunnelling Spectroscopy (STS)

In order to probe the local density of electronic states (LDOS) several scanning
tunnelling spectroscopy (STS) experiments were performed. The I-V curves of the naked
substrate, a single molecule and a long polymer chain were collected while holding the
STM tip at a fixed distance. For clarity, the dependence of the slope of the I-V curve
(d1/dV) on the bias (x 2 V) is shown in Figure B-3. For the naked Ag (111) substrate a
surface state can be observed at -0.65 mV characterized by a significant slope change in
the STS spectra (green). On the other hand, the spectra recorded for a single molecule of
50 (red) presents two important features at 0.75 V and 1.5 V that were ascribed to the
LUMO and LUMO +1 orbital levels. Interestingly, for the polymer chain only one feature
was observed 1.5 V. These differences between the monomer and the coupled structures

were ascribed to changes in the density of states upon polymerization.
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Figure B-3. STS spectra (£ 2 V) collected at constant height for the Ag(111) substrate

(green), a monomer 50 (red) and a polymer chain (blue).
B.6. Tunnelling induced molecular junction luminescence

As described in the introduction of this Appendix, a tunnelling electron can excite
an optically coupled surface plasmon mode with frequency v provided that the applied
voltage [eV| > hv. Hence, a sharp cutoff at |eV| is expected on the fluorescence spectra of
the STM junction for the naked substrate. Figure B-4 presents the fluorescence spectra of
the Ag (111) observed at bias ranging 1.5 - 2.5 V employing a constant set point current of

6 nA and a detector exposure time of 4 minutes.
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Figure B-4. Tunnelling induced fluorescence spectra obtained for Ag(111) substrate at

1.5-2.5 V (6nA, 4 min).

Tunnelling induced fluorescence on the single-molecule level offers a unique
opportunity to study the optical properties of molecular adsorbates.” * However, light
emission from molecular junctions is only measurable for molecules electronically
decoupled from the metallic surface. For molecules directly adsorbed on a metal surface,
intramolecular radiative transitions are quenched and the surface plasmon emission
dominates the optical spectra.” ** In order to electronically decouple the molecular chains
of 50 from the Ag (111) substrate, the nanostructures were addressed with the STM tip and
positioned vertically on the substrate. Figure B-5 shows the spectra recorded for a single
molecular chain of 50 lifted 5.2 A from the surface at bias ranging 1.6 - 2.0 V. The great
similarity between the emission spectra of the molecular junction and that of the naked Ag
(111) substrate (Figure B-4) is indicative of the dominance of the plasmon emission
process. The competition between the two emissive processes makes the assessment of the

molecular contribution to the fluorescence spectra very complicated.
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Figure B-5. Emission spectra of 50 (polymer), lifted 5.2 A at bias ranging 1.8 - 2.0 V.

In order to facilitate a detailed comparison between the emission spectra recorded
for a single molecule and that of the bare Ag(111) substrate, both spectra collected at 1.8 V
were plotted on a logarithmic scale in Figure B-6. In both cases, the low energy region of
the spectra i.e 1.2 - 1.8 eV presents a broad emission although for the molecular junction

the emission process is clearly shifted to higher energies (ca. 1.7 eV).
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Figure B-6. Logarithmic scale fluorescence spectra obtained from a single molecular

chain of 50 (top) and that of the naked Ag(111) substrate (bottom).

215



Remarkably, the emission spectra obtained for the molecular junction show two clear
emission processes at energies higher than the quantum limit hv > |eV/|. The “forbidden”
emission of photons with energy exceeding the energy of the tunnelling electron has been
previously reported for different metallic STM junctions."® Two mechanisms have been
proposed in order to explain this possibility: a coherent Auger-like process where the
energy of a tunnelling electron is transferred to another; and the decay of hot holes injected
into the tip as a result of the tunnelling current passing through the lower quantum well
state.”® However, the role of the molecular bridge in this process is not clear. Ongoing
research is focused in clarifying the molecular contribution to the emission spectra for

energies under and over the cut-off energy.
B.7. Conclusions

Dibromo substituted OPE 50 was deposited and thermally coupled under UHV
conditions on a single crystal of Ag (111) to form extended 1D molecular structures. The
molecular chains of 50 were characterized and manipulated employing an STM tip at low
temperatures. The dissociation of the bromide termini of a linear molecular structure
employing a current pulse was demonstrated. The tunnelling induced emission spectra of a
single crystal of Ag (111) and a molecular chain of 50 were collected. Further studies are

required to shed light on the molecular influence in the light emission process.
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B.8. Experimental
B.8.1. General conditions

General experimental conditions were reported in Chapter 2. The synthesis of
BrCsH,C=CSiMe; (Chapter 2) and HC=CCg¢H4sC=CH (Chapter 5) were reported in
previous experimental sections of this thesis. Other reagents were purchased commercially

and used as received.

B.8.2. Synthesis and characterization

Pd(PPha)s Kol

e f
BrCgH,C=CSiMe, a b ¢ h . /=
o dy/ N\ j m
H
TQ Cui MesS—= = \ 7

NEt,, A

Preparation of MesSiC=CCsH4C=CCsHs.® In a 100 mL Schlenk flask,
phenylacetylene (2.285 ¢, 22.37 mmol), BrC¢H,C=CSiMe; (4.693 g, 18.53 mmol),
Pd(PPh3)4 (1.101 g, 0.953 mmol) and Cul (0.179 g, 0.940 mmol) were dissolved in NEts
(80 mL) and the resulting suspension was heated at reflux for 48 h. The reaction mixture
was then taken to dryness and the residue purified by silica gel column chromatography
using hexane as eluent. The product was obtained as a white powder upon solvent
evaporation of the main fraction. Yield 4.23 g, 15.4 mmol, 83%. *H NMR (400 MHz,
CDCl3) § 7.55 - 7.49 (m, 2H, €), 7.45 (d, J = 3 Hz, 4H, f/k), 7.35 (m, 3H, I/m), 0.25 (s, 9H,
a). *C NMR (126 MHz, CDCl3) & 132.0, 131.7, 131.5, 128.6, 128.5 (e/f/k/l/m), 123.5,
123.1, 123.0 (d/g/j), 104.8, 96.3 (b/c), 91.5, 89.2 (h/i), 0.1 (a). MS* (ASAP) m/z (%):

274.10 (100, [M]").
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Preparation of HC=CCgHsC=CCeHs.® In a 100 mL round bottom flask,
Me3SiC=CCgH4C=CCgHs5 (2.94 g, 10.7 mmol) and K,CO3 (4.04 g, 29.2 mmol) were
dissolved in MeOH:THF (1:1) (100 mL) and stirred overnight at room temperature. The
mixture was then poured into water and extracted with CH,Cl, (3x50 mL). The organic
extracts were then washed with water (2x100 mL) and brine (1x100 mL) and dried over
MgSO,. The pure product was obtained as a white solid after removal of the solvent. Yield
2.04 g, 10.1 mmol, 94%."H NMR (400 MHz, CDCl3) § 7.56 — 7.51 (m, 2H, ), 7.51 — 7.45
(m, 4H, f/k), 7.39 — 7.33 (m, 3H, I/m), 3.18 (s, 1H, a).”*C NMR (126 MHz, CDCls) &
132.2, 131.7, 131.6, 128.6, 128.5 (e/f/k/l/m), 123.9, 123.0, 122.0 (d/g/j), 91.5, 90.0 (h/i),

83.4, 79.1 (b/c). MS* (ASAP) m/z (%): 202.3 (100, [M]").

o gg (ﬁ?é)Ac H N h —
HC= = e f —\ : k 1 —
'OF e = V=L
cul _ N\ // N\ //
NHPr,), A

Preparation of 47. To a 100 mL Schlenk flask charged with NHPr,' (50 mL),
HC=CCgH4C=CCgHs (0.205 g, 1.01 mmol), 1,4-iodofluorobenzene (0.279 g, 1.25 mmol),
Pd(PPhs)4 (0.062 g, 0.053 mmol) and Cul (0.010 g, 0.052 mmol) were added. The resulting
mixture was heated at reflux overnight and then taken to dryness and purified by silica gel
column chromatography using hexane:CH,Cl, (8:2) as the eluent. The product was
crystallized from CH,Cly:MeOH. Yield 0.051 g, 0.172 mmol, 17%. *H NMR (400 MHz,
CDCls3) & 7.56 — 7.47 (m, 8H), 7.36 (m, 3H), 7.09 — 7.04 (m, 2H, 0). **F NMR (376 MHz,

CDCl3) & -110.5 (tt, J'= 8 Hz, J"=5 Hz, q). MS* (ASAP) m/z (%): 296.06 (100, [M]").
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Preparation of 48.* To a 50 mL Schlenk flask charged with DMF (40 mL),
HC=CC¢H4C=CC¢Hs (0.198 g, 0.980 mmol), 1,4-iodobromobenzene (0.287 g, 1.01
mmol), Cul (0.011 g, 0.058 mol), PPh3 (0.031 g, 0.118 mmol) and K,CO3 (0.182 g, 1.31
mmol), were added. The mixture was stirred at 120°C overnight and then poured into water
and extracted with CH,Cl, (50 mL). The organic phase was then washed with water (2x50
mL) and brine (1x50 mL), and dried over MgSQO,. The pure product was dissolved in
CH,CIl, and isolated by precipitation upon addition of MeOH. Yield 0.112 g, 0.314 mmol,
32%. 'H NMR (700 MHz, CDCls) § 7.57 — 7.47 (m, 8H, c/h/i/n), 7.39 (d, J = 8.3 Hz, 2H,

0), 7.38 — 7.33 (m, 3H, a-b). MS* (ASAP) m/z (%): 355.99 (100, [M]").

Pd (PPhg)s LA i
HC=CC4H,C=CH 9 -
| P T e XN =N, = F (49
Cul _ _ W
NEt,, .t.

Preparation of 49."® In a 50 mL round bottom flask 4-fluoroiodobenzene (1.60 g, 7.23
mmol), HC=CCgH,C=CH, 0.397 g, 3.15 mmol), Pd(PPhs), (0.362 g, 0.313 mmol) and Cul
(0.062 g, 0.326 mmol) were dissolved anhydrous degassed NEt; (25 mL). The reaction
mixture was stirred overnight at room temperature. The light-brown precipitate was
collected by filtration and crystallized from hot toluene yielding the pure product as yellow
needles. Yield 0.32 g, 1.0 mmol, 32%. *H NMR (400 MHz, CDCls) § 7.54 — 7.47 (m, 8H,
d/i), 7.09 - 7.04 (m, 4H, c). **F NMR (376 MHz, CDCls) & -110.5 (m, a). MS* (ASAP) m/z

(%): 314.26 (100, [M]").
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Preparation of 50.° To a 25 mL Schlenk flask charged with NEt; (25 mL), 1-

bromo-4-iodobenzene (1.012 g, 3.577 mmol), HC=CC¢H,C=CH (0.205 g, 1.625 mmol),

Pd(PPh3)4 (0.090 g, 0.078 mmol) and Cul (0.021 g, 0.110 mmol) were added. The reaction

mixture was stirred overnight at room temperature. Upon completion of the reaction, the

precipitate was collected by filtration and washed thoroughly with CH,ClI, yielding the

pure product as a white powder. Yield 0.610 g, 1.40 mmol, 86%. ‘H NMR (400 MHz,

CDCly) 8 7.52-7.46 (m, 8H, c/h); 7.39 (d, J =9 Hz, 4H, b). MS* (ASAP) m/z (%): 435.91

(100, [M]"). Elemental analysis % calcd. (found): C 60.59 (60.43); H 2.77 (2.81).
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APPENDIX C. LINKER DEPENDENT BOND RUPTURE FORCE

MEASUREMENTS IN SELF-ASSEMBLED MONOLAYERS

C.1. Introduction

In collaboration with Dr. Thomas Becker at Curtin University, Western Australia, a
series of AFM experiments were conducted in order to assess the force required to rupture
the junction formed by symmetrically substituted OPEs terminated with three different
molecular linkers, i.e. NH; (34), C=CSiMe; (35) and C=CH (36) (Chart C-1) and hence
again further information about the nature of the linker-substrate interaction in this series.
Preliminary results show a well-defined trend for the break-off force where NH, >
C=CSiMe; > C=CH. A Visual Basic (VBA) code was designed in order to allow a quick
and effective analysis of the large datasets collected, revealing experimental artefacts that
were not detected using the AFM software alone. Future AFM investigations following

this work are briefly described.

_ _ 34 NH2
e e W {

36 C=CH

Chart C-1. Compounds employed to generate SA monolayers and test the strength of the

metal|molecule interaction.
C.2. Sample preparation

A Bruker Dimension FastScan AFM controlled using FastScan NanoScope
software was used to conduct all of the measurements described here. The gold-on-glass
substrates employed were purchased from Arrandee, Schroeer, Germany. The substrates
were flame annealed with a propane flame immediately before use. This thermal treatment

is known to generate atomically flat terraces on the Au(111) substrate.® The substrates
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were immersed in low concentration solutions (~10 M, CHCls) of compounds 34 - 36 for
24 hours to ensure full coverage of the gold substrate. After incubation, the samples were
rinsed thoroughly with CHCI; and blown dry in a stream of N, gas, immediately before
placing them on the AFM holder for their analysis. The force rupture experiments were
performed in water by placing a few drops of mili-Q water on the substrate with a gold

coated silicon nitride probe with radius < 25 nm.
C.3. Results and discussion

As it was discussed in detail in Chapter 5, the metaljmolecule interface is now
considered an essential factor in the electrical performance of a molecular junction.? As a
clarifying example, a difference in conductance of up to three orders of magnitude between
chemisorbed and a physisorbed molecules has been reported.* However, whilst the
influence of the contacting group on junction behaviour is widely recognised, the physical
properties of the metal-molecule interactions are often overlooked. Here we present the
preliminary results obtained from a series of AFM experiments, evaluating the strength of
the metaljmolecule interaction of the same molecular backbone terminated with three
different linkers (Chart C-1), which have special relevance to the on-going investigations

of the nature of the Au--- Me3;SiC=C contact disclosed in this thesis.

A typical force-distance plot, showing the cantilever deflection (force) relative to
the tip vertical movement (z) is displayed in Figure C-1. Generally, as the AFM tip is
brought into contact with the molecular film (Figure C-1, extension) a small negative kink
is observed as a result of the tip jumping into contact with the substrate in what is referred
to as the “snap-in effect” due to short-range attractive interactions. After contacting the
sample, as the tip is pushed into the surface, a monotonic increase of the repulsive

(positive) force is recorded deriving from the deflection of the cantilever. When the
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process is reversed, as the piezo is retracts from the surface, the adhesive forces generated
between tip and substrate hold the tip in contact with the surface causing a large deflection
of the cantilever. At a given distance, the cantilever force becomes enough to overcome the

adhesive forces and as the tip breaks free, a marked force jump is recorded (AF).
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Figure C-1. Typical force-distance AFM plot. Negative forces representing adhesive tip-

substrate interactions.

For molecular films, AF represents the adhesive force generated from the
summation of the molecule|metal interaction from every individual molecule in the
junction. For naked gold substrates, the rupture force AF, of the metallic tip|substrate
junction was determined to be 1.4 nN.* In contrast, for molecular junctions, the force
required to break a single metal|molecule interaction was recently determined to be less
than 1 nN.*® Figure C-2 presents the bond rupture histograms obtained for monolayers of

compounds 34 — 36 employing a gold coated AFM tip (< 25 nm radius).
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The values obtained from the NanoScope analysis software were 35.27 + 10.36 nN
for 34 (NHy), 23.24 = 4.73 nN for 35 (C=CSiMes), and 10.35 * 4.28 nN for 36 (C=CH).
Despite the large variability encountered, and the uncertainty in the number of molecules
within each junction that makes quantitative analysis of the data unclear, a marked trend
NH, > C=CSiMe3z > C=CH can be observed where the adhesive force is greatest for the
more traditional amine linker. Hence, although only qualitatively, the results follow the
expected trend for the series, if one makes the assumption that a similar number of

molecules are contacted to the tip in each case.

C=CH CECSiM63

Counts a.u.

0 5 10 15 20 25 30 35 40 45 50
AF (nN)

Figure C-2. Rupture force histograms corresponding to compounds 34 - 36 in water.

Despite the clear trend observed, we turned our attention to the causes of the great
deviation registered for these experiments. This becomes evident for 35 where the results
obtained show a marked double normal distribution with their centre at AF; ~ 22 nN and
AF, ~ 26 nN (Figure C-2). In an analogous manner to the STM experiments, we found

that, the commercial software provided with the AFM resulted impractical for the
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treatment of large datasets. Hence, in order to gain further insight into the origin of the
significative data dispersion, a Visual Basic (VBA) code for Excel (vide infra) was
developed to enable statistical treatment of the raw AFM data. The code is designed to
import large datasets (i.e. over 1000 traces per sample), read, calibrate the distance axis,
update the baseline, extract AF and rearrange the data to facilitate plotting with third party
software. The efficiency of this code to analyse large datasets enabled quicker and deeper
analysis of the experimental results leading us to conclude that the significant and sharp
deviation obtained for individual data sets within these experiments was a consequence of

experimental artefacts and not intrinsic of the metal|molecule interaction.

As an example of the possibilities enabled by the VBA code analysis, the drift of
the bond rupture force (AF) extracted by the VBA code for compound 35, was examined in
detail. Figure C-3 shows the bond rupture force recorded in chronological order. As it is
evident from the figure, the first 250 experiments display a bond rupture force value in the
range of 21 - 23 nN (AF;). However, a sudden increase in the rupture force is observed for
the second half of the data with values ranging from 26 - 28 nN (4F>). This results
undoubtedly ascribe the origin of the two normal distributions present in the rupture force
histogram of compound 35 (Figure C-2) to experimental artefacts. Although less evident,
similar step-wise deviations were also found for compounds 34 and 36 when the raw data

was examined employing the developed VBA code.
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Figure C-3. Bond rupture force trend obtained for 35 (500 experiments).

In an analogous way to that described for the STM conductance traces (see
Appendix A), the VBA code developed here allows 2D plotting of the calibrated data.
Figure C-4, presents the 2D map of the force-distance VBA calibrated retraction traces
recorded for 35, clearly showing the origin of AF; and AF, responsible for the double
normal distribution seen in the force histogram (Figure C-2) The origin of this step-wise
change is not entirely clear, but may be due to either drift in the experimental system, a
change in the shape of the tip or some other as yet unidentified experimental variation. It is
difficult to correlate such clear step-wise change to a molecular effect, given the

underlying molecular ensemble giving rise to the data.
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Figure C-4. 2D binning the force-distance retraction traces of 35 showing a marked

splitting in the bond rupture force values.

Despite, the step-wise variability encountered which hampers quantitative analysis
of these results, qualitatively the data shows a marked trend for the strength of the
metal|molecule interaction NH, > C=CSiMe; > C=CH. However further experiments are
required to clarify these results. A series of AFM experiments have been designed, in
which the SA monolayers of the compounds of interest will be both imaged and the forces
simultaneously determined in dry mesitylene, a common solvent for such work, and the
data will be analysed with help of the VBA code. In addition, compounds 39 (SAc) and 51
(Py) (Chart C-2) have been prepared and will be introduced in the next series experiments
in order to obtain a wider comparative study between the different linkers. However at this
stage of the investigation it can be concluded that the novel trimethylsilylethynyl
(C=CSiMe3) contact introduced in this thesis is comparable with that of the amine group,

and given the significant difference in contact force between compounds 34 and 36,
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desilylation in the junction can be largely discounted. This is entirely in agreement with the

other results concerning junctions involving novel contacting group described in the thesis.

/TN /T 7 /TN _—— /T
““SOf\/fQS“ “C\\f\/f\ﬁ/\“

39 51

Chart C-2. Compounds prepared to be included into the next series of experiments.

C.4. VBA code

The BJ calibration program was written in Visual Basic language for Microsoft
Excel 2010. The code can be run on PC versions of Microsoft Excel 2007 or later. The
code is provided with the electronic content associated with this thesis. The reader is
encouraged to copy, modify and share this code for academic and educational purposes

only.

C.5. Experimental

C.5.1. General conditions

General experimental conditions were reported in Chapter 2. The synthesis of
HC=CC¢H4C=CH and 34 - 36 (Chapter 5) were reported in previous experimental sections

of this thesis. Other reagents were purchased commercially and used as received.

C.5.2. Synthesis and characterization

j e d

>— h g, — >—

HC=CCH,C=CH —<: :>— _Pa®EPhe). / N — f c b @
— cu g N\ //

NHPr

Preparation of 39.° To a 25 mL Schlenk flask charged with NHPr,' (15 mL),
HC=CCgH4,C=CH (0.068 g, 0.539 mmol), 1-iodo-4-acetylthiobenzene (0.301 g, 1.08

mmol), Pd(PPh3), (0.057 g, 0.049 mmol) and Cul (0.010 g, 0.052 mmol) were added. The
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mixture was stirred overnight at room temperature. The orange precipitate was collected by
filtration and washed with hexane. The product was purified by silica gel column
chromatography hexane: CH,Cl, (6:4). The targeted compound was obtained after solvent
evaporation of the main fraction, as an off-white powder. Yield 0.151 g, 0.354 mmol, 66
%. '"H NMR (500 MHz, CDCl3) 6 7.56 (d, J =8 Hz, 4H, e), 7.52 (s, 4H, j), 741 (d,J =8
Hz, 4H, d), 2.44 (s, 6H, a). “C{*H} NMR (126 MHz, CDCl3) § 193.4 (b), 134.3, 132.2,
131.66 (d/efj), 128.4 (c), 124.2, 123.0 (f/i), 90.7, 90.6 (h/g), 30.3 (a). MS" (ESI) m/z (%):

172.0 (100, [M-2COMe+2H]*"). IR (CH,Cl,) cm™: 2217 (w), 2204 (w) v(C=C); 1707 (br.

s) (C=0).
Pd(PPh3)a a b g
—/ N HemCeanucren I\ d:e VON—= /:\ (51)
— Cul — — N\ /
NEt,

Preparation of 51.° To a 100 mL Schlenk flask charged with NEt; (100 mL), 4-
iodopyridine (0.334 g, 1.63 mmol), HC=CCgH,C=CH (0.101 g, 0.801 mmol), Pd(PPhs)4
(0.045 g, 0.039 mmol) and Cul (0.008 g, 0.042 mmol) were added. The suspension was
stirred overnight at room temperature. The mixture was filtered and the colourless filtrate
taken to dryness. The off-white solids were dissolved in Et,O (100 mL). Addition of
trifluoroacetic acid generated a precipitate that was collected by filtration, washed
thoroughly with Et,O and dried in air. The solids were re-dissolved in CH,Cl, (25 mL) and
extracted with KOH (0.1 M, 1 x 25 mL), water (1 x 25 mL) and brine (1 x 25 mL). The
organic phase was collected, dried over MgSO, and taken to dryness. The pure product
was obtained as an off-white powder. Yield 0.156 g, 0.556 mmol, 69 %. *H NMR (400
MHz, CDCl3) & 8.62 (d, J = 5 Hz, 4H, a), 7.56 (s, 4H, g), 7.38 (d, J = 5 Hz, 4H, b).
Bc{H} NMR (101 MHz, CDCl3) & 150.0 (a), 132.1(g), 131.2 (c), 125.6 (b), 123.0 (),

93.3, 89.0 (d/e). MS* (ASAP) m/z (%): 281.17 (100, [M+H]").
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“It is a miracle that curiosity survives formal education”

Albert Einstein
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