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Antes de ser fijado y retenido, sin embargo, el poema es su peso en la red neuronal. Lo
gue llamamos intuicidn o idea pesa aln menos, no mas que los ligeros electrones que en
la mente —esas masas boscosas del interior del crdneo- vuelan de rama en rama como
un pajaro gris.

Juan F. Rivero






Resumen

La electronica molecular es la rama de la ciencia que estudia los fendmenos de transporte
electrénico a escala de moléculas individuales. Entre otras cosas, permite explorar el
comportamiento de diferentes funciones quimicas; buscar estructuras moleculares
capaces de emular el funcionamiento de componentes de circuitos electrénicos
macroscépicos como cables, transistores, interruptores, etc; y estudiar modelos
moleculares pequefios y mas accesibles de materiales de mayor area. En los uUltimos afios,
la investigacion en esta disciplina ha cruzado los limites de la mera electrénica, haciendo
posibles estudios de fotovoltaica, termoelectricidad o filtro de spin y abriendo la ventana

de funciones y aplicaciones de estos sistemas moleculares a la nanoescala.

Esta tesis doctoral se ha desarrollado de forma complementaria entre dos laboratorios,
concretamente el laboratorio FQM-367 del Departamento de Quimica Orgdnica de la
Universidad de Granaday el laboratorio de Electronica Molecular de la Fundacién IMDEA
Nanociencia en Madrid. En ella, se combinan el disefio y la sintesis de moléculas organicas
con el estudio de sus propiedades de transporte electrénico mediante la técnica de
rotura de uniones con un microscopio de efecto tunel (STM), y con la implementacion de
mejoras en el equipo de medida. Como parte de la tesis, también se ha llevado a cabo la
instalacién de un microscopio de efecto tunel en el Centro de Instrumentacion Cientifica
de la Universidad de Granada, el cudl fue previamente fabricado en las instalaciones de
IMDEA Nanociencia. Finalmente, los estudios realizados se han completado haciendo uso
de modelos computacionales que ayudasen a explicar y predecir los resultados
experimentales, lo cual ha sido posible gracias a una estrecha colaboracién con grupos
de expertos en calculos tedricos. De esta forma, la presente tesis recoge un trabajo
interdisciplinar en el que la electrénica molecular ha sido abordada tanto desde un punto

de vista quimico como fisico.

El manuscrito se divide en seis capitulos, al final de cada uno de los cuales se encuentra
la seccién de referencias correspondiente. En el primero se hace una introduccién
general a la electrénica molecular, revisando las principales técnicas para realizar
medidas de transporte electronico a nivel unimolecular, explicando qué informacion nos

proporcionan dichas medidas y presentando las bases tedricas de los modelos



desarrollados para estudiar los fendmenos de transporte electrénico en la nanoescala.
lgualmente, se incluye una breve revision de los diferentes elementos de una unidn
molecular, centrdndonos en las posibles aplicaciones de los esqueletos moleculares

segln las propiedades que exhiben.

La investigacion llevada a cabo durante la tesis, se ha desarrollado a lo largo de los
siguientes cuatro capitulos (capitulos 2-5), los cuales se estructuran de la siguiente
manera: i) Introduccion al tema de estudio concreto, ii) Objetivos de la investigacion, iii)

Resultados y discusién y iv) Conclusiones.

Mds concretamente, el capitulo 2 se centra en sistemas moleculares multiestado,
disefiados para presentar mas de dos valores de conductancia. Como forma novedosa
para conseguir esto, se ha propuesto la introduccién de un grupo de anclaje en una
posicion asimétrica del esqueleto molecular. Como prueba de concepto, se ha disefiado
un derivado de oligo-para-pheniletinileno (p-OPE) con un anillo pirimidina en una
posicion asimétrica. Los resultados demuestran la aparicion de dos nuevos caminos de
conduccién bien diferenciados entre si, adicionales al camino que va de extremo a

extremo, probando asi |a validez de nuestra propuesta.

El capitulo 3 estd dedicado a azaborinas, una familia de heteroarenos sustituidos con
nitrégeno y boro, simultdaneamente. Esta funcion quimica, que aparece frecuentemente
en sistemas m-extendidos, da lugar a compuestos isoelectrénicos e isoestructurales a los
andlogos carbonados, pero introduciendo una polarizacion de carga en el sistema. En este
capitulo se presentan las primeras medidas de conductancia de motivos de aceno
incluyendo anillos de azaborina, con la particularidad afiadida de que los heteroatomos

se encuentran de forma inequivoca en el camino de conduccidn de los electrones.

El capitulo 4 esta dedicado a pequefios hidrocarburos aromaticos policiclicos (PAHs) que
presentan curvatura negativa como consecuencia de la presencia de anillos heptagonales
en su estructura. En general, los PAHs estan suscitando un creciente interés debido a sus
propiedades optoelectrénicas Unicas. En particular, las propiedades eléctricas de estos
sistemas con curvatura negativa no han sido investigadas por el momento, a pesar de
poder ser usados como modelos de pequefio tamafio sobre los que explorar el efecto de

los anillos heptagonales en el grafeno. En este capitulo se discuten las estrategias



sintéticas para la incorporaciéon de diferentes grupos de anclaje a las estructuras y se
presentan las primeras medidas de conductancia para PAHs con curvatura negativa.
Finalmente, se incluye un analisis exhaustivo del comportamiento del grupo acetileno
terminal como grupo de anclaje, que es usado para comparar los resultados de

conductancia de una de estas estructuras curvas con su correspondiente andloga plana.

En el capitulo 5 se detalla el proceso de implementacién de un sistema de control
electroquimico en el microscopio habitual de medida. Ademas, se presentan los
resultados preliminares para medidas realizadas combinando control electroquimico y

electrodos magnéticos.
El capitulo 6 recoge las conclusiones generales de la tesis.

A continuacién, se ha incluido una Seccion Experimental que contiene, entre otros, una
descripcion del microscopio usado para las medidas de conductancia unimolecular y los
detalles sintéticos para la preparacion de las estructuras estudiadas. Finalmente, se ha
afiadido una lista de Acrénimos y Abreviaturas, ademas de otra de Publicaciones, tanto

derivadas de la tesis como de otras colaboraciones.






Abstract

Molecular electronics is the field of science that studies the electron transport
phenomena at the scale of one individual molecule. It allows us to evaluate the effect of
different chemical functions; search for molecular structures able to emulate the
functioning of components of electronic circuits, such as wires, transistors, switches, etc;
and study small and more accessible molecular models of large area materials. In the last
years, the research in this field has crossed beyond the limits of mere electronics, making
possible studies on photovoltaics, thermoelectricity and spin filtering; broadening the

spectra of potential functions and applications for nanoscale molecular systemes.

This thesis has been carried out between two complementary laboratories, namely the
FQM-367 organic chemistry lab at the Universidad de Granada and the molecular
electronics lab at the Fundacion IMDEA Nanociencia in Madrid. It covers the design and
synthesis of several novel organic compounds as well as the experimental
characterization of their electron transport properties by means of Scanning Tunneling
Microscopy Break Junction (STM-BJ) technique, including work in setup improvement
implementation. As part of this thesis, a new home-built STM has been developed at
IMDEA Nanociencia and it has been set up at the Centro de Instrumentacion Cientifica
from the Universidad de Granada. Supplementary collaborations with theoretician
groups have expanded the studies, creating models able to explain the experimental
observations. Consequently, this thesis comprehends an interdisciplinary research, in
which molecular electronics has been tackled from both, chemical and physical points of

Views.

The manuscript is divided into six chapters, with their corresponding references included
at the end of each one. The first chapter consists on a general introduction to molecular
electronics, where the principal techniques for single-molecule experiments are
collected; the most relevant information they provide is explained; and the theoretical
model for understanding the electron transport phenomena in nanoscale molecular
systems is presented. Besides, a brief revision of the elements of a molecular junction is
included, with special interest on the applications of different molecular backbones

according to the properties they exhibit.



Then, the research developed in this doctoral thesis is depicted in the next four chapters
(Chapter 2-5). Each of these chapters contains the following sections: i) a background of
each specific topic, ii) objectives of the research, iii) results and discussion, and iv)

conclusions.

In particular, Chapter 2 is focused on multistate molecular systems, designed for
displaying more than two conductance values. The introduction of an in-backbone linker
in an asymmetric position of the molecular bridge is proposed as strategy for achieving
three different conductance paths in a controlled manner. In particular, an oligo-para-
phenyletinylene (p-OPE) derivative, containing a pyrimidine ring in an asymmetric
position of the backbone, is used as proof-of-concept for this hypothesis. The results
show that this configuration opens two new conduction channels well distinguished from

each other in addition to the end-to end pathway.

Chapter 3 is focused on azaborines, a family of boron—nitrogen heteroarenes. This
chemical function appears frequently in m-extended systems like graphene, and leads to
isoelectronic and isostructural compounds of the all-carbon analogues, but originating a
charge polarization in the system. For the first time, conductance measurements of
azaborine-acene derivatives are performed, with the added incentive that heteroatoms

are forced to be in the most probable electron pathway.

Chapter 4 is dedicated to small polycyclic aromatic hydrocarbons (PAHs), which exhibit a
negative curvature due to the presence of 7-membered rings into their structure. PAHs
in general are raising an increasing interest due to their fascinating optoelectronic
properties. However, the electrical properties of these curved PAH cores have not been
studied yet, in spite of being attractive models for studying the effect of heptagons in
graphene. The synthetic strategies for incorporating different anchoring groups into
these structures are discussed, and the first conductance measurements of PAHs with
negative curvature are presented. Finally, an exhaustive analysis of the behaviour of
terminal acetylene groups as anchoring groups is developed, while comparing the
conductance of one of the prepared curved PAHs with that of its corresponding planar

analogue.



In Chapter 5, the implementation of an electrochemical control system in our STM is
detailed. Besides, the preliminary results obtained for simultaneous application of
electrochemical control and magnetic electrodes, obtained during a short stay at Bristol

University, are presented.
In Chapter 6, a series of general conclusions from the results of the thesis are collected.

Finally, an Experimental Section, containing a description of the STMs used for the single-
molecule experiments, as well as the synthetic details for preparing the studied
compounds, is included. An Acronyms and Abbreviations section and a List of Publications

derived from the thesis results and from other collaborations are added at the end.
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CHAPTER 1: GENERAL INTRODUCTION

1.1. Molecular electronics

Molecular electronics is the field of science that investigates the electronic and thermal
transport properties of circuits in which individual molecules (or assemblies of them) are
used as basic building blocks.! This involves to understand the flux of electrons to and
through single molecules in atomic or nano-size junctions, and entails notable
experimental and theoretical difficulties. From a theoretical perspective, the electron
transport phenomena in nanosystems is not governed by the same rules as macroscopic
ones, being necessary a quantum mechanical approach to describe it. Concerning the
experimental side, questions like how to attach molecules to electrodes?, how to create
atomic-sized junctions?, how to keep these junctions stable?, which are the electrode
requirements? and how to struggle with large fluctuations in experimental data? have
been, and still are, open challenges.?

It is difficult to establish a clear date for the beginning of molecular electronic as an
independent research field, but it is clear that its development has been the result of
different contributions from experimental physicists, electrical engineers, and
computational, physical and synthetic chemists along years.? In view of the social demands
of miniaturization of electronic devices, and the physical limits given by the Moore’s Law?
(Figure 1.1) in the context of silicon-based devices, individual molecules were soon
considered the smallest elements for a promising new generation of devices. In 1974,
Aviram and Ratner published the first theoretical discussion of electron transport through
a single molecule, which could act as a rectifier.* In the 80s, the development of the
scanning tunnelling microscope (STM),> and later the atomic force microscope (AFM),®
provided tools able to manipulate single molecules. However, preliminary measurements
of the electrical properties of single molecules were not a reality until 1997, when Tour and
co-workers reported the conductance of benzene-1,4-dithiolate, connected between
stable and proximal metallic gold contacts at room temperature.’ Later, Lindsay and co-
workers pointed out the need of reproducible measurement.? In this direction, Tao’s group

started to apply the experimental procedure and the same statistical analysis already being

@ Moore’s Law predicts a doubling of the performance and functionality of digital electronics about every
two years. Nevertheless, this growing trend is anticipated to flatten by 2025, as a consequence of the
physical limits of space and capacity of silicon-based electronic devices.
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MOLECULAR ELECTRONICS

used for the study of atomic metallic junctions,” achieving the desired reproducibility.®
From that moment, important knowledge about electron transport itself has been
collected, but also the electrical properties of different families of molecules have been
investigated. Importantly, the development of the non-equilibrium Green’s function
approach in the early 215 century led to more reliable junction modelling, with remarkably

good agreements between calculations and experiments.!
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Figure 1.1. Moore’s Law. "Microprocessor trend data’, in particular for transistors (orange), single-thread
performance (blue), frequency (green), power (red) and logical cores(black). The units in y-axis are
indicated for each data set. Original data up to year 2010 collected and plotted by M. Horowitz, F. Labonte,
0. Shacham, K. Olukotum, L. Hammond, and C. Batten. Plot data collected for 2010-2019 by K. Rupp.
Creative Commons Attribution 4.0 International Public License®

However, the fabrication of operative single-molecule devices, able to compete against
silicon ones, has not been already achieved due to their low conductance, which involves
a very limited application capacity. Nowadays, pointing to the next technological
revolution, individual molecules are considered as possible silicon microelectronics
complements rather than competitors, since they open a wide range of potential

functionalities not existent for macroscopic circuits.® Currently, the field is still progressing,

b The creation and analysis of atomic metallic junctions are detailed in section 1.2.2.
¢ Figure 1.1, raw data and license available at K. Rupp Webpage (https://www.karlrupp.net/2018/02/42-
years-of-microprocessor-trend-data/).
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CHAPTER 1: GENERAL INTRODUCTION

gaining fundamental knowledge about transport phenomena and thermal conduction at
the nanometric scale, where the physics is completely dominated by quantum mechanical
effects. It offers the possibility to explore the electrical properties of new molecules,
investigating the role of different chemical functions and molecular properties, such as
aromaticity, on the electron transport. Due to that, the research in the field has crossed
beyond the limits of mere electronics, towards spin filtering,'° photovoltaics!' and
thermoelectricity,’? among others. Importantly, it had also permitted to shed light into the
electron transport and transfer mechanisms involved in natural processes, such as

photosynthesis, respiration and neural comunication.?
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EXPERIMENTAL TECHNIQUES FOR SINGLE-MOLECULE EXPERIMENTS

1.2. Experimental techniques for single-molecule experiments

Different experimental techniques have been used for the measurement of the electrical
resistance R associated to a single molecule. In all cases, it is necessary to incorporate the
molecule into an electric circuit and force the electron flux to and through it. Ohm’s law
establishes that the current [ is proportional to the applied voltage V, being the electrical

conductance G the constant of proportionality between them.

[=GV =2V (Eq.1.1)

Since the conductance corresponds to the inverse of the electrical resistance, it is extended
the use of this parameter for describing the electrical conduction through a single-
molecule. To determine the conductance of a single molecule, it is mandatory (i) to provide
a signature to identify that the measured conductance corresponds to a single-molecule
junction, (ii) to ensure that the molecule is properly attached to both electrodes, and (iii)
to perform the measurement in a well-defined environment.'®> Considering that, the
desired configuration of single-molecule junctions is depicted in Figure 1.2, with a molecule
fully extended between two metallic electrodes. In order to provide a good molecule-
electrode contact, two binding groups (also called linkers or anchors) are located at both

ends of the molecule.

Figure 1.2. Molecular junction consisting of a single molecule wired between two metallic electrodes by
means of two linkers or anchoring groups, which permit the molecule-electrode interaction.
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CHAPTER 1: GENERAL INTRODUCTION

Several techniques are able to provide the aforementioned configuration, such as break
junction, electro migration or contact conductive probe AFM. Basis and functioning of all
of them can be found in literature, as well as specific examples of experimental studies
conducted with them.'3'* Among them, break-junction technique, based on repetitive
mechanical formation and rupture of metallic atomic contacts, is the most broadly
employed and it has been the one used for the single-molecule experiments developed

during this thesis. In the next section, the bases of this technique are detailed.

1.2.1. Break junction technique

Given the difficulty to fabricate electrodes separated by a nanogap and able to fit molecules
precisely, an extended strategy is making cycles of bringing two electrodes together until
forming a metallic contact and separating them apart mechanically, leaving two clean
atomically sharp electrodes. Two different instruments have been preferably used for
applying this technique: (i) a mechanically controllable break junction (MCBJ) device and
(ii) a scanning tunneling microscope (STM). Although these two instruments seem very
different, they permit to create atomic and molecular junctions with the same

characteristics, being comparable the results obtained with them.

Mechanically controllable break junction (MCBJ)

The schematic top and side views of the assembly of a MCBJ are depicted in Figure 1.3a,

while a real picture of the top view of one of its earliest examples is shown in Figure 1.3b.

I
Vo —aa-

Figure 1.3. (a) Schematic top and side views of the assembly of a MCBJ with the metal wire (1), two holders
for fixing the substrate (2), bending substrate (3), drops of epoxy adhesive for fixing the wire (4) and the
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EXPERIMENTAL TECHNIQUES FOR SINGLE-MOLECULE EXPERIMENTS

piezoelectric tube (5). (b) Top view of a MCBJ set up with metallic wires. (c) Scanning electron microscope
picture of a modern MCBJ device fabricated by electron beam lithography. (a) and (b) Reproduced with
permission of ref.’> Copyright © 2003 Elsevier Science B.V. All rights reserved. (c) Reproduced with
permission of ref.*® Copyright © 1996 managed by AIP Publishing.

Its functioning is based on the break of a thin metal wire with a middle notch, into a pair of
facing electrodes. To do so in a controlled way, the ends of the wire are fixed on top of a
flexible substrate which is bent using a three-points bending mechanism. It is pushed in the
middle part with a rod connected to a mechanical gear until the wire breaks and two clean
fracture atomically sharp electrodes surfaces are exposed. The fracture surfaces can be
brought back into contact by relaxing the force on the substrate.'> In 1996, Urbina and co-
workers proposed the use of electron beam lithography for fabricating this kind of contacts
in a reproducible manner and controlling the neck geometry (Figure 1.3c).*® In this way,

the system became more stable and less sensitive to external vibrations.

Scanning tunnelling microscope (STM)

It consists of a sharp metallic tip placed in proximity to a metallic surface, close enough to
establish a tunneling current when a bias voltage is applied between them (Figure 1.4a).
The tip acts as a probe able to measure the current along the substrate surface, arranged
perpendicular to it. The STM functioning is based on the quantum tunneling effect, in other
words, on the ability of electrons to cross from a region of the space (1) to another (2),
when they are separated by a potential barrier Vp, as schematically depicted in Figure 1.4b.
In classical mechanics, the electron transmission can only occur when the electron energy
E is higher than Vp. However, in quantum mechanics, it exists a finite probability, known as
transmission probability (T), for the electron to cross through the potential barrier even
when E is lower than Vp. When a potential difference is applied between STM tip and
substrate, the distance between them (z axis) defines the dimension of the potential barrier
that electrons have to surpass for going from an electrode to the other. This transmission
decays exponentially with the barrier width L (distance between the electrodes) and it is
able to originate an electric current known as tunneling current. The exhaustive control of
the movement of the tip along the x, y, and z axes, with resolution even on the picometers
or below, is achieved by means of assembling it to a piezoelectric element, which suffer
mechanical deformation when a voltage is applied. Although the conventional used of the

STM is the surface topography scanning with atomic resolution, it also allows the creation
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of atomic metallic junctions of the same nature of those of the MCBJ device. This is done
by repeatedly moving the STM tip, into and out of contact with the substrate electrode, in
the z axis. In the process, the current value is used as a guide to know when the circuit is
closed and when it is open. As advantage over the MCBJ, the break junction technique base
in STMs (STM-BJ) permits to collect thousands of conductance traces in a short time,

allowing to perform highly reliable statistical analysis.

a Py -B; P b
A4 4
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Figure 1.4. (a) Working principle and main components of a STM. Reproduced from ref.?” (b) Scheme of the
tunneling effect. It exists a probability of transmission T for the electron from region 1 to region 2, through
a potential barrier Vo of width L. Adapted from ref.!

1.2.2. Conductance quantization in atomic metallic contacts

The break junction technique was firstly used for studying electron tunnelling
phenomena'® and demonstrating the conductance quantization in atomic metallic
contacts.’ The stretching process of an electrode contact is schematically depicted in
Figure 1.5a. The analysis of the current recorded during the repeated breaking process of
metallic contacts revealed a stepwise fashion, in which every step concurred at nearly
multiples of the same value. This behaviour can be appreciated in the conductance versus
distance (G-z) curve, shown in Figure 1.5b, which corresponds to the breaking of a gold
contact. These steps, also called plateaus, were found to be due to the breaking of the
metallic contact atom by atom. The conductance values at which the steps occur are

specific of each metal. In particular, they are related to the atomic orbitals contributing to
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EXPERIMENTAL TECHNIQUES FOR SINGLE-MOLECULE EXPERIMENTS

electron conduction.? In the case of monovalent metals (Cu, Ag, Au and the alkali metals Li,
Na and K), plateaus tend to have a slopping profile for the higher conductance values when
the contact size is large; while they are well-defined and almost horizontal for the lowest
conductance values when the contact consists in a few atoms.*> Every plateau ends with a
sharp jump toward the next, decreasing the conductance in the order of the quantum unit
Go (Go= 2e/h=77.5x107°S). The last plateau at 1 Gop corresponds to a contact consisting in
just one atom, so that, its rupture is a proof for the total breakage of the contact. When
the last atomic contact breaks, the atoms of both electrodes, previously suffering tension
due to the stretching, shrink abruptly in a relaxation mechanism that involves atomic
rearrangements. This produces a significant abrupt decay of conductance just after the 1Go
plateau (Figure 1.5c¢, region 2). Then, as the separation of electrodes continues, the current
decreases nearly exponentially with such separation in the tunnelling regime (Figure 1.5d,

region 3). Finally, the current arrives to the noise level (Figure 1.5d, region 4).
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Figure 1.5. Stretching of a gold contact. (a) Four particular situations can be distinguished: 1) formation of a
neck due to the stretching of the electrodes, 2) the contact between electrodes is reduced until being
formed just by one atom, 3) when the contact finally breaks, the electrode suffer a retraction due to the
previous stretching tension and a tunnelling current is flowing between them, 4) the electrode separation
carries on up to a distance out of the tunnelling regime. (b) Conductance curve for the rupture of a gold

4 The theory of the electric conduction in this kind of systems at the nanoscale is detailed later in section
1.4.1.
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contact. During the stretching of a gold contact, the conductance decreases in a stepwise fashion, where
every step occurs at multiple of Go. (c) Linear representation of two G-z traces where plateaus not occur at
every multiple of Go. The G-z regions corresponding to situations 1 and 2 of panel a have been signalized.
(d) Logarithmical representation of the same two G-z traces displayed in panel c, between (G/Go) = 1 and
(G/Go) = 0. The G-z regions corresponding to situations 3 and 4 of panel a have been signalized. (c)
reproduced with permission of ref.?2° Copyright ©1995 American Physical Society.

Since each trace reflects an individual breakage process and the atomic structure of the
electrodes can change from junction to junction, strong conductance fluctuations are
observed from trace to trace. Then, a statistical data analysis is carried out on sets of large
number of individual G-z traces in order to capture the full complexity of the system.??
The standard manner to summarise the recorded traces is to plot one-dimensional (1D)
histograms of G (Figure 1.6). In these 1D histograms, the number of counts measured in
fixed G intervals is accumulated. This means that peaks are found at that G values
corresponding to the aforementioned plateaus. Besides, the higher the number of
conductance traces used for building the histograms, the more apparent these peaks will
be. As example, in Figure 1.6 it is shown the 1D histograms of gold contacts built with 3000,
6000, 9000, and 12000 traces.??
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Figure 1.6. 1D Conductance histogram for gold contacts. The intensity of the peaks depends on the number
of curves used for building the histograms. Reproduced with permission of ref.?? Copyright © 2003 Elsevier
Science B.V. All rights reserved.

1.2.3. Single-molecule conductance measurements
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In 1997, Tour and collaborators reported for the first time the use of the MCBJ for
conductance measurements of molecular junctions.” They exposed the electrodes to a
solution containing benzenedithiol and, after evaporation of the solvent, they measured a
finite current between the electrodes. This current was attributed to the electron transport
through benzenedithiol molecules, even though it was not still clear how many molecules
were involved in the conduction and whether the molecules were bound to both
electrodes. In the next years, large disparities in the electron transport were reported for
identical or very similar molecules, until 2001, when Lindsay and collaborators highlighted
the enormous importance of the molecule—electrode bonding.?2 They immersed a gold
substrate in a solution of octanethiol molecules in which a small amount of octanedithiol
molecules had been incorporated. These molecules created a monolayer onto the gold
surface, being the octanedithiol molecules dispersed randomly between the octanethiol
ones. The protruding thiols of dithiolated molecules could be functionalized with gold
nanoparticles. Using a conducting AFM, they probed that nonbonded contacts to the
octanethiol monolayer were at least four orders of magnitude more resistive, less
reproducible and had a different voltage dependence than bonded contacts through the
Au-functionalized octanedithiol (Figure 1.7a).

In 2002, Weber and co-workers applied a fixed voltage across the electrodes during the
closing of the metallic contacts, and recorded the current.? Initially, the current grew
exponentially due to electron tunneling across the gap. When the gap was decreased to a
certain width, the current locked sometimes into a stable value or plateau, not clearly

dependent on the gap width (Figure 1.7b).
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Figure 1.7. (a) Current (on a log scale) as a function of voltage calculated from first principles with no
adjustable parameters (dashed line), measured for a bonded single molecule (solid line), and for a
nonbonded contact to the surrounding octanethiol matrix (broken line) (noise-dominated data at low bias
are suppressed). Adapted with permission of ref.® Copyright © 2001, The American Association for the
Advancement of Science. (b) Closing behaviour while establishing a metal-molecule—metal contact. While
decreasing the distance between electrodes, the current is recorded (at a constant bias voltage of 1 V).
After a region of exponential increase, the current suddenly display a stable value (plateau), due to a
molecular bridge. Reproduced with permission of ref.?3 Copyright © 2002 Elsevier Science B.V. All rights
reserved.

In 2003, Xu and Tao used for the first time a STM for measuring the conductance of
molecular junctions, with the same strategy previously used for studying atomic metallic
contacts.? In other words, the authors performed repeated formation and breakage of
metallic contacts, but in this case, the substrate was previously exposed to a solution of
the target molecule, namely 4,4 -bipyridine. Then, they analysed the G-z traces recorded
for the stretching and observed often new steps at G<Gp values (Figure 1.8b). These
plateaus were assigned to the formation of molecular bridges able to postpone the

breaking point of the junction, as shown in Figure 1.8a.
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Figure 1.8. (a) Working principle of STM-BJ technique. Reproduced from ref.?* (b) G-z trace of a molecular

junction.

47



EXPERIMENTAL TECHNIQUES FOR SINGLE-MOLECULE EXPERIMENTS

Using this methodology with both, STMs and MCBJ devices, the conductance for a plethora
of molecules has been successfully measured. An important factor to consider is that both
instruments allow establishing a relationship between the length of plateaus and the
separation between the electrodes (gap width). Considering the bridge configuration, with
the molecule extended between the electrodes, such distance should depend on the
length of the molecule involved in the junction. Therefore, the comparison of the stretching
length with the known length of the molecule permits to check that the conductance signal
is not due to oligomeric forms, and even elucidate the molecule geometry in the junction.
However, they do not provide absolute certainty about the number of molecules in the
junction, as this information cannot be extracted from the conductance value or the
breakdown distance. In this sense, the STM allows to carry out a previous scanning of the
electrode surface in order to avoid areas with self-assembled islands or monolayers.
Therefore, single-molecule junction can be favoured by selecting low-coverage areas.?!
Besides, it is possible to move the STM tip from one area of the surface to a fresh one
during the measurements.!® For long measuring times, the use of STM is preferred, since
the lifetime of the sample is directly related with the stability of the molecules of interest.
Otherwise, MCBJ technique is selected when a fixed gap size is required for long periods,

as it provides higher junction stability.
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1.3. Characterization of single-molecule junctions

1.3.1. Analysis of G-z traces

Similarly as for atomic contacts, the general characterization of molecular junctions is
based on the analysis of the G-z traces, which permits to obtain the most probable
conductance value for the junction. Strong trace-to-trace conductance variations are also
observed in this case, considering that not only the atomic structure of the electrodes can
change from junction to junction, but also that a molecule can interact with the electrodes
from different geometries.

In addition to the 1D conductance histograms previously explained, conductance versus
electrode distance (2D) histogram are also built (Figure 1.9). For 2D histograms, it is
important the conductance-distance alignment of the traces at the z point where the
conductance of each trace reached Gy (just when the last metallic contact is broken). Once
the traces are aligned, it is built by accumulating the number of counts measured in fixed
log(G/Go)—z intervals from the traces, using a colour scale to symbolize the number of
counts in each log(G/Go)—z interval. A relevant appreciation is the use of log G rather than
G for the representation of 1D and 2D histograms. This was proposed by Calame and co-
workers,? being rapidly accepted as the proper representation, since the logarithmical
scale permits a better identification of the molecular signal due to a better overview from

the single-atom contact to the tunneling.
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Figure 1.9. Formation of 1D and 2D histograms from the collected individual G-z traces.

1.3.2. Detection of plateaus and extraction of the conductance value
Considering that not all collected G-z traces display molecular plateaus, the separation of

such traces from those presenting just tunnelling was proposed.”®> The 1D and 2D
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histograms built from only the traces displaying plateaus allow a better characterization of
the molecular signal, since a more accurate assessment of the length of plateaus and the
conductance value can be carried out. The conductance value is commonly extracted from
1D histograms, using a Gaussian fit to calculate the main value of the peak generated by
the presence of plateaus. Although this value is given as the more probable conductance
for the junction, the peaks have a width related with the range of conductance values at
which the molecular signal can occur, which is generally about one order of magnitude.
2D histograms not only contain conductance information, but also plateau-length
information. Besides, they provide the profile of plateaus, which can reveal information
about additional processes or interactions taking place while the stretching of the
electrodes.

The building of plateau-length histograms can provide useful information for identifying
the most probable geometry of the molecule in the junction. The analysis of distances can
also reveal the presence of more than one conduction pathways in the molecule and/or

evidence the formation of oligomers.

1.3.3. Analysis of conductance traces by multi-parameter vector-based method

The direct histogram-based analysis, described above, presents certain deficiencies: i) it
has a strong focus on the most abundant class of signals and sub-populations in the data
may remain unnoticed; ii) different breaking events can promote molecular signals of very
similar conductance value, being hard (even impossible) to distinguish them. Albrecht and
collaborators proposed the used of vector-based classification algorithms to distinguish
different molecular signatures within the collected data,?®?’ as this analysis methodology
had already demonstrated to be a powerful tool for categorizing data in fields such as
neuroscience.?®?® For a current (or conductance) versus distance trace, this method
consider the N current values as a vector X, (n=1,...N) in which each value is related with M
distance observations. This results in a data matrix Xnm (n=1,...N; m=1,...M) for each trace.
The |AX| between two vector points can be used as a measure for similarity between
different data sets m and m’. If Xm and Xm' are identical, then AXn is zero; if they are very
different, AXn is large. After calculating all combinations of distances between the M data
sets, a probability criterion may then be used to classify the traces. Since this distance-

based criterion seems to be insufficient in many cases, an N-component vector R is
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included in the system as reference, corresponding to exponentially decaying current—
distance values, which mimic the experimental data without molecular binding events. In
this context, it is possible to calculate the |AX| between every trace and the R vector, which
permits to distinguish between traces differing from the reference vector in distinct ways
and detect events which occur in low ratios of appearance.?’ It is worth mentioning that
this classification method does not provide any physical interpretation of the data, and
therefore, every group of classified data is then analysed independently using the well-
known histogram-based methodology.

More recently, Perrin and collaborators reported a reference-free variation of this vector-
based method,?® in which each G-z trace is transformed into an image, more specifically
into a 2D histogram. Then, each 2D histogram is converted into a feature vector, obtaining
as many vectors as individual breaking curves. This transformation is exemplified in Figure

1.10.
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Figure 1.10. Transformation of a breaking trace into a vector, which can be represented as an individual 2D
histogram. Adapted with permission of ref.3° Copyright © 2019 managed by AIP Publishing.

Importantly, a specific region of interest has to be defined in order to reduce as much as
possible the high-dimensional spaces that are generated. To focus on the behaviour of the
traces after the breaking of the junction, it can be selected a conductance range between
the noise-floor value and Gy, and an electrode displacement range according to the
calculated junction distance for the molecule fully extended between the electrodes.

Probing the potential of this method, the authors used the clustering algorithm K-means++
(available in the Scikit-Learn Python library) over the vectors obtained for the conductance

traces for oligophenylethynylene junctions. Next, they employed a principal component
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method analysis, obtaining three different clusters, which were used to construct the
corresponding 2D histograms (Figure 1.11). They found that each cluster corresponded to
a different breaking behaviour, obtaining three classes of G-z traces. Class 1 corresponded
to traces no displaying molecular signal (Figure 1.11b). Class 2 corresponded to sloping and
short plateaus at high conductance values (Figure 1.11c). Class 3 corresponded to flat and

long plateaus at low conductance values (Figure 1.11d).
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Figure 1.11. Operating of classification algorithms for G-z traces. (a) 2D and 1D conductance histograms
built from all the breaking curves for an oligophenylethynylene junction, corresponding to 41916 traces.
(b)—(d) 2D and 1D conductance histograms built from the breaking curves of three different classes
obtained with the vector-based classification method. Class 1 (b) corresponds to traces no displaying
molecular signal; class 2 (c) corresponds to sloping and shorter plateaus at higher conductance values; and
class 3 (d) corresponds to flat and longer plateaus at lower conductance values. The horizontal green/red
dashed lines in the 1D histograms of (c) and (d), respectively, correspond to the mean of the log-normal
distribution fits for the conductance peaks. Reproduced with permission of ref.3® Copyright © 2019
managed by AIP Publishing.

These methods have been also used to distinguish different conduction pathways in
multiconductance-state systems.?! In addition, they have demonstrated their potential not
only for revealing breaking events with low-rate of appearance, but also for a more
accurate determination of the molecular conductance since the obtained peaks are

narrower and more symmetric.3°
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1.3.4. Current-voltage (I-V) characteristics

Current-voltage (/-V) characteristics can also be studied in molecular junctions by means of
applying voltage cycles while the molecule is wired between the electrodes, this is, while
the molecular plateau in the G-z trace remains (Figure 1.12). In this sense, the more stable
the molecule-electrode interaction, the easier to record /-V curves, being the optimization

of the signal-to-noise-ratio essential for these measurements.
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Figure 1.12. -V curves are recorded along the molecular plateau. (a) G-z trace displaying a plateau, along
which four /-V cycles have been measured (stars). (b) Four /-V traces recorded in the same plateau,
between 1.5 and —1.5 V. (As current (/) is related with the conductance (G) through the formula I=GV, these
curves can also be plotted using conductance instead of the current in the y-axis).

The treatment of /-V curves is similar to that described for G-z traces. Thousands of current-
voltage cycles are recorded, generally several of them in each plateau that appear in the
G-z traces. The 2D histograms are built from all these /-V curves. The behaviour of the /-V
curves is generally related to the HOMO-LUMO gap, so the more higher the curvature of
the /-Vs, the closer in energy the HOMO or LUMO are. The asymmetry on the /-Vs is usually
related with different coupling of the molecule with the right and left electrodes, as usually

occurs for asymmetric molecules.
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1.4. Theoretical models for electron transport phenomena

1.4.1. Electron conduction at the nanoscale

As mentioned before, the electrical conduction in macroscopic wires is described by Ohm’s
law. For a given sample, G increases linearly with the transverse area S and it is inversely

proportional to its length L:

(Eq.1.2)

|onlll %}

where ois the conductivity of the sample, which is specific for each material. In these cases,
electrons take a random path through the material due to scattering. In contrast, charge
transport at the nanoscale, in which the length or width of the material are of the same
order of magnitude of that of the electrons, takes place via ballistic transport, where
electrons propagate coherently. It happens in metallic nanowires but also in 2D materials.
In the ballistic transport regime the conductance can be described by the Landauer

formula, which can be presented in the following form:
2 2
G="YN1Ty (Eq.1.3)

In this equation, there are N different transmission channels, each of which contributes
certain transmission T, to the total conductance. The prefactor 2e?/h is the conductance

guantum, denoted Go:
282 —6
Gy = o x 77.5 x 10 (Eq.1.4)

The quantum conductance corresponds to an electric resistance of 1/G¢~12.9 kQ,
associated to the resistance at the interfaces between the electrodes and the ends of the
molecule; in other words, between the macroscopic leads and the material of limited
dimensions. When the material with limited dimensions is a single molecule, we refer as to

molecular junctions, whose configuration was shown in Figure 1.2. In this case, the
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molecular levels constitute the conduction channels that electrons follow from one
electrode to the other.

The energy diagram of a molecular junction is depicted in Figure 1.13, where the metallic
electrodes have continuous electronic states, filled up to Fermi level (Ef), and the molecular
channels are represented by their HOMO (Highest Occupied Molecular Orbital) and LUMO
(Lowest Unoccupied Molecular Orbital). Although many molecular orbitals can participate
in the electronic transport, these frontier orbitals have the main contribution (Figure
1.13a). The transmission probability in the junction strongly depends on the energetic
alignment of the molecular orbital with respect to the metal Fermi level. Due to its
hybridization with the band energy levels of the metal electrodes, the molecular orbitals
change their position and suffer a broadening (Figure 1.13b), which gives rise to the
transmission function depicted between the electrodes. Note that the higher probability
of transmission occurs at energies related to the original HOMO and LUMO molecular
orbitals. When a bias voltage V is applied to one of the electrodes, its energy level is
modified (Er+eV) and a tunnelling current is forced to break through the molecule (Figure
1.13c). This tunnelling current allows to explore the electrical properties of the molecular
junction, such as the conductance G and the current-voltage /-V behaviour. Remarkably,
for long molecules, the electron transport has been proposed to occurs by means of a
hopping mechanism, in which electrons are localized at certain molecular orbitals of the

molecular backbone and hop between them (Figure 1.13d).1

Thanks to first-principles methods, normally based on density functional theory (DFT), in
combination with non-equilibrium Green’s function techniques (NEGF), the alignment of
the molecular levels with the metal states can be modelled and the electrical properties of
single-molecule junctions predicted. In this sense, theory provides information concerning
the nature of the relevant orbitals, the most favorable binding geometry and possible
interference effects.?! However, it has to be considered that the theoretical models are
based on a simplified picture of the molecule—electrode junctions, since the real shape of
the electrodes and the geometry of the molecule are not trivial and can change during the

real experiments.
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Figure 1.13. Schematic energy levels for a molecular junction. (a) Energy level of the molecular orbitals with
respect to the Fermi Energy before coupling with the electrodes. The linkers act as a potential barrier. (b)
Alignment of the molecular energy levels with respect to the Er and broadening of the orbitals, resulting

into a continuous transmission probability, which is higher at those energies related with the original
molecular orbitals HOMO and LUMO. (c) Application of a bias voltage V to one of the contacts. The Fermi
level is modified and a tunnelling current flows through the molecule. (d) Hopping mechanism. Here, it is
depicted a two-state model, where the two states are coupled via a hopping t+.

1.4.2. Density functional theory and non-equilibrium Green’s function (DFT-NEGF)

DFT provides information about the standard ground state of finite systems, like molecules
or atomic clusters. Also related properties can be predicted, such as molecular structure,
vibrational frequencies, atomization energies, dipole moments, and ionization and affinity
energies. Since molecular junctions are neither finite nor periodic, the application of DFT is
complicated. Moreover, the application of a bias voltage between the electrodes involves
a driving out of equilibrium, which is out of the DFT scope. Therefore, to describe the
transport properties of nanoscale junctions, DFT is usually combined with NEGF

techniques.t
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The application of those models starts with the optimization of the minimum energy
molecular geometry, which further allows to extract the topologies and the energetic
alignment of the frontier molecular orbitals (HOMO and LUMO). Next, the optimized
molecule is allocated between the electrodes, giving rise to molecular junctions, which are
divided into three parts: the left (L) and right (R) electrodes and a central part that contains
the molecular bridge and metallic screening layers (Figure 1.14). Remarkably, several
trends for the modelling of the molecule-electrode interfaces are nowadays considered:
pyramidal electrodes or flat surfaces with adatoms, depending on the most probably shape

of electrodes, which generally is related to the anchoring group.

The charge density of the system is computed, in terms of a density matrix, both in
equilibrium conditions and considering the shift of the chemical potential of the electrodes
caused by the applied bias voltage. These models permit to obtain the probability of

transmission as a function of the energy.

Although DFT-NEGF is the theoretical approach with the largest impact in molecular
electronics, it has its limitations. Since the transport often proceeds through the tails of the
molecular orbitals closest to the Fermi energy, small errors in the position of those levels
can lead to large errors in the transport properties. In this sense, the intrinsic
approximations made in the DFT-NEGF method can also be responsible for discrepancies
between experiment and theory, such as insufficient description of the electronic
correlation or in situ atomic rearrangements that may involve significant conductance
variations. Since the most theoretical studies are restricted to the analysis of a few idealized
geometries, the comparison of these results with the experiment should be taken with
caution. The use of DFT-based molecular dynamics is also extended nowadays, since it
provides a very valuable insight into the mechanism of junction formation and most

favorable contact geometries (Figure 1.15).%?
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Figure 1.14. Schematic representation of a molecular junction. Three regions are distinguished: the left and
right semi-infinite electrodes and the central region that contains the extended molecule and part of the
electrodes. Reproduced from ref.!
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Figure 1.15. Snapshots of the formation of an octanedithiol molecular junction simulated using DFT-based
molecular dynamics. Reproduced with permission of ref.3? Copyright © 2009, American Chemical Society.
Short movies of the molecular dynamic are also available in the Supporting Information of ref.3?

1.4.3. Gap correction

Theory is generally in good qualitative agreement with the experimental results, being able
to predict the conductance trend in a family of compounds. However, clear quantitative
discrepancies between them are common, predicting the theoretical models higher values
than the experimental ones, and being the differences especially significant for low-bias
conductance. This fact has been attributed to intrinsic deficiencies of the DFT functionals,

which tend to underestimate the HOMO-LUMO gap.3? In order to overcome such known
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deficiencies, the self-energy corrected DFT+2 approach is typically applied and it has been
demonstrated to improve the agreement with experimental conductance values.3#3>36

In brief, this correction is based on a shift of the HOMO and LUMO levels toward opposite
directions, which promotes an opening of the gap and gives rise to a modified molecular
Hamiltonian. This new Hamiltonian is incorporated to the system and DFT is conducted as
usual, obtaining a corrected conductance value lower than the previous one and, in

general, in better agreement with the experimental conductance.?3
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1.5. Elements of a molecular circuit

Each component of a single-molecule junction plays a key role on the conductance
experiments, not only on the final value, but also in other aspects of the measurements. It
is possible to distinguish three different components: i) electrodes, ii) anchoring or linking
groups, and iii) molecular backbone (Figure 1.16). In this section, a brief discussion about
their influence on the conductance has been included, considering the fundamental

findings in the field to date.
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Figure 1.16. Components of a molecular junction.

1.5.1. Electrodes

Although several metals have been used as electrode (Pt, Ag, Cu...), in this kind of
measurements, gold is the most common electrode material because of its inertness,
which favours more consistent and reproducible single-molecule conductance
experiments and allows their development under ambient conditions. Others metals,
which suffer oxidation processes in presence of oxygen, originate an oxide layer on the
electrode surface that hinders a clean formation of metal-molecule—metal junctions.
Those metals, such as Ni, Cu and Fe, require the use of ultra-high-vacuum systems, inert
atmosphere or electrochemical control for avoiding or removing the oxide layer. This fact
adds a greater complexity to the experiments.

As previously explained, the Fermi Energy level (Ef) of the metal is a key factor in the
conductance value, since Er deeply influences the molecule-metal coupling. Therefore,
junctions formed with the same molecule but different metallic electrodes have been
reported to have distinct conductance value, due to the different Er of the metals.3”3® As
example, Figure 1.17 summarizes the results obtained by Kim for 4,4'-diaminobiphenyl

junctions with Ni, Au and Ag (Figure 1.17b) and the schematic energy alignment for each
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junction (Figure 1.17¢).3® The conductance value obtained for Ag junctions was lower, since
its Erwas in the middle region between HOMO and LUMO. The Er of Ni and Au were closer

to the HOMO level, giving rise to higher conductance values.
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Figure 1.17. Conductance value depends on the metal electrode used in the junction. (a) Schematic 4,4'-
biaminobiphenyl junction. (b) 1D histograms for the junction with Ni, Au and Ag. (c) Energy diagram
indicating the molecular HOMO-LUMO gap, relative to the Ni, Au and Ag Fermi level. Reproduced from
ref.3® Copyright © 2014, Korean Chemical Society.

Another important factor in conductance experiments seems to be the shape of the
electrodes. Although break-junction techniques generally involve at least one of the
electrodes with pyramidal shape, theoretical models predict higher conductance values for
systems in which both electrodes have a flat configuration.3®

The measurements of the electron transport properties of the molecules studied in this

thesis have been performed using Au (Chapters 2, 3 and 4) and Ni (Chapter 5) electrodes.
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1.5.2. Anchoring groups

The anchors or linkers are the functional groups or molecular points through which the
molecule is attached to the electrodes. Generally, two linkers are introduced at both ends
of the molecule in order to achieve a junction configuration in which it is fully extended
between the electrodes. Although the molecule-metal bonding is weak in comparison with
the typical molecular bonds, it strongly influences the amount of charge transfer, the
broadening of the HOMO-LUMO and their final position with respect to the Fermi level.?!
The metal-molecule coupling is typically produced by means of donor—acceptor (dative)
interactions or covalent bonds and depends on both the metal and the group used as linker.

In Table 1.1, the most common linker groups used for gold electrodes have been collected

and classified depending on the nature of their interaction with the metal.

Table 1.1. Most common linker groups classified depending on the kind of interaction with the electrodes.

Dative anchors

Covalent anchors

7 donors Lone pair donors

Pyridine

Cyano
R-C=N:

Isocyanate

Pyrene R—-N=C:

O Amine
O Methylsulfide

R-S—Me
Aromatic surfaces
in general

Thiol
R-SH

Trimethylsilyl
CHj
R—==—Si-CHj
CHj;

Organotin
FH3

R-Sn-CHs
CH,

Diazonium

®
R—N=N

Au

TBAF

R—S—Au

Au

Au

+e”

Au

Au
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Among the anchors, the most frequently used are groups incorporating sulphur atoms (—
SH, —SMe) and nitrogen atoms (pyridine, =NH2, —C=N). In the case of nitrogen groups, the
interaction takes place through the lone pair of electrons, giving rise to dative coordination
bonding. In contrast, when sulphur is the atom involved in the coupling, a covalent bond (-
SH) or a dative bond (-SMe) can be formed between the linker and the metal. Other linkers
such as m-conjugated hydrocarbons®® and fullerenes,**? have also used as linkers, since
their m-donor character gives rise to a dative bonding with the metal.

In-situ formation of covalent Au—C bonds has also been reported through different terminal
groups:

i) Transmetalation of C=SnRs: This method has been used for the in situ cleavage of

terminal C=SnMes bonds, in order to obtain covalent Au—arene and Au—alkane
contacts.*® Note that for obtaining the desired cleavage, the most reactive Sn-C
bond must be the one between the Sn and the backbone.**

ii) Desilylation of terminal trimethylsilylacetilene (TMS—C=C) groups: This method is

based on the addition of tetrabutylammonium fluoride (BusNF) to a solution of the
target molecules protected with TMS—.4> A disadvantage of this method is the
generation of BusN* electrolytes, which may produce an ionic current between the
electrodes able to mask the signal of low-conductance molecules. Remarkably, it
has been reported recently that terminal acetylenes can interact directly with gold
electrodes, avoiding the deprotection step and the resulting ionic currents.*®

iii) Electroreduction of diazonium salts: Initially, this approach seemed attractive since

covalent Au—C contacts could be generated (irreversibly) on demand by increasing
the reduction potential;*” however, diazonium salts are known to be thermally
unstable and, in many cases, explosive. For that reason, this method is currently in
disuse.*®
A different classification of the anchors has been proposed, according to the number of
atoms involved in the binding: i) monodentate, ii) bidentate, and iiii) multidentate anchor

groups (Table 1.2).
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Table 1.2. Most common linker groups classified depending on the number of atoms involved in the binding

Monodentate Bidentate Multidentate
Thiol Methylsulfide
R~g-Au
R\S/Au ? Carboxilic adic
Me
Amine Pyridine (l),\AU
- AU ! /
H N C.
Ny, | / ~3
- N ~ / R O
R Au R
Dithiocarboxilic adic
Cyano Selenol
u Pyrene

//N/ _.Se S,\AU

.C~ R™ Au
R I /
/C\\S
Isocyanate Diazonium R ‘O
//C,AU ®/,/N
R/N i R/N Nitro

Trimethylsilyl Organotin ?:\AU
I? I,Q NI\\\ / Aromatic surfaces
i Sn - O in general
HaC S CH HsC™1 "CH R
8 CHy ® % CHy °

As mentioned before, the nature of the linker affects the conductance value. It has been
reported several examples in which the change of linker involves the change of the orbital
controlling the conduction. In particular, Erbe and collaborators studied tolane molecules
attached to gold contacts by means of different anchors, namely thiol, amine, nitro and
cyano groups.*® They found that, for these junctions, the HOMO dominates the transport
for linkers with electron-donating character (thiol and amine), and the LUMO dominates

the transport for linkers with electron-withdrawing character (nitro and cyano).

Understanding the behaviour of each linker is of special interest in order to establish trends
of conductance values. Agrait and co-workers studied amine and thiol anchor groups for
alkanes of different length.>® One of the main aspects they found was the different
behaviour of the gold electrodes with each linker. It was observed that amines did not
modify the gold breaking dynamics, obtaining the normal gold jump-out-of-contact. The
junction separation at breakdown point was also comparable with the length of the
molecule. In contrast, the thiol terminated alkanes strongly modified the gold breaking

dynamics, giving rise to junctions with apparent stretching distances significantly longer
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than the corresponding amines, which indicated mobilisation of gold atoms in the contact

(Figure 1.18).
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Figure 1.18. Variation of conductance (log(G/Go)) with breakdown distances (Ls) for different alkane chains
presenting amines (a) and thiols (a) as linkers. Dashed-lines are guides for the eye and the vertical lines in
the bottom panel correspond to the theoretical length of the molecules. Reproduced with permission of
ref.>° Copyright © 2011, American Chemical Society

In this context, Leary and collaborators proposed the formation of oligomeric gold—thiolate

units during the stretching when thiol groups are used as anchors.>* Some of the possible

configurations are collected in Figure 1.19. Interestingly, this increase of the junction length

for the same molecules presenting —SMe linkers was not observed, concluding that the

formation of those oligomeric gold—thiolate units was favoured by thiols groups.>!
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Figure 1.19. Different possible geometries including adatoms for dithiolated molecular junctions. In the two
last geometries the CHs group replaces a full target molecule. Biphenyl backbone has been used as
example. Reproduced with permission of ref.>! Copyright © 2018, American Chemical Society

In this thesis, —SMe groups have been the preferable linkers, since this is as extensively

studied group, whose behaviour in single-molecule junctions is well-established.
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Nevertheless other groups have been also explored, particularly in Chapter 4, where an

exhaustive analysis of the terminal acetylene group as linker is included.

1.5.3. Molecular backbone

The molecular backbone is defined as the pathway through which charge flows from one
anchor to another.”® The variety of possible molecular backbones is almost unlimited since
any chemically reasonable structure can be prepared by means of synthetic chemistry. As
mentioned before, a proper attachment to the electrodes is generally achieved introducing
two anchoring groups to the backbone. However, there are cases, particularly with
molecules presenting aromatic surfaces such as acenes and fullerenes, in which the linkers
are not needed.>?™>*

Molecular backbones are typically classified according to their behaviour or function within

an electronic circuit. Some examples of these functions are given below.

Rectifiers consists of an acceptor m-system (A-system) and a donor mt-system (D-system),
separated by a tunnelling bridge. Due to this disposition, they are able to give rise to D-A
junctions. The distance between the acceptor and donor units is a key factor in these
systems, since if they are too far apart, then they will not communicate and if they are too
close, a new single mixed ground state will form, precluding the rectification. Rectifiers
present a characteristic asymmetric /-V profile since the molecular orbitals have an
asymmetric charge distribution, which involves a different coupling to the left and right
electrodes. Therefore, the current is lower for the side with the weaker coupling, while the
current shifts toward the chemical potential of the electrode that is better coupled.® In this
sense, rectification can also be achieved by the direct use of distinct anchors in each end
of the molecule,® or simply by using different metals as electrodes.”®

Aviram and Ratner were the pioneers on proposing the used of single molecules as
rectifiers.® In 1974, they explained how a modified charge-transfer salt could operate as a
traditional diode in electrical circuits.* However, this idea was considered just a theoretical
hypothesis that could not be tested experimentally. The first real nanosystems having a

rectifying behaviour consisted in Langmuir-Blodgett monolayers or self-assembled

€ In fact, this is the first proposal using a single molecule as an electronic component.
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monolayers formed by 10'* to 10> molecules measured in parallel. Between 1997 and
2006, Metzger’s group reported several monolayers of different structures able to act as
rectifiers.>’ |-V curves characteristics of one of them are shown in Figure 1.20, where it can
be noticed that the current is very much higher for the chemical potential of the right
electrode. Remarkably, the same group proposed later that the rectification observed in
those systems was due to the aliphatic chain rather than the donor-m-acceptor part

according to tight-binding calculations.>®

Current | / milliAmperes

Bias V / Volts

Figure 1.20. /-V characteristics reveal the rectifying behaviour of the system. Reproduced with permission of
ref.>® Copyright © 2003, American Chemical Society

Rectification behaviour at the single-molecule level was explored later by means of
MCBJ and STM break-junction techniques.”>®%%3 The rectification ratio (RR) is the
difference of current, in absolute value, obtained at the same potential at positive and
negative sign (RR = [I(V)/I(-V)]). For those molecules, the RR ranged from 1.2 to 10.%
Several fully theoretical studies have been also developed for different structures,
obtaining rectification ratios in the same range of values, for both D-1t-A systems and D-o-
A systems.5>%6 | ater, Liu and coworkers proposed a tandem rectifier, in which two single
D-0-A rectifiers were coupled via a m-bridge.®” Using NEGF approach, they obtained that
the rectification ratio of this tandem was about 20 times higher than that of the single

rectifier.
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Switches are able to shift between two or more stable states (in this case, conductance
values), by means of an external and controllable stimulus. Multi-conductance state
systems are relevant in molecular electronics due to their promising applications in high-
density data storage.®® A possible way for improving data storage potential is to increase
the number of memory states in each cell. This means going beyond binary systems and
searching for molecules having more than two output signals: 0, 1, 2, 3, 4... In this context,
the practical utility of multi-state systems resides in conductance values in the range
allowed by the detection limits, but different enough to be easily distinguishable. The
existence of several (two or more) electrical responses for a single molecule lies in intrinsic
(chemical, structural, conformational, electronic...) molecular changes, which should be
promoted by an external stimulus. Switches have been extensively studied in molecular
electronics, finding in literature examples of multi-conductance-state systems based on

redox,®8% light-driven’® and proton transfer’! processes or combination of them.”?

Wires are the elementary building block for nanoscale devices, since they serve as a
channel for electrons. Oligomeric backbones, such as oligophenyleneimine (OPI),”3
oligo(phenylene)ethynylenes (OPE),”*  oligonaphthalenefluoreneimine (ONI)”> and
oligophenylenetriazole (OPT),’® among others, have received special attention, being the
coupling between monomers a key factor in the conductance of all of them. Its ability to
transport electrons has been evaluated by comparing how their conductance decreases
with increasing their length. The parameter used for that is the B decay factor, which is
extracted from the conductance plotting on a semi-logarithmic scale against the molecular

length (L) of the oligomer, using the following formula:

G = Ge Pr (Eq.1.5)

where G is the contact conductance of the molecular wire junction.”’ B values depend on
the coupling strength between monomer units. Backbones that are strongly conjugated
have a shallow conductance decay: the lower B values for an oligomer family, the more
effective at charge transporting it is. The study of several families of oligomeric wires has
revealed interesting information. Thus, for example, since alkane chains (—[CH2]n-) do not

have strongly conjugated bonds, they present high B values (0.84 A™1). Although
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permethyloligosilanes (—[SiMez]n-) are their structural analogues, they are able to transport
charge more effectively (B values 0.39 A1) because Si-Si o bonds are more strongly
conjugated than C—C o bonds, probably because their bonding orbitals are larger in size
and higher in energy.®® In Figure 1.21, it has been collected the conductance of several
oligomeric families, (OPI, OPE, OPT and ONI). It is appreciable that for longer oligomers in
the series, the conductance decays smoothly or even remains constant. This suggests that,
for these families, the transport mechanisms is changing along the series, going from

tunnelling to hopping.”®
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Figure 1.21. Resistance vs molecular length graphics for four different families. (a) OPI, (b) OPE, (c) ONI and
(d) OPT. In these examples, it is appreciable a change in the electron transport mechanism from tunnelling
to hopping, by means of a change in the slope (B values). (a) Reproduced with permission of ref.”® Copyright
© 2008, American Association for the Advancement of Science. (b) Reproduced with permission of ref.”*
Copyright © 2010, American Chemical Society. (c) Reproduced with permission of ref.”> Copyright © 2010,
American Chemical Society. (d) Reproduced with permission of ref.”® Copyright © 2009, American Chemical
Society. Adaptations taken from ref.”®

Molecular wires consisting in oligocarbynes are also of special interest. This family
comprises cumulenes, formed by successive double bonds, and polyynes (also called
oligoynes) formed by alternating single and triple bonds. Interestingly, Venkataraman and

collaborators reported recently that the conductance for cumulenes increases with
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length,”® in contrast to polyynes and the others aforementioned oligomeric families (Figure

1.22).
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Figure 1.22. (a) Series of cumulenes and polyynes investigated by Venkataraman and collaborators. (b) 1D
histograms of the cumulene series measured at 100 mV. (c) 1D histograms of polyyne series measured
under the same conditions. (d) Conductance determined for cumulenes (blue) and polyynes (red) as a

function of the number of carbons in the chain. Reproduced with permission of ref.” Copyright © 2020,

American Chemical Society

Other families exhibiting interesting properties are pyridine end-capped
cyclopentadithiophene-vinylene oligomers, recently studied by Venkataraman and co-
workers,® presenting large transport to distances as large as 5 nm.

Finally, it is worthy to highlight the last investigations on rotaxane-like molecular wires,
considering the complexity of these systems.®82 Nichols and collaborators found a slight
increase of the conductance for a rotaxane system in comparison with that of the

dumbbell, which was a pyridine end-capped oligoyne wire.8?
For all these different functions (wires, rectifiers, switches...), there are several factors

related with the molecular backbone that highly influence the conductance, such as the

substituents, able to tune the electron-acceptor or electron-withdrawing behaviour of
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different regions along the molecule; the torsion angles, which influences the coupling
between planar units; and the aromaticity of conjugated structures.

- Dihedral angles: when a molecule is formed by one or more phenyl rings or other

aromatic surfaces, the angles between them, as well as the angles with the linkers highly
influences the conductance. As experimentally and theoretically demonstrated, a higher
conductance is obtained for molecules with lower dihedral angles, since the conjugation
between the aromatic motifs is more effective. For example, studying a series of
substituted biphenyl derivatives,8* it was found that the greater the twist between

phenyl rings, the less conjugation and conductance value (Figure 1.23).
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Figure 1.23. Conductance decreases with an increasing twist angle between biphenyl rings. The
experimental values in red correspond to different biphenyl derivatives measured in ref,®* which present
different twist angle. Reproduced from ref.23 Copyright © 2006, Nature Publishing Group.

- Effect of substituents: The effect of substituents in the conductance can be distinct

for different molecules. Thus for example, in the particular case of 1,4-diaminobenzene-
based molecular wires, different substituents were introduced at the 2-, 3-, 5- and 6-
positions. Steigerwald and collaborators demonstrated that electron-donating groups (—
Me and —OMe) originate an increase in conductance, whereas electron-withdrawing
groups (—CFs3, —Br, —Cl and —F) promote the reverse effect.®> Remarkably, in certain systems,
variations of the substituent groups can promote changes in the torsion angles, involving

conductance decreases as previously described in Figure 1.23.
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Aromaticity: it is a term that groups together a collection of physicochemical

properties determining specific features of cyclic or polycyclic m-electron molecules. For

defining a molecule to be aromatic, some criteria have to be accomplished:

v)

it has to be cyclic or polycyclic

its bond lengths exhibit very low bond lengths alternation

it should be more stable than its acyclic analogue

when it is submitted to an external magnetic field, a current is induced into the
ring, displaying an increased diamagnetic susceptibility and chemical shifts of
exocyclic protons in 'H NMR spectra toward low field.

substitution reactions take place more easily than addition reactions.

Different aromatic indexes have been used to compare the aromatic character of

conjugated molecules, based on energetic and geometric criteria, among others. The most

commonly used are i) harmonic oscillator model of aromaticity (HOMA), introduced by

Krygowski and Kruszewsk, improving the first approach by Julg and Francoise;®® and ii)

nucleus independent chemical shift (NICS), introduced by Schleyer and collaborators.?’

HOMA: itis an index directly based on the molecular geometry, namely on the bond
lengths, since strongly aromatic compounds are related to non-alternant bond
lengths or very weak variations. Then, the variance of the perimeter bond lengths
is compared with a hypothetical optimal bond length Ropt, calculated for the fully-
aromatic structure.

NICS: it is @ magnetic aromaticity criterion, defined as the negative of the absolute
magnetic current that flows along the ring when a magnetic field is applied,
calculated at any point of the molecule. This shielding is usually calculated at the
center of any of the rings (NICS(0)zz), however nowadays it is more extended the
calculation of the out-of-plane component of the magnetic shielding. For that, it is
calculated the NICS(X)zz, where X is the distance in A above the molecular plane.

Remarkably, the more negative the NICS values is, the more aromatic the molecule.

The effect of aromaticity on the conductance have been a controversial topic,® since the

conductance have been demonstrated to decrease with the aromaticity in a considerable

number of cases,®9°% whereas, it has been reported to increase in others.?® Besides, when

a strong coupling between anchor and electrodes exists, this coupling dominates the

conductance. Therefore, small structural changes involving variations in aromaticity are
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then statistically insignificant for the final conductance value. In those cases, conductance

is considered to be independent of aromaticity.®*

Importantly, in most of the systems, several of these effects (angles, substituents and
aromaticity) can be present at the same time, acting on each other. For example, the
substituents introduced in a conjugated core can be decisive for the aromaticity of the
structure, making possible to use them as strategy for tuning the conductance. In the same
way, bulky substituents generally involve higher torsion angles, affecting not only the
conductance value, but also other properties such as the rectification behaviour.®®

For the different molecular backbones investigated in this thesis, several of these factors

have been found to have a strong influence on the conductance values obtained.
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1.6. Beyond conductance measurements

The experiments explained above, consisting in the creation of metallic nanojunctions, also
allow exploring other parameters and effects, besides conductance, related with the
transport at the nanoscale. The application of a gate voltage, a temperature gradient or a
magnetic field usually involves substantial changes in transport that have major
implications for fundamental understanding of the processes at the nanoscale.?®°’ In such
cases, it have been already demonstrated that both, experimental setups and theoretical

modeling, need to be adapted to new requirements.

In this section some of those complementary studies (namely thermoelectric effect,
electrochemical gating and magnetic measurements) are overviewed, considering their
potential for future research and applications according to the advances already made, as

well as the experimental modifications required for conducting those measurements.
1.6.1. Thermoelectricity and thermoelectric effect

Thermoelectricity is the combination of thermal and charge transport. When the two sides
of a junction are at different temperatures, T1 and Ty, a voltage difference, Vi — Vy,
proportional to the temperature difference, appears (Figure 1.24). The constant of
proportionality that relates both terms is the thermopower or Seebeck coefficient (S),

following the next equation:
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Figure 1.24. Schematic disposition of the elements of a molecular junction for thermopower measurement.
Reproduced from ref. 12 with permission from The Royal Society of Chemistry.

In order to make possible thermopower measurements, it is mandatory to reach a reliable

temperature difference between the two sides of the junction. The implementation of an
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accurate temperature control system into an MCBJ device or an STM is not trivial, since
temperature drops and temperature gradients due to thermovoltages in all conducting
materials have to be taken into account.

Several technigues have been proposed for measuring thermopower, being such proposed
by Agrait and collaborators?? the most advantageous, since it allows the simultaneous
measurement of thermopower and conductance. It is based on the shift of the point at
which the /-V curves cross the voltage axis. As AV = — SAT, S can be obtained as the slope
of the voltage at the crossing point of /-Vs for different AT.

Thermopower measurements can also provide additional information about the transport,
such as if Er is closer to the HOMO or closer to the LUMO. In fact there is no other specific
method for determining that with certainty. In this sense, the sign of the Seebeck
coefficient (S) of molecular junctions can indicate this relative position,®®®° as shown in
Figure 1.25. When Ef is closer to HOMO level, electrons flow towards the hot side, giving
rise to a positive value for the Seebeck coefficient (S>0), while when Ef is closer to the
LUMO level, electrons flow towards the cold side and the Seebeck coefficient has a

negative value (5<0).12

a) b)
HOT COLD HOT COLD

Figure 1.25. The sign of S is related with the alignment of the Er and the HOMO and LUMO levels. (a) When

the HOMO level is closer to the Ef, electrons flow towards the hot side and $>0. (b) When the LUMO level is

closer to the Ef, electrons flow towards the cold side and $<0. Reproduced from ref.1? with permission from
The Royal Society of Chemistry.

Importantly, understanding the electronic response to a temperature difference in a single-
molecule junction is not limited to correlate different molecular backbones and linkers with
the Seebeck coefficient; this information can be apply for the design of devices with a high
thermoelectric efficiency, improving the conversion of wasted heat into usable electricity

through the thermoelectric effect.’®
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1.6.2. Gating voltage

The incorporation of a third electrode (gate electrode) into the system has allowed the
modulation of the transport properties of single-molecule junctions, since it permits the
application of a gate voltage able to tune the alignment between the Er and the molecular
orbitals HOMO and LUMO. This three-electrode disposition is based on the transistor
configuration, where the usual two electrodes involved in the junction would correspond
to the drain and source electrodes, while the third one would act as a gate. The
implementation of the gate electrode is not trivial, as it has to be placed very close to the
junction in order to achieve a large enough gate field. A back-gate has been used for static
techniques, using a conventional solid-state device configuration, but also combined with
measurements in liquid,*% while the use of electrochemical gate has been preferred for BJ
techniques with both, MCBJ and STM.'1%! For the electrochemical gating, the three-
electrode configuration becomes into a four-electrode configuration (Figure 1.26), since
two additional electrodes are needed: a reference (RE) and a counter (CE); while the two

electrodes responsible for the generation of the junction are both considered as working

electrodes.
a b
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Figure 1.26. Disposition of the electrodes for electrochemical control. (a) STM; (b) MCBIJ. (a) Reproduced
with permission of ref.192 Copyright © 2015, American Chemical Society. (b) Reproduced with permission of
ref.1%3 Copyright © 2019, Springer Nature
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The presence of a bipotentiostat allows the independent gating of each one of the working
electrodes with respect to the reference, while the bias voltage between them is
maintained. The four electrodes have to be allocated in an electrochemical cell and be
immersed in an electrolyte solution which enables the electrochemical control of the

system.

Besides modulating the Ef level, the electrochemical gating has demonstrated to be an

efficient tool for different approaches:

i) Investigating the electron transport of electrochemically active molecules, by
means of applying a potential for keeping them in oxidized and/or reduced
state, as well as by exploring the conductance at potentials around the
oxidation and/or reduction peaks.1%41% |n those cases, the response obtained
from the molecular junctions depend on the electrolyte, typically aqueous
solutions or ionic liquids.

ii) A careful control of the oxidation state of metallic electrodes that tend to
oxidize in ambient conditions, such as nickel, cobalt or iron.1%8-110 The use of
such metals is of special interest as they have magnetic properties and open the
door to carry out transport measurements with magnetized electrodes. A more

detailed explanation of those experiments is given in the next section.

1.6.3. Magnetic measurements

The use of magnetic metal electrodes for single-molecule junctions is allowing the
investigation of the spin transport behavior of different structures. The main inconvenience
of these experiments is that, as indicated above in section 1.5.1, it is necessary to avoid the
metal oxidation, or to establish a strategy for in-situ removing the oxide layer from the
metal surface. In this sense, the combination of magnetic electrodes with electrochemical
control seems to be a good strategy for carrying out these experiments, as
electrochemistry allows both, removing any oxide layer formed in the surface of the
electrodes and maintaining them in the desired oxidation state. Nevertheless, the

application of a magnetic field have been used not only for magnetizing electrodes, but
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also for investigating magnetoresistance behavior in junctions formed with Au'!* and Nit!?

electrodes.
Concerning the magnetic field exposition, two different methods have been reported:

i) Application of the magnetic field during the break-junction experiments.t1113
This method entails an extra difficulty as the location of the magnet close
enough of the junctions is not trivial, and could originate the heating of the
electrodes. However, it would permit to control the direction of the field,
parallel or perpendicular to the junction.

i) Magnetizing the electrodes before the experiments.t#!> This method
simplifies the measurement itself but adds the need to test the electrodes
before and after the experiments, in order to ensure that the magnetization

remains.

In Chapter 5, we describe the implementation of an electrochemical control system into
our homebuilt STM and presented the results of our preliminary studies with magnetic

electrodes.
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1.7. Overview and main goals

Since its birth, molecular electronics has been an active field of research which has
provided fundamental knowledge about the electron and thermal transport at the
nanoscale, shedding light on the keys for developing more efficient electronic devices,
devices for particular applications, and even single-molecule-based devices. This field has
been the ideal experimental and theoretical platform for studying the electrical properties
of very different molecules, as long as they contain appropriate binding sites for being
wired within an electric circuit. It has demonstrated that molecules are able to emulate the
functioning of different components of macroscopic circuits, and even exhibiting

unexpected ones.

Although several technigues have been developed along years, break junction is, at the
moment, the most extended one for studies at the single-molecule level. It provides
reproducible and reliable results, being possible to use different instruments. Molecular
electronics has taken advantage of the ability of synthetic chemistry for preparing
multitude of compounds whose structure can be controlled by means of carefully designed
routes. Working together, it has been possible to investigate the electron transport
through novel structures, chemical functions still unexplored from an electrical
perspective, and even small molecules which could be used as models for exploring their

structurally related large-area materials.

Crossing beyond the limits of mere electronics, toward spintronic, photovoltaics, and
thermoelectricity, has been other of the great achievements of the field in the last years.
In this sense, electrochemical gating have demonstrated to be an useful tool for tuning the
electrical properties of junctions, being the external stimulus able to induce conductance
changes by means of modifying the Ef level and carrying the molecules to different
oxidation states. Besides, it offers the possibility of using metals sensitive to oxidation in
controlled conditions, making possible to carry out magnetic experiments with metals such

as nickel or iron.
Taking all that into account, the main goals during this thesis, have been:

i) To design a strategy for obtaining a multi-conductance state molecule, having

well-defined and distinguishable states. Although there is a considerable
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amount of research reporting junctions able to display several conductance
values, only few of them focused on achieving this in a controlled manner.
(Chapter 2 is dedicated to this goal).

To study two different families that remain almost unexplored from a molecular
electronics perspective: azaborines and negatively curved nanographenes.
Azaborines are a family of heteroaromatic compounds, in which two carbon
atoms in one (or several) of the rings have been substituted by nitrogen and
boron. Remarkably, this simultaneous doping or substitution, can occurs in
three distinct relative positions: 1,2-, 1,3- and 1,4. Although it has been
demonstrated that this three possible configurations exhibit different stability,
reactivity and optical properties, the electronic transport properties of these
compounds remains practically unexplored. Azaborines are isoelectronic with
the all-C analogues. This means that the number of electrons involved in the
system is the same for both. In this way, they maintain the topology of the
parent scaffold, but inducing a certain charge polarization in the ring. (Chapter
3 is focused on this family).

Nanographenes are molecules of small size but with the same basic structure

of graphene, this is, a monolayer of carbon atoms in hexagonal arrangement.
The incorporation of heptagonal rings in their structure induces a negative
curvature through which the electron transport has not been investigated yet.
Remarkably, the synthesis and study of these distorted structures is receiving
an special attention nowadays, since several structures exhibiting promising
optoelectronics properties have been reported to date. (Chapter 4 is focused
on this family).

Besides, both, azaborines and heptagon-containing nanographenes, involve an
additional interest, since they can be used as model for investigating defects in
graphene by extrapolation from these smaller and easy-to-handle analogues. In
particular, azaborines can be used to investigate the local effects of B-N doping,

while heptagon-containing nanographenes, can shed light about the effect of
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heptagons, one of the structural defects more frequently found in large-area
graphene.

iii) To carry out the implementation of an electrochemical control system in our
homebuilt STM, which will allow to tune the Er level, study electrochemically
active molecules and use metals such as iron or nickel for magnetic

experiments. (Chapter 5 is dedicated to this process).

In order to achieve these goals, we have used synthetic chemistry for designing and
preparing the target molecules, whose electrical properties have been measured by means
of the break junction technique, using a homebuilt STM. The bases of this technique have
been already presented in this Chapter 1, while a description of the experimental setups is
given in the Experimental Section. Although a detailed background corresponding to each
topic has been included later in every chapter, we decided to present in brief the different
topics here, with the hope of facilitating the reading and highlighting, in advance, the

reasons for finding them of interest for this field.
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2.1. Introduction

Many different compounds able to form multiple molecular junctions of different
conductance have been reported in literature. The existence of several (two or more)
electrical responses for a single molecule lies in intrinsic (chemical, structural,
conformational, electronic...) molecular changes, which should be promoted by an external
stimulus. Redox,'? light-driven,® proton transfer processes* or even a combination of
them® have been used for originating this external stimulus and switching between two or
more conductance states. In those cases, the measurement device should be attached to
systems able to provide potential (gate-voltage), electrochemical, photoelectric, magnetic
field or electric field control, depending on the external stimulus to be applied. Particular
cases are those in which the conductance value for a junction varies due to a mechanical
stimulus applied using the electrodes. This occurs when the molecules contain different
conduction channel along the molecular backbone, due to additional binding sites to the
typical two end linkers. If the additional anchor points interact efficiently with the
electrodes, it is possible to choose the electron conduction pathway by controlling to which
particular anchor site the electrode binds. In other words, a switch between different
conductance states can be modulated via compression-stretching of the molecular
junction. This concept, initially proposed by Venkataraman and co-workers in 2011,° was
later named by Kiguchi and collaborators as “switch of anchor” in 2014.” Considering that
the additional conduction pathways are shorter and of higher G than the corresponding
end-to-end pathway, this kind of multichannel compounds can be considered as molecular
potentiometers,® since the total resistance (typical end-to-end pathway) can be
fractionated (shorter pathways). However, obtaining two different conductance values is
not enough anymore, since a potentiometer requires at least three different resistance
values. In this sense, the rational creation of new channels in a controlled way is as
important as searching for strategies which produce systems with more than two different
conductance states. In the next section, we discuss the most relevant contributions on this
kind of multi-conductance-states systems based on multichannel compounds.

It is important to highlight that systems presenting several conductance states due to
reasons different from the addition of specific binding sites on the backbone have been

also reported in literature. For example, due to different geometries for the electrode-
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linker coupling, as it happens for pyridine terminated molecules;®**° or due to
uncontrollable and undesirable interactions of the electrodes with the substituents, as
reported Van der Zant and collaborators for a family of porphyrin derivatives.!! In addition,

molecules presenting “through-space” channels'®14

and systems consisting of several
channels in parallel***> have been kept out of the following review, in spite of being
multichannel compounds, since they do not provide the required configuration for their

use as potentiometer.

2.1.1. Multi-conductance-state systems based on multichannel compounds

Venkataraman and co-workers reported in 2011, the first molecule able to provide two
well-distinguishable conductance values, between which it was possible to perform a
switch via controlling the movement of the piezoelectric.® In particular, the molecules
consisted in polyene chains, including cyano-groups on the molecular backbone in order to
enhance the molecular stability. Single-molecule experiments revealed two different
molecular signals at two different conductance values. The lower conductance state,
producing flat and long plateaus, was in good agreement with the molecule fully extended
between the electrodes. For the higher conductance state, a sloping profile in which the
conductance dramatically decreased with the distance was found. So that, the authors
hypothesized that the electrodes were directly interacting with the olefin backbone until
the distance between them was sufficiently large for switching to an extended
configuration (Figure 2.1a). Finally, they demonstrated that the rational switching between
these two states was possible by compressing and elongating the junction (Figure 2.1b and
2.1c), probing that a single-molecule circuit can function as a potentiometer, in this case of

only two possible conductance values.
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Figure 2.1. (a) Schematic depiction of an oligoene break junction, in the high G configuration and low G
configuration. (b) G traces showing conductance changing continuously and reversibly between the two
conductance states, as the piezo voltage is modulated (black line). (¢) 2D histogram constructed from more
than 1500 G traces obtained via compression and elongation of the junction. Fitting the average slope of
the different sections of the piezo ramp shows that the conductance grows and decays exponentially with a
factor of 0.2/A throughout the measurement, emphasizing the reproducibility of the potentiometer
behavior. Adapted from ref.® Copyright © 2011, American Chemical Society

In 2013, the same group carried out conductance studies of a family of silicon-containing
molecular wires (Figure 2.2a).*® The molecules under study incorporated differently
substituted silanes in the middle of the backbone: dimethylsilane, silacyclopentane or
silacyclobutane. Only the molecule with a single silacyclobutane and without substituents
in the rings (marked with a blue square), originated a second conduction pathway of high
G due to an electrode-silacycle interaction (Figure 2.2b and 2.2c). Interestingly, they did
not observe molecular junction formation for the reference compound for the high G
pathway (marked with a green square), an analogue without one of the end linkers. This
effect could be indicating that this second end linker is contributing to the stabilization of

the junction responsible for the high G plateaus.
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Figure 2.2. (a) Molecules under study. (b) 2D histogram of the first molecule (marked in a blue square) built
from 5000 traces (some of them are shown in the inset). (c) Single-junction elongation (left) and
compression traces (right) showing switching events. The black dotted line denotes the piezoelectric
motion while the red solid line shows the conductive response. Reproduced with permission of ref.®
Copyright © 2013, American Chemical Society.

Agrait and Martin groups studied fluorene systems covalently connected to two bulky
Ceo moieties as binding groups. First, in 2011, they reported three distinguishable
conductance values for the bifluorene junction shown in Figure 2.3a.17 Later, in 2015, for
the single-fluorene analogue system,® they only detected two different conductance
states (Figure 2.3b). The high G state was attributed to the electron tunneling through a
single Ceo unit (Figure 2.3c), while the low G state was attributed to the fully extended
molecule, in which each electrode interacts with one of the Ceo moieties (Figure 2.3d). The
switching between both states was achieved by modulating the pressure exerted by the

STM tip.
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Figure 2.3. (a) 1D histogram built from the retraction curves recorded for the Ceo—bifluorene— Ceo junction.
Three conductance states (P1, P2 and Ps) are distinguished. Adapted from ref.'” Copyright © 2011, American
Chemical Society. (b) 1D and histogram built from the retraction curves for Ceo—fluorene— Ceo junctions,
recorded at log(Gtrigger/Go) = —1.0. (c) Configuration responsible of the high G pathway, and (d) configuration
responsible of the low G pathway. Adapted from ref.'® Copyright © 2015, American Chemical Society.

Also in 2015, our group studied the conductance of a family of
oligo(phenyleneethynylenes), consisting on three rings, in which the central unit were a
heterocycle.'® It was evaluated the ability of pyridine, pyrimidine and thiophene, in inner
positions of the backbone, for interacting with the electrodes and creating a new
conduction channel. The results showed that only the pyrimidine-containing OPE was able
to give rise to the additional linker-heterocycle pathway (Figure 2.4a), producing plateaus
shorter and of higher G (Figure 2.4b, blue trace) than those of the end-to-end pathway
(Figure 2.4b, red trace). For further confirmation of the pyrimidine ring as responsible for
the high G plateaus, a structural analogue for the pyrimidine-linker pathway was used as
reference compound. The experiments for such reference compound probed that both,
the conductance value and the plateau length, were in good agreement with those

observed for the high G state of the pyrimidine-containing OPE.
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Figure 2.4. (a) High and low conductance channels in pyrimidine-based OPEs with three rings. (b) Two G-z
traces for pyrimidine-based OPE displaying high G plateaus (blue trace) low G plateaus (red trace). The
empty circles indicate the positions at which /-V for each plateau have been collected (inset). Reprinted

with permission of ref.!® Copyright © 2015, American Chemical Society

A series of donor—acceptor (D—A) ladder-type heteroacenes were studied by Yu and
collaborators in 2018.2° These molecules contained up to 24 fused rings and were
functionalized with thiol anchoring groups. The authors found that an additional charge-
transport pathway appeared when these heteroacenes included benzothiadiazole (BTD) or
benzoselenadiazole (BSD) units in the central position (Figure 2.5a). They probed that the
origin of this new conductance signal was the result of the interaction of the electrodes
with the middle groups, using the comparison with reference compounds in which the end-

to-end pathway was supressed by eliminating one of the end thiols (Figure 2.5b).
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Figure 2.5. (a) Two conducting pathways of S- and Se-substituted ladder molecules. (b) The analogue with
only one thiol group displayed a single conductance pathway. (c) Conductance histogram of both structures
with Se substitution. Reproduced with permission of ref.?° Copyright © 2018 Wiley-VCH Verlag GmbH & Co.

KGaA, Weinheim.
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Hong and co-workers presented an interesting case in 2020.2* The authors demonstrated
that an external electric field (EEF) is able to induce a switching in the connectivity in single-
molecule junctions. The molecules under study an oligo(phenyleneethynylene) derivative
with three rings. The side rings were connected with the central pyridine unit in meta
position each one with respect to the other, and with respect the nitrogen atom (Figure
2.6). They used trifluoroacetic acid (TFA) for in-situ protonating the pyridine ring, what
involved a significantly enhance of its dipole moment. In this way, the applied electric field
favours the interaction between the gold electrode and the piridinium unit. They observed
that as they increased the electric field, the percentage of the lower conductance state
decreased progressively until being near to zero. Besides, at low electric fields both states
could be obtained, but the end-to-end configuration, related with the lower conductance
signal, was favoured. The novelty of this work abides first, in the combination of mechanical
stimulus with the application of an external electric field as strategy for switching between
both possible connectivities in the molecule; and second, in the possibility of the complete

suppression of one of the conduction pathways (Figure 2.6).

Low conductance 3)

; > 0‘ y,
?ﬁ ){% High conductance

QM'Q e large EEF a

Figure 2.6. External electric field (EEF) is able to block one of the two possible connectivities in this
oligo(phenyleneethynylene) derivative. Reproduced from ref.?! under the terms of the Creative Commons
CC-BY license.

Nakamura and collaborators presented the first molecule with three conduction pathways
in 2014.7 It was a quaterthiophene-based molecular wire protected vig an insulating layer
which prevented the conductance signals due to intermolecular interactions (Figure 2.7a).
This molecule displayed different conductance signals (Figure 2.7b), depending on the
combination of thiophene groups interacting with the electrodes. In this way, they could
distinguish the conductance signals due to bithiophene (red pathway T1-T1), terthiophene

(green pathway T1-T2) and quaterthiophene (blue pathway T2-T2).
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Figure 2.7. (a) Structure of the quaterthiophene-based molecular wire. (b) G-z trace showing plateaus
corresponding with the three different conduction channels: High G channel (red line), Medium G channel
(green line), and low G channel (blue line). Adapted with permission from ref.” Copyright © 2014, American

Chemical Society

In 2016, Kiguchi and co-workers reported a tripyridyl-triazine in which each heterocyclic
ring could behave as an independent binding site by itself.?? The authors observed three
different signals at different G regimes. They associated the higher conductance signal with
the interaction of both electrodes with the central ring in a sandwich disposition (Figure
2.8a). The middle one was related to one electrode interacting with the central ring and
the other interacting with one of the pyridyl rings (Figure 2.8b). The signal of lower
conductance was proposed to be due to the interaction of the electrodes with two
different pyridyl rings (Figure 2.8c). They supported this hypothesis with the analysis of

plateau lengths for each group of signals (Figure 2.8d).

a b C 100
JREN] B L state d
‘ SRR ).1~ ,) Bl M state
)') _'.))) ’1 L ’) L ) B H state L
| Y K ]
) B o~ o« 2 M ‘
e Yot .. ol 3
et e g 5 CEE T« 3 ‘
[ 28 & F H
[ ( (
¢ ( < ( 4
PRy e (e ‘
. . 0 e
High Medium Low 1E3 0.01 0.1 1 10

Distance (nm)

Figure 2.8. Schematic configuration for a tripyridyl-triazine molecular junctions in (a) H, (b) M, and (c) L
conductance states. Blue balls represent N atoms. (d) Distribution of the gap distance of the high, middle,
and low conductance states for the single tripyridyl-triazine molecular junctions. Reprinted from ref.??
Copyright © 2016, American Chemical Society
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In 2017, Venkatramani and collaborators reported the electron-transport result for
(4°,4""""-(1,4-phenylene)-bis(3,2":6" ,3" -terpyridine).?* In this molecule (Figure 2.9a), every
pyridyl group can provide multiple contact points with the electrodes. The multiple
anchoring points in the linkers could originate 61 possible circuits within a single molecular
junction (some of them are shown in Figure 2.9b). Due to the complexity of the system, the
electric response did not allow to distinguish discrete conductance values that could be
unambiguously related with specific conduction pathways. However, the authors used
theoretical calculation in an attempt to guess the conductance value for the different
connectivities, and determine in which percentage and conductance range along the G-z

traces they were possibly contributing (Figure 2.9¢).
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Figure 2.9. Example of molecule with more than three different conduction pathways. (a) Molecule in the
junction. (b) Some of the 61 possible circuits depending on the heteroatoms interacting with the
electrodes. (c) Conductance response for the molecule. Reproduced with permission of ref.?*> Published by
The Royal Society of Chemistry.
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2.1.2. Overview and main implications of previous examples

The previous examples let us to draw the following conclusions:

108

The presence of heteroatoms along the molecular backbone is the most extended
strategy for creating additional conduction pathways.” 161922 However, an efficient
interaction with the electrodes is not always achieved, due to structural
limitations.'®'920 In particular for obtaining two well-differentiated conduction
pathways the repeated use of symmetric molecules bearing an heteroatom is
observed. In these systems, the heteroatom acts as efficient anchor point located
in the middle of the molecular backbone.16:19,20,21

Plateau-length distributions for the different conductance groups can be used as a
guide for relating the conductance signals with the conduction pathway that
originates them.

The comparison of conductance values and plateau lengths of the multichannel
compound with those of reference compounds, which recreate the independent
pathways, is highly desirable in order to further confirm the origin of each signal.
Considering the relevance of achieving more than two conduction pathways in the
same system, we have found that only two compounds displaying three
conductance values have been reported.’”?? In addition, as the number of possible
conduction pathways increases, it is more probable to find indistinguishable
conductance states.”® In this sense, the potential use of these multichannel
compounds as potentiometers is related with their ability to display well-defined
and easily distinguishable pathways. Considering that the conductance signals have
a typical width of one order of magnitude, the goal of the field should not be the
infinitely increase of the number of possible conduction pathways in a system, but
to achieve the maximum number of conduction pathways with conductance values

different enough.
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2.2. Objectives

According to the information collected in the background section and taking into account
the previous knowledge of the group about multichannel compounds, we hypothesized
that an asymmetrical allocation of the inner anchor point could originate two additional
conduction pathways to that of the end-to-end configuration, giving a total of three
conductance channels. Additionally, we searched for a strategic design that warranties that

the resulting three conductance values are well separated.
Based on this hypothesis the following objectives were proposed:

1. To design a simple proof-of-concept molecule for our hypothesis, incorporating
a motif able to act as inner anchor point in an asymmetrical position with

respect to the end anchoring groups.

2. To synthesize the designed molecule and study its electron transport

properties.

3. To synthesize reference structures for recreating each pathway and study their

electric properties.

4. To evaluate the validity of the hypothesis: the potential of asymmetry for
creating more than one additional conduction pathways, considering the results

of the electron transport studies.
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2.3. Results and discussion

2.3.1. Molecular design
Given the experience of our group working with oligo(phenyleneethynylene)s (OPEs)

24-26 and single-molecule experiments,'®?’ we considered

concerning to both synthesis
them as the ideal backbone for testing our hypothesis. On the one hand, they present a
non-intricate basic structure, consisting of benzene rings connected by means of acetylene
moieties. On the other hand, this is an extensively studied family in molecular electronics,
also by other groups.?®=3° In particular, our group previously demonstrated that the p-OPE
bearing —SMe group as linkers, shown in Figure 2.10a, was able to display two well-spaced
conductive channels, as consequence of the efficient interaction of the central pyrimidine
ring with the electrodes. In that sense, a longer p-OPE, presenting the pyrimidine ring in an

asymmetric position (Figure 2.10b), was proposed as a natural proof-of-concept for testing

our hypothesis.

a Previous work

short pathway short pathway

r—N —

& ) O_/

S — — S
/ — Y rj/ S/

end-to-end pathway

b Current hypothesis

medium pathway short pathway
— N — N /A
/S/_\ _/_\_\\_N,>_ 9=

end-to-end pathway

Figure 2.10. (a) Pyrimidine-containing p-OPE derivative presenting two different conduction pathways. (b)
Proposed pyrimidine-containing p-OPE derivative and its hypothetical conduction pathways.

Several reference compounds (see Figure 2.11), were also designed for recreating each

proposed conduction pathway of our target p-OPE (1). Compound 2 was proposed as
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reference for the short pathway, while 3 was proposed as reference for the medium one.
4 seemed the most direct reference compound for the end-to-end pathway, however this
compound resulted to be highly insoluble, precluding its purification and a full
characterisation. So that compound 5 was envisioned as a more easy-to-handle reference

for this channel.
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Figure 2.11. Synthesized p-OPE (1) and reference compounds for its possible short (2), medium (3) and long
(4 and 5) pathways. More recognizable names have been assigned to these compounds for clarity in the
discussion of the break-junction experiments.

2.3.2. Synthesis

The synthetic strategy for preparing the designed pyrimidine-containing p-OPE 1 and its
reference compounds 2, 3, 4, and 5 are based on iterative Sonogashira cross-coupling
reactions.?! The specific synthetic route for preparing the designed pyrimidine-containing
p-OPE 1 depicted in Scheme 2.1, while the routes toward the reference compounds 2, 3,
4, and 5 are collected in Scheme 2.2.% In general, intermediate building blocks were

obtained in moderate to good yield. The low yield observed in the final coupling steps is

2 The synthesis of compounds 1-5 was carried out in collaboration with Dr. Pablo Reiné.
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attributed to the low solubility of the final products. Note the additional deprotection step
when the alkyne coupling partner was trimethylsilylacetylene (TMSA), and the use of
PtBus-HBF4 as ligand was required when the halide derivative involved in the Sonogashira
coupling was Ar—Br instead of Ar—I. Remarkably this reaction was compatible with the
cross-coupling occurring selectively in the iodine position when aryl bromide is also
available (synthesis of molecules 7 and 10). Moreover, the one-pot Sonogashira cross-
coupling methodology, reported by Grieco and co-workers for symmetrical
bisarylethynylenes,®? was used for the synthesis of compound 10 (condition b, Scheme 2.2).
The key of that strategy is the addition of 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) and
substoichiometric amounts of water, which permits the in-situ deprotection of TMSA and
the second coupling step.

The building blocks and final compounds 1-5 were purified by flash chromatography and
their structure confirmed by 'H- and *C-Nuclear Magnetic Resonance (NMR). Compound
4 was an exception, as its high insolubility precluded an appropriate characterization.
Experimental details of the synthesis of compounds 1-5 are available in the Experimental

Section, and NMR spectra of final products are collected in the Annexes.

Synthetic route toward designed p-OPE 1
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Scheme 2.1. (a) (i) Pd(CH3CN)2Clz, PtBus-HBF4, Cul, iPraNH/THF, rt, 16 h. (ii) BuaNF, THF, rt, 2 h; (b)
Pd(PPh3)2Cly, Cul, EtsN/THF, rt, 16 h; (c) Pd(CH3CN)2Cla, PtBus-HBF4, Cul, iPraNH/THF, rt, 16 h.
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Synthetic routes toward reference compounds 2, 3, 4 and 5
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Scheme 2.2. (a) Pd(CH3CN):Clz, PtBus-HBFa, Cul, iPraNH/THF, rt, 16 h; (b) Pd(PPhs)2Clz, Cul, DBU, H-0,
acetonitrile, 60°C, 16 h. (c) Pd(PPhs)2Cl2, Cul, EtsN/THF, rt, 16 h;

2.3.3. Break-junction experiments

For higher clarity when showing and discussing the electron transport experimental results,
we assigned more recognizable names to the target molecules, namely: OPE4-pym for
molecule 1, OPE2/S-pym for molecule 2, OPE3/S-pym for molecule 3, OPE4 for molecule 4
and OPE4-OMe for molecule 5, as indicated in Figure 2.11.

For the break-junction experiments, gold on quartz plates for break junction experiments
were previously cleaned as described in the Experimental Section, and immersed for 15-20
min in DCM solutions of the corresponding compounds, with initial concentrations

between 10 and 10~ mM. The target compounds were measured applying a 0.16 bias
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voltage, and using 1 x 108 V/A and 4.5 x 10%° VV/A amplification gains in the STM circuit, with
a protection resistor of 2 x 10° Q in series. This combination allowed us to explore a range
in conductance G=//V of 8 orders of magnitude between 10 Gp and 10~/ Go. Several rounds
of measures were recorder for each compound. The raw conductance-distance (G-z) traces
for each one were subjected to the searching plateaus process described in the
Experimental Section, and the corresponding 1D and 2D histograms built from the traces

displaying plateaus.

2.3.3.1.  Conductance of OPE4-pym

The 2D histogram obtained for all the traces displaying plateaus (22% of the total traces)
for OPE-4pym is shown in Figure 2.12a. It clearly shows that indeed our proposed
compound successfully gives rise to three well-separated conductance clouds of different
length. In particular, it displayed molecular signals at three different conductance regions,
roughly at log (G/Go) = -2, log (G/Go) = -4, and log (G/Go) = -6. A further clustering-based
separation was next performed over these traces, in order to obtain clear separated
profiles for these three detected molecular signals. The 1D histograms of differentiated
groups are collected in Figure 2.12b, while their independent 2D histograms are shown in
Figures 2.12c-d. Three well-differentiated sets of plateaus were found. The high
conductance signal represented the 37% of the total traces, the middle conductance signal
involved the 26%, and the lower conductance group was formed by the 37% remaining.
The observed peaks in the 1D histograms are quite symmetric, despite the corresponding
signals in the 2D histograms have a certain sloping profile. The superimposition of the peaks
shows that just a minimum overlap occurs between the three signals, making them easily
distinguishable. The conductance for each group was calculated as the main value of their
corresponding peaks using a Gaussian fit, obtaining the following values: log (G/Gop) = -5.8
+ 0.37 for the low conductance group; log (G/Go) = -4.2 + 0.52 for the middle conductance
group; and log (G/Gp) = -2.2 + 0.21 for the high conductance group. The error is given by
the half width at half maximum (HWHM) of the Gaussian fit.
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Figure 2.12. (a) 2D histogram built from all the traces (2593 curves) displaying plateaus for OPE4-pym. (b)
1D histograms for the three sets of plateaus found after the clustering-based analysis, and (c-e) the
independent 2D histogram of these groups. Low G plateaus 37%, middle G plateaus 26% and high G

plateaus 37%.

2.3.3.2.  Theoretical models

Dr. Linda Zotti, from Universidad Autéonoma de Madrid, investigated the possible
geometries for the molecular junction with OPE4-pym responsible for each conductance
signal, and obtained the corresponding transmission spectra. The gold—-molecule-gold
junction was built by placing the relaxed structure of the gas-phase molecule between two
Au clusters of 35 and 242 atoms, respectively. The low-bias transmission of the junction
was then computed using the Landauer formalism and Green’s function techniques, as
described in section 1.4. The main investigated geometries have been summarized in
Figure 2.13. Geometry a corresponds to the fully extended molecule between the

electrodes, by connecting the molecule to gold through the —SMe group on each side. In
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geometry b, the long branch of OPE4-Pym is connected to the upper electrode via the
sulphur of the =SMe group, while short branch is physisorpted on a lateral face of the lower
gold electrode. The reversed situation, in which the long branch is physisorpted on the
lower electrode, is represented in geometry d. Finally, geometry ¢ was obtained by relaxing
the gold top atom. This geometry is very similar to geometry b, but involving an additional
Au—N bond (zoomed-in detail in Figure 2.13c). Such configuration has been considered
indeed possible, given the rugosity of real gold electrodes, as well as the remarkable
flexibility of gold. Importantly, in geometries b, c and d, it was observed that the junction
was stabilized due to the physisorption of the branch lying on the lower electrode.

The transmission curves, calculated for the aforementioned geometries are also shown in
Figure 2.13. The lowest conductance value (3.4x10™ G,) is given by geometry a, because
of its longer Au—Au distance (2.95 nm). The corresponding curve (green line) also shows
the highest energy-alignment for both HOMO and LUMO, as a result of the stronger and
symmetrical binding through sulphur on both sides. For geometries b and ¢, both
transmission curves (blue and orange lines, respectively) and conductance values (1.1x10~
3 Gp and 1.5x1073 Gy, respectively) are pretty similar, despite the aforementioned
differences in the Au—heterocycle bond. Finally, geometry d yields the highest conductance
value (3.5 x1072 Gp), because of the very short Au—Au distance (0.87 nm).

Considering these theoretical models, geometry a, corresponding to the proposed long
pathway can be related to the obtained low G signal for OPE4-Pym; geometries b and c,
both corresponding to the proposed medium pathway, can be related with the observed
middle G signal; and geometry d, corresponding to the proposed short pathway, can be
related with the detected high G signal. The trend for the calculated G values for the
different geometries is in good agreement with that of the experimentally observed G
states. However, theoretical G values tend to be higher than the corresponding
experimental ones, as it happens for the low and middle G signals, due to the well-known
conductance overestimation arising from the DFT inaccuracies. Then, these theoretical
models support that the three hypothesized conduction channels for OPE4-pym are able

to give rise to stable junctions
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Figure 2.13. (a-d) Binding geometries analyzed for OPE4-pym and their corresponding transmission curves.

2.3.3.3. Conductance of the reference compounds and comparison with the

corresponding channels

For further investigate the origin of the molecular signals observed in OPE4-Pym and
evaluate their correspondence with the proposed pathways, the transport properties of
the prepared reference compounds were studied, and both their conductance and plateau

lengths were compared with those observed in OPE4-pym.

Single-molecule experiments performed for OPE2/S-pym, the reference structure for the
short pathway, gave rise to 9% of G-z traces displaying plateaus. Two different molecular
signals were observed, which could be easily separated using again the clustering analysis.
The independent 2D and 1D histograms for these two peaks are shown in Figure 2.14. The
first group, constituting the 22% and denoted OPE2/S-pym 1, presented a higher
conductance (brown line) than the second group (orange line), constituting the 78%
remaining and denoted OPE2/S-pym 2. For a better comparison, the 2D histogram of the
high conductance signal found for OPE4-pym is also shown (Figure 2.14c) and the 1D

histogram superimposed (black line) in Figure 2.14d. It can be noticed that the peak
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corresponding to OPE4-pym, appears indeed at a conductance value between the two
groups for OPE2/S-pym. The plateau-length distributions for these three signals (Figure
2.14e) are in good agreement, concurring, at the end of the distribution, on the same
distance. Note that the expected Au-Au distance for this junction is marked as a red vertical

line in Figure 2.15e.°
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Figure 2.14. (a) and (b) 2D histograms for the two sets of differentiated molecular signal obtained for
OPE2/S-pym. Group 1 (a) comprises 22% of the traces displaying plateaus (534), while group 2 (b) comprises
the remaining 78% (1854). (c) 2D histogram for the high G group obtained for OPE4-pym. (d) 1D histograms

corresponding to the same groups of traces used for building 2D histograms (a-c). (e) Plateau-length

distributions for the traces used for building 2D histograms (a-c). The corrected Au—Au distance has been
marked with a red vertical line (0.5 nm).

Y This value has been calculated as the theoretical Au-Au distance (0.9 nm) minus an interval of 0.4 nm,
which compensates the effect of the electrode retraction after the gold contact breaks. This correction has
been considered for all Au-Au distances marked in the plateau-length distributions.
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Although the origin of the two different sets of signals observed for OPE2/S-Pym is not
clear, both the low percentage of total traces displaying plateaus (9%) and their practically
same plateau-length distributions discard the possibility of one of them being due to
several molecules in the junction. Otherwise, this effect seems very similar to that observed
for pyridine-linked compounds, which display two different sets of signals, particularly well-
differentiated for short molecules as bipyridine.#1933 We therefore hypothesize that the
two groups can be originated by two binding configurations of the pyrimidine group, one

with more overlap with the gold electrode than the other.

The 1D and 2D histograms obtained for OPE3/S-pym, the proposed reference compound
for the medium G channel, are shown in Figure 2.15. They are built from 1221 traces
displaying plateaus, corresponding to the 32% of the total traces. A broad molecular signal
is detected, giving rise to a clear peak in the 1D histogram at log (G/Go) =~ -5.1 £ 0.38. The
superimposition of this histogram with that of the middle G group for OPE4-pym, revealed
a shift toward lower values for the peak of the reference. Remarkably, the plateau-length
distribution for both groups was in perfect agreement, concurring the end of the

distributions at the expected Au-Au distance (~1.3 nm), as shown in Figure 2.15d.
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Figure 2.15. (a) 2D histogram for OPE3/S-pym, built from 1221 traces displaying plateaus. (b) 3D histogram
for the middle conductance group of OPE4-pym. (c) 1D histogram for OPE3/S-pym (green line), and for the
middle conductance group of OPE4-pym (black line). (b) Plateau-length distributions for the traces used for
building the histograms (a-b). The corrected Au—Au distance has been marked with a red vertical line (1.3
nm).

Since the distance for the plateaus were in agreement, the junction for OPE3/S-pym was
also computationally modelled in order to find the origin for the observed conductance
differences between its experimental conductance value and that of the middle G group of
OPE4-pym. The obtained geometry for the junction (noted as geometry e), and the
calculated transmission curve are shown in Figure 2.16. In this figure, geometry b for OPE4-
pym and its transmission curve have been added for a better comparison. For both
configurations, the upper electrode is connected to the molecule via the —=SMe group, while
the lower electrode is interacting with the pyrimidine ring. However, the stabilization
originated by the short branch onto the gold cannot occur for the OPE3/S-pym. The lack of
this additional stabilization is translated into a decreased in the calculated conductance for
geometry e, in comparison with that of geometry b, as the transmission curves revealed.
This trend is compatible with the experimental observations, as the conductance of

OPE3/S-pym is shifted toward lower values with respect that of the middle G plateaus for
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OPE4-pym. Interestingly, the same effect was previously observed by our group while
studying the previously mentioned p-OPE with two different channel.'® In that work, the
conductance of the short channel was found to be higher than that of the corresponding
reference compound, in spite of the distances for the plateaus of both groups being the
same. Then, these calculations, points out to the branch lying on the electrode, as
responsible for, not only a mechanical junction stabilization, but also an increase on

conductance with respect the independent pathway.
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Figure 2.16. Binding geometries for OPE3/S-pym (e) and its corresponding transmission curve (grey dotted
line). Geometry b for OPE4-pym and its transmission curve (blue line) have been added for a better
comparison.

Importantly, if we extend this explanation to what observed for OPE2/S-pym, OPE2/S-pym
2 would correspond to a configuration closer to that, occurring for OPE4-pym, as it presents
a slight shift toward lower conductance values with respect to that of the high G pathway
for OPE4-pym, due to the lack of the extra branch physisorpted onto the electrode in the

junction.

Finally, OPE4 was proposed as the reference compound for the longer pathway for OPE4-
pym. In this case, the final synthetic step gave rise to a highly insoluble precipitate. By
sonication, we could dissolved a minimum amount of the precipitate, which was subjected
to high-performance liquid chromatography (HPLC). In the purified fraction, it was possible
to confirm the presence of the desired compound by *H-NMR and HRMS. Having these
evidences, we use this solution (of unknown concentration) for preparing a sample and

performing conductance experiments. Plateaus were detected in the 70% of the total
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traces. Two different sets of plateaus, centered at log (G/Gp) =-4.1 + 0.61 and log (G/Go) =
-5.9 + 0.41, were found. Their independent 2D histograms are shown in Figure 2.17a and
2.17b. The 1D histogram of the lowest conductance signal was in good agreement with
that of the low G plateaus for OPE4-pym and the end of the plateau-length distribution of
both groups concurred on ~2.3 nm (Figure 2.17d). In contrast, the origin of the shorter set
of plateaus occurring at a higher conductance for OPE4 is not clear. We propose several
hypotheses, namely the possible interaction of the inner rings with the electrodes, as
previously reported for other unsubstituted OPEs.*® Another possibility is the presence of
remaining byproducts able to interact with the electrodes, giving rise to stable molecular
junctions. However, G-z traces-displaying this high G plateau tend to also display the lower
one, as observed in Figure 2.17a. This is generally a signal of two different processes
occurring during the stretching of the electrodes in the same molecular junction. So we

consider this second option improbable.
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Figure 2.17. (a) and (b) 2D histograms for the two molecular signals detected for OPE4, at low and high
conductance value, respectively. (c) 1D histogram for the low conductance plateaus OPE4 (grey line) and
the low conductance group of OPE4-pym (black line). (d) Plateau-length distributions for the traces used for
building the 1D histograms of (c). The corrected Au—Au distance has been marked with a red vertical line
(2.5 nm).
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A more soluble model of OPE4-pym is OPE4-OMe. As can be seen in Figure 2.11, this
structure is based on an identical molecular backbone, but incorporating two —OMe groups
in one of the inner rings in order to increase the solubility. Additionally, previous studies
on OPES, demonstrated that the incorporation of -OMe groups in the internal rings of this
wires precluded their undesirable interaction with the electrodes.?” This molecule was
successfully synthesized and purified and single-molecule experiments performed. For this
molecule, different behaviour was found for high and low rate of traces displaying plateaus.
These two behaviours are shown in Figure 2.18. For high rates of traces displaying plateaus
(80%), the clustering-based analysis allowed to distinguish three groups of plateaus (A, B
and C) in the same conductance range. Groups B and C, were formed by sloping plateaus,
while group A was formed by flat plateaus. In contrast, for low rates of traces displaying
plateaus (20%), the clustering-based analysis allowed to distinguish only two groups of
plateaus (A and B). Group A was formed again by flat plateaus, but in this case, the second
group detected was formed by traces in which broken plateaus appears eventually after
the current has arrived to the noise level, originating a small current jump from the noise
level to the plateau, and from the plateau again to the noise level. Since group A was
present in both, high and low rates of traces displaying plateaus (Figure 2.19a), and it was
formed by flat plateaus, this group was attributed to the molecular signal corresponding to
a single-molecule fully extended between the electrodes. In contrast, the groups of
slopping plateaus, only appearing at high rates of traces displaying plateaus, and which
gave rise to slightly higher conductance values (as shown in Figure 2.19b), they were
attributed to junctions with several molecules between the electrodes. In fact, this effect

has been previously reported in literature for OPEs.'%?’
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Figure 2.18. 2D histograms for OPE4-OMe obtained with high and low rate of traces displaying plateaus
(80% and 22%, respectively). The clustering-based analysis allowed to identify two groups of sloping
plateaus for the sets of high rate, which did not occur at low rates, being attributed to junction with more
than one molecule between the electrodes.
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Figure 2.19. (a) 1D histograms of group A obtained for OPE4-OMe at high (blue line) and low (pink line) rates
of plateaus displaying plateaus, and formed by flat plateaus. (b) 1D histograms of groups A (black line), B
(red line) and C (green line) detected for the high rate of traces displaying plateaus sets for OPE4-OMe. The
peaks of groups B and C, constituted by sloping plateaus, are shifted toward higher conductance values
than that of group A, formed by flat plateaus.
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Taking into account these results, the 1D histogram of group A for OPE4-OMe, attributed
to just one molecule in the junction (blue line), was compared with those obtained for the
groups of lower G for OPE4 (grey line) and OPE4-pym (black line) in Figure 2.20a. The
plateau-length distribution of these groups, which is show in Figure 2.20b, was in perfect
agreement not only between them but also with the expected Au—Au distance for a

molecule fully extended between the electrodes (marked with a vertical line).
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Figure 2.20. (a) 1D histogram for the low G groups of OPE4-pym (black line), OPE4 (grey line) and group A
for OPE4-OMe, (blue line). (b) Plateau-length distributions for the traces used for building the 1D
histograms of (a). The corrected Au—Au distance has been marked with a red vertical line (2.5 nm).

Finally, the experimental values obtained for the different signals for OPE4-Pym and the

studied reference compounds are collected in Table 2.1.

Table 2.1 Experimental conductance values obtained for the different signals for OPE4-Pym and the studied
reference compounds

Different molecular signals Reference compounds
for OPE4-Pym (log G/Go)
(log G/Go)
OPE4 -5.9+0.41
Low G -5.8 £0.37 OPE4-OMe -5.9+0.32
Middle G -4.1+0.52 OPE3/S-Pym -5.1+0.38
High G -2.2+0.21 OPE2/S-Pym -2.5+0.22
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Considering the results of this chapter, we can summarize that we have successfully
prepared a molecule which present three well-differentiated conductance states, at
log(G/Go) = -5.8 +0.37, log(G/Gp) = -4.1 £ 0.52 and log(G/Gp)= -2.2 + 0.21, respectively.
The molecular signals contributing to each conductance value, also display plateaus of
different lengths. In this sense, the low G signal was in good agreement with the expected
distance for the molecule fully extended between the electrodes. The comparison with
reference compounds allowed demonstrating that the high and middle G signals agreed in
both, conductance and length with the corresponding proposed channels, due to the
interaction of the electrodes with the pyrimidine ring. Therefore, the asymmetric allocation
of this in-backbone binding group allowed the well-differentiated conductance values and
plateau lengths related to the two new conduction channels, additional to the usual linker-

to-linker pathway.

Middle G High G
log(G/Gy) = 4.2 log(G/Gy) = -2.2
medium pathway short pathway
N
N = 0N = (N = (N¢
HO==Cr=Cr
end-to-end pathway
Low G

log(G/G,) = -5.8

Figure 2.21. The pyrimidine-based p-OPE prepared is able to give rise to three well differentiated
conductance values due to different conduction channels along the molecular backbone.
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CHAPTER 2: MULTIPLE CONDUCTANCE PATHWAYS IN PYRIMIDINE-
BASED OLIGO(PHENYLENE ETHYNYLENE) DERIVATIVES

Conclusions

Based on the results of this chapter, the following conclusions can be drawn:

A new strategy for obtaining multi-conductance state molecules, with well-defined
and distinguishable states, based on asymmetry, has been proposed. An oligo-para-
phenyleneetynylene (p-OPE) derivative incorporating a pyrimidine ring in an
asymmetric position was synthesized as proof-of-concept.

Single-molecule experiments revealed three different conductance values for this
pyrimidine based-OPE.

The origin of the observed signals was investigated using theoretical models in
combination with the experimental measurements of reference compounds able
to recreate each proposed channel.

The pyrimidine ring was found to be responsible for creating two new conduction
channels, additional to the end-to end-pathway, while its asymmetric position was
responsible for the well-separated and distinguishable conductance vale for each
channel.

It was found that in-bone G channels can present a slightly higher conductance
value than the corresponding models, revealing that being part of the multi-
conductance system involves an increase in conductance with respect to the
independent pathway, which is related with a mechanical stabilization due to the

physisorption of the pendant backbone-piece onto the electrodes.
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CHAPTER 3: EFFECT OF AZABORINE SUBSTITUTION
ON THE SINGLE-MOLECULE CONDUCTANCE OF ACENES

3.1. Introduction

Azaborines are particular heteroaromatic molecules in which a CC unit has been replaced
by its isosteric BN unit (Figure 3.1a). The first synthetic molecule incorporating B-N
covalent bonds embedded in an aromatic structure was borazine, prepared in 1926 by
Stock and Pohland by a reaction of diborane and ammonia.! This molecule consists of a
hexagonal ring alternating B and N atoms (Figure 3.1b). It is commonly known as
“inorganic benzene” as the number of 1t electrons is the same as in benzene, and the
length of all B-N bonds is equivalent. Remarkably, borazine has been studied both
experimentally and theoretically for decades, without achieving any consensus about its

degree of aromaticity.?

A single CC/BN substitution in a benzene ring can lead to three possible isomers, namely
1,2-azaborines, 1,3-azaborines and 1,4-azaborines (Figure 3.1b). The CC/BN isosterism
arises from the fact that both units provide the same valence electron count (that is,
eight). In the CC unit, each carbon contributes with four valence electrons, while in the
BN unit, boron has three and nitrogen has five. In this case, two electrons provided by
the nitrogen atom compensate the electron deficiency at the boron.? This electron
donation promotes a unique polarization in the aromatic ring, being not trivial the relative
BN-position, which influences the stability and the aromatic character of the resulting

structure.*
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Figure 3.1. (a) Isoelectronic relationship between CC and BN. (b) Isomeric forms of BN substituted
aromatic ring.
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Computational predictions suggest that the 1,2-isomer is the thermodynamically most
stable isostere, followed by the 1,4- and then 1,3-isomer.* This trend has been explained
in based on the number and nature of CC and BN bonds in the ring. The 1,2-isomer has
two CC double bonds and one BN double bond, being the most stable. The 1,4-isomer is
the next in the series, with two CC double bonds, but no BN bond. Finally, the least stable
is the 1,3-isomer, containing only one CC double bond and no BN bond.> Not surprisingly,
this agrees with the number of examples of the three different BN-regioisomers
synthesized in literature: while we can found a notable amount of synthesized and
characterized 1,2- and 1,4-azaborine compounds, the number of reported 1,3-azaborine

derivatives is scarce.®’

Pati and collaborators gave different aromatic index values for 1,2-dihydrido-1,2-
azaborine, 1,4-dihydrido-1,4-azaborine and 1,3-dihydrido-1,3-azaborine; and compared
them with those obtained for benzene.® The HOMA, NICS(0),; and NICS(1),, values
obtained by these authors are collected in Table 3.1. The results clearly show that all-
carbon analogues are always more aromatic than the BN-isosteres. Nevertheless, among
the BN, the aromaticity seems to decrease with the stability, being the energetically most
stable 1,2-dihydrido-1,2-azaborine the less aromatic, followed by 1,4-dihydrido-1,4-
azaborine and 1,3-dihydrido-1,3-azaborine, the most aromatic isomer. Recently,
Udagawa and Iwaki have provided new calculations of HOMA and NICS(1) for the three
isosteres (also shown in Table 3.1), extracting the same conclusions despite obtaining
values slightly different to the previous ones.® This trend has been explained based on
the charge separation, which promotes a higher delocalization, that is, the largest
aromaticity, in the 1,3-azaborine isomer. In contrast, in 1,2-azaborine, the electron
delocalization is disrupted by the polarity of the BN bond, while the atom distribution in
1,4-isomers favours a directional m-electron delocalization rather than cyclic. In this
sense, 1,4-azaborines have been considered as push-pull mt-electron systems rather than

m-aromatic molecules.”
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Table 3.1. Aromaticity indexes for CsHs, 1,2-dihydrido-1,2-azaborine, 1,3-dihydrido-1,3-azaborine and 1,4-

dihydrido-1,4-azaborine, collected from ref.® and ref.?

Molecule HOMA NICS(O)ZZ NICS(l)zz
Pati Udagawa Pati Udagawa Pati Udagawa
2011 2020 2011 2020 2011 2020
@ 0.97 0.989 | -14.51 - —28.85 | —29.50
®
= N’H
e Ié\ 0.71 0.793 -4.28 - -20.08 | —-20.29
oH
®
= N’H
\BJ 0.74 0.802 -9.86 - —-24.90 | -25.17
I
H
H
’CJ\,I)\ 0.51 0.627 -3.54 - -19.46 | —-19.64
=
B
H

BN/CC isosterism encloses a great potential to expand the chemical space of organic

compounds, allowing the preparation of BN-heterocycle motifs. Azaborines are also

perfect candidates to be embedded in the core of nanographenes, since they maintain

the original topology of the all-carbon analogues.'%? Therefore, the introduction of BN

units in PAHs can be used for tuning the physicochemical properties of the parent

structures through minimum structural changes, as well as a strategy for obtaining

reliable and more easily-handle models for studying the larger doped 2D-analogues. In

that sense, an increasing interest on azaborines has raised in last decades, promoting a

development of novel and efficient synthetic strategies toward BN-doped PAHs and

allowing studies about their properties and potential applications.!! Some interesting

achievements in the azaborine field are summarized in the next sections.
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3.1.1. 1,2-azaborines

In the synthesis of 1,2-azaborines, the pioneer works of Dewar’s group in the synthesis
of BN-naphthalenes: BN-1,2-naphthalene®® and BN-9,10-naphthalene!* (Scheme 3.1A)
are remarkable. However, the low yield (0.2%) for the latter through the proposed route
rendered it inaccessible until 2014, when Fang and collaborator used a modern ring-
closing metathesis/oxidation protocol for obtaining it in higher yields (Scheme 3.1B).*
This route starts from diallylaminoboron dichloride I, which can be easily prepared by the
reaction of BClz and diallylamine. Subsequent allylation with allyl-MgBr, followed by ring-
closing metathesis using Grubbs’ catalyst, affords the BN-bicycle Ill. A dehydrogenation
step with DDQ gives rise to the desired BN-naphthalene IV. Diverse halogenated
derivatives V were also obtained by the authors through halogenation via electrophilic
aromatic substitution, which takes place exclusively at the a-carbon positions next to
boron. The halogenated derivative is then a viable substrate for further structure
expansion by another electrophilic aromatic substitution (VI) Suzuki-Miyaura (VII),

Sonogashira (VIII) or Heck (IX) cross-coupling reactions.
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A) BN-doped naphthalene regioisosteres

Dewar (1959) Dewar (1968) Liu (2015) Liu (2017)
L e : :
» D ¢ oo
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B) Fang’s synthetic route toward BN-9,10-napthalene and BN-9,10-napthalene derivatives
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Scheme 3.1. (A) BN-doped naphthalene regioisosteres. (B) Synthesis of BN-9,10-naphthalene and BN-
9,10-naphthalene derivatives reported by Fang and co-workers.* (a) allyl-MgBr; (b) (CysP)2Cl.Ru=CHPh,
CH2Clz; (c) DDQ, hexane, 60 °C; (d) NXS, AlCls. X = Cl, Br, I.

Liu and collaborators successfully achieved the synthesis of BN-1,9-naphthalene'® and

BN-9,1-naphthalene!’ in 2015 and 2017, respectively (Scheme 3.1A). However, the
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parent isosteres, BN-2,3-napthalene and BN-2,1-naphthalene, have not been synthesized
yet,'8 despite the great diversity of derivatives of the latter that have been reported to

date.19:20

Liu and co-workers provided UV-Vis absorption spectra of the four BN-naphthalene
isosteres synthesized to date (Figure 3.2a), as well as excitation energies associated with
the HOMO-LUMO transitions calculated using TD-DFT (Figure 3.2b).Y” The comparison of
the UV-Vis absorption spectra demonstrates appreciable different optical responses
depending on the position of the B-N units in the naphthalene scaffold, exhibiting the
orientational isomers BN-1,9-Naph (orange trace) and BN-9,1-Naph (red trace) more
similar electronic transitions than the other BN naphthalene counterparts. Theoretical
HOMO-LUMO energy gaps showed very similar values for the couple of orientational
isosteres (BN-1,9-Naph/BN-9,1-Naph and BN-1,2-Naph/BN-2,1-Naph). Therefore, unlike

position, orientation does not seem to origin a deep impact on the optical properties.
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Figure 3.2. (a) UV-Vis absorption spectra of BN-naphthalenes in cyclohexane. (b) TD-DFT excitation
energies associated with the HOMO- LUMO transition of BN-naphthalenes calculated at the CAM-B3LYP/
6-311G(d,p) level. (This figure is an unofficial adaptation of part of an article that appeared in an ACS
publication. ACS has not endorsed the content of this adaptation or the context of its use.’)

Dewar’s group also reported the synthesis of the first BN-substituted phenanthrenes in
1958, namely 9,10-azaboraphenanthrenes.?* As shown in Scheme 3.2, the reaction of 2-
phenylaniline VI with BCls, followed by treatment with AlCls, gave rise to the Friedel-Craft
product VIII. A family of BN-substituted phenanthrene derivatives IX was obtained by

means of reaction between compound VIII and various nucleophiles.
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Scheme 3.2. Synthesis of 9,10-azaboraphenanthrene derivatives.?!

The effect of the 9,10-BN substitution in phenanthrenes with respect the all-carbon
analogue (Figure 3.3a) was explored by UV-Vis spectroscopy (Figure 3.3b). The position
of the main absorption bands was similar in both spectrum, but a remarkable increase in
the a-band intensity was observed. This effect was attributed to the elimination of the
molecular orbital degeneracy present in the all-carbon phenanthrene, when the BN unit
is introduced in the system. Later, Parvez and collaborators studied the fluorescence of
both compounds, in addition of that of another BN isostere: 4a,4b-
azaboraphenanthrene?? (Figure 3.3c). Phenanthrene exhibited emission mainly in the UV
region with a relatively low quantum yield (¢r = 0.09). The replacement of the two carbon
atoms at the peripheral 9,10-positions with the BN unit resulted in a blue-shifted
emission. In sharp contrast, when the BN unit occupied the internal 4a,4b-positions, the
emission spectrum showed a significant bathochromic shift. Remarkably, in both cases
the quantum vyield increases (pr = 0.61 and 0.58, respectively, versus 0.09 for
phenanthrene). This comparison demonstrated the efficiency of BN substitution in
modulating the optical properties of polycyclic aromatics, and revealed that the position

of the BN unit in the same scaffold can involve important changes in the properties.
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Figure 3.3. (a) Structures of 9,10-azaboraphenanthrene (blue), phenanthrene (black) and 4a,4b-
azaboraphenanthrene (red). (b) Ultraviolet spectra of 9,10-azaboraphenanthrene (—), and
phenanthrene (- - -). Adapted from ref.?! with permission from The Royal Society of Chemistry. (c)
Fluorescence emission spectra of phenanthrene (black line), 4a,4b-azaboraphenanthrene (red line), and
9,10-azaboraphenanthrene (blue line) in cyclohexane. Reproduced with permission from ref.2? Copyright
© 2007 American Chemical Society

More recently, larger PAHs containing 1,2-azaborines have been reported, presenting
different number of BN units,?>%4 oligomeric structure!? or even curved structure.” The
most relevant contributions, including synthetic strategies and properties evaluation can

be found in reviews such as those provided in references 10:23.26.27,

3.1.2. 1,3-azaborines

In 2011 Liu and co-workers reported the synthesis of the first 1,3-azaborine derivatives,
based on ring-closing metathesis (Scheme 3.3A).28 In this case, the metathesis occurs
between the N-allyl and B-vinyl groups of X, an acyclic intermediate previously prepared.
For an efficient ring-closing metathesis reaction, the nitrogen lone pair needs to be
protected to avoid catalyst degradation. Then the metathesis product is deprotonated
with DBU to afford the 1,3-azaborine heterocycle XI. A final Pd/C-mediated
dehydrogenation reaction gives rise to a mixture of the desired 1,3-azaborine derivative

Xll and the reduced byproduct XlIl. Using this compound as starting material, a series of
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1,3-azaborine derivatives functionalized at the boron position has been also synthesized

(Scheme 3.3B).?°
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Scheme 3.3. (A) Synthetic route toward an 1,3-azaborine derivative. (B) Substitution reactions for
obtaining different B-substituted derivatives. Reagent conditions: (a). (i) CF3sSOsH, CH2Cl2, =30 °C to rt; rt,
10 min; (ii) cat., 24 h; (iii) DBU; (b) Pd/C, benzene, 120 °C, 16 h; (c) TMSCN, MeOH/THF, 24 h; (d) HCI, THF,
rt, 24 h; (e) HF-Py, THF, rt, 30 min; (f) MeOH, HCI, THF, rt, 24 h; PCyz=tricyclohexylphosphine, Py=pyridine,

TMS=trimethylsilyl.

Liu and collaborators also studied the electronic structure of N-Me-1,3-BN-toluene3®, and
compared it with those of pristine toluene and N-Me-1,2-BN-toluene. From this analysis,
they concluded that both, 1,2- and 1,3-BN substitutions, promote a destabilization of the
HOMO, going from -8.84 eV for toluene to -8.0 eV and to -8.45 eV, for 1,2 and 1,3-BN-
toluene respectively. These differences also suggests a different reactivity for 1,2 and 1,3-
azaborines, but it has been scarcely explored from an experimental perspective, since the

synthesis of 1,3-azaborines to date is limited to monocyclic cores.?2°31
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3.1.3. 1,4-azaborines

The earliest example of a 1,4-azaborine was reported in 1961 by Maitlis,?? (Figure 3.4a,
XVIII) via reaction of the dilithium derivative XXII with dibutyl(phenylboronate) (Figure
3.4b). In 1992, Clark and collaborators continued the studies on 1,4-BN-anthracene
scaffolds, obtaining the X-ray structure of N-methyl-B-mesityldibenzo-1,4-azaborine
(Figure 3.4a, XIX).?3 Later, Kawashima and co-workers synthesized the pentacene-like
analogue XX3* and obtained its X-ray structure. The comparison of X-ray structural
parameters of anthracene- and pentacene-like molecules, shows that the dihedral angle
between the mesitylene group and the azaborine ring is slightly larger for the pentacene-
like derivative. Moreover, the bent angle of lateral rings respect to the BN-doped central
one is also different (15° for pentacene and 9° for anthracene). However, Kawashima and
collaborators concluded that these differences between the two molecular structures
may come from the crystal packing, as DFT calculations predicted almost the same
geometries around the central azaborine ring for both compounds.?* The authors also
compared the absorption and emission spectra of these two molecules. Pentacene-like
azaborine shows an absorption maximum at 519 nm, which is red-shifted from that of
anthracene-like azaborine (405 nm). That indicates a decrease in the HOMO-LUMO
energy gap, probably due to the elongation of the m-system. Concerning the emission
maxima, it is also appreciable a bathochromic shift of the absorption maximum for
pentacene-like azaborine. Remarkably, the fluorescence quantum vyield for pentacene-
like derivative (br = 0.29 at 524 nm) was lower than that for anthracene-like one (dr =

0.48 at 421 nm).
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Figure 3.4. (A) Examples of 1,4-azaborine derivatives. (B) Synthetic route for 1,4-azaborine derivatives
used by Maitlis in 1961.32

Kawashima and collaborators developed the synthesis and study of larger acenes
(pentacene and heptacene) containing several 1,4-BN units3® (molecules XXIII, XXIV and
XXV in Figure 3.5). Their optical absorption and emission responses were evaluated and
compared with those of the BN anthracene analogue (molecule XXVI in Figure 3.5). As
shown, the absorption band of anthracene XXVI and meta-type pentacene molecule XXIlI
are located almost at the same wavelength, revealing weak or no m-conjugation between
the two neighbouring azaborine units in molecule XXIIl. The absorption maxima of para-
type pentacene molecule XXIV is red-shifted in comparison with the meta-analogue XXIII,
what indicates a more extended m-conjugation. In this way, the relative orientation of the
BN units in acene scaffolds may deeply influence the properties. The fluorescence spectra
of heptacene-like molecule XXV shows two emission maxima, unlike the other
compounds, although the origin of the second peak remains unknown. The obtained

guantum yield for para-type molecule XXIV (¢r = 0.69) was higher than that of meta-type

147



INTRODUCTION

analogue XXIII (¢ = 0.21), suggesting that the incorporation of 1,4-BN units in alternate

orientations could give rise to efficient molecules for light-emitting devices.
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Figure 3.5. Acene-like 1,4-azaborine derivatives prepared by Kawashima and collaborators and their UV-
Vis and fluorescence spectra in cyclohexane (Red: XXIIl, Green: XXIV, Blue: XXV, Black: XXVI). Spectra
reproduced with permission of ref.3® Copyright © 2006 American Chemical Society

Liu's group recently presented a synthetic approach to substituted monocyclic 1,4-
azaborines.?” As shown in Scheme 3.4A, this route is based on metal-halogen exchange
of the dibromide XXVIII, followed by quenching with iPrNBCl;, giving rise to the 6-
membered BN-heterocycle XXIX. Isomerization of the exocyclic double bonds in presence
of Ru(ll) catalyst produces the desired target XXX, which can be derivatized in an easy
manner for preparing a plethora of 1,4-azaborines functionalized at the boron position
(Scheme 3.4B). Using this methodology, the authors synthesized a series of functionalized
terphenyls (Figure 3.6, XXXVIII and XXXIX), presenting a 1,4-azaborine units in the central
ring. The study of the optical properties (UV-Vis and fluorescence) revealed that when
two functional groups of different nature (donor/acceptor) are incorporated in B and N
positions, the exhibited properties are highly dependent on the placement of these

groups. In this way, the specific location of the donor/acceptor groups on 1,4-azaborines
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has a dramatic impact on the optical properties, in contrast to what happens with the all-
carbon counterparts (XXXV and XXXVI), where the relative placement of the
donor/acceptor groups in para-position does not involve considerable changes in the

optical responses.
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Scheme 3.4. (A) Synthetic sequence for monocyclic 1,4-azaborines. (B) Functionalization possibilities at
the boron atom of 1,4-azaborines. Reagent conditions: (a) K2CO3, MeNH2, MeCN, reflux; (b) (i) tBuli, (ii)
iPraNBClz; (c) HRUCI(CO)(PPhs)s, toluene, 110 °C; (d) pivalic acid, CH2Clz, rt, 2 h; (€) MeOH, CH2Cly, rt 2 h; (f)
HCI, CH2Cly, rt, 2 h; (g) Nu, THF. (Nu= EtMgBr, CH2=CHMgBr, CH2=CHCH2MgBr, PhMgBr, mesitylithium,
PhOLi, EtsBLiH, iPraNLi).
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Figure 3.6. Normalized absorption (solid lines) and emission (dotted traces) spectra for two inversely
substituted 1,4-azaborines (green and red); and their all-carbon analogues (black and purple,
respectively). Reproduced with permission of ref.3” Copyright © 2016 American Chemical Society

149



INTRODUCTION

3.1.4. Electronic properties of azaborines
In spite of the raising interest of azaborines and their probed power for tuning the
properties of the all-carbon parent structures, the effect of the BN-doping on electron

transport has not been well defined yet.

At the single-molecule level, azaborines remain almost unexplored. Only a BN-
phenanthrene derivative has been recently studied by STM-BJ technique.®® Wan and
collaborators carried out conductance experiments of a 9-aza-10-boraphenenthrene
derivative (a 1,2-azaborine derivative ) incorporating pyrimidine rings as linkers (Figure
3.7a). The results were compared with those of the corresponding all-C analogue, and
the authors found that these isoelectronic structures presented a conductance value in
the same order of magnitude, between log (G/Go) = —4 and log (G/Go) = -5, being slightly
higher for the BN-doped structure. Figure 3.7b shows the 1D histograms of both

compound for a better comparison.
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Figure 3.7. (a) Graphical representation of the metal-molecule-metal junctions in the conductance
experiments for the molecules of interest. (b) Representative conductance traces for both molecules. (c)
Visual colour change after the formation of the B—F coordinated species in a mixture 1:4 THF:TMB. (d)
Absorbance spectra of BN-phenanthrene and B—F coordinated phenanthrene derivative. Adapted with
permission of ref.3® Copyright © 2020 American Chemical Society
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Additionally, and considering the electron-accepting character of azaborines due to the
vacant p-orbital of the boron,* they originated the B-F coordinated specie by adding
tetrabutylammonium fluoride (BusNF). The formation of B-F coordination bond was
followed by colorimetric change in the solution (Figure 3.7c), obtaining a UV-Vis spectra
with a new largely red-shifted absorption band (Figure 3.7d). Remarkably, the
conductance of the coordinated specie was four times lower than that of the F-free
azaborine derivative. Quantum transport calculations revealed that the formation of the
B-F coordination bond rearranges the local molecular structure, leading to a substantial
change of the electronic structure of BN derivatives with a significant shift of the LUMO

toward higher energy levels.

This abovementioned study is only the first step toward understanding the effect of
azaborine substitution in the electron transport, since 1,3- and 1,4- azaborine isomers
remain completely unexplored. The electronic properties for the three azaborine isomers
in the relative 1,2-, 1,3- and 1,4-positions are expected to be different, since their
aromaticity and stability are also different. In addition, for each series of these isomers,
distinct positions for both, the BN unit and the substituents, give rise to compounds
exhibiting clearly different optical responses, as shown in the previous sections.
Therefore, it is expected to find also different electron transport properties for
compounds with different substituents, even with the same relative (1,2-, 1,3- and 1,4-)

BN position.

Concerning heteroaromatic compounds in general, the particular position of the
heteroatoms with respect to the most favourable electron pathway is of special interest
regarding their impact on the electronic properties. If they are located in the most
favourable conduction pathway, the heteroatoms are forced to participate in the
molecular orbitals responsible of the conduction, while if they are placed in positions
further away from such path, the electron conduction takes place through the
eigenchannels already accessible in the pristine all-carbon analogues, assuming a
minimum participation of the heteroatoms on the electron conduction. It is possible a
third situation, that occurs when heteroatoms are placed laterally with respect to the
electron pathway, being difficult to determine their real participation on the electron

conduction. This is the case for the 1,2-BN-phenanthrene already studied: the
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heteroatoms are not placed in the direct end-to-end pathway, but the ring they are part
of does.?® In this sense, molecules containing oxygen, sulphur or nitrogen, among others,
have been experimentally studied too.3>*' Remarkably, the greater effect of the
presence of heteroatoms has been observed in wires with m-o-t backbone, where the
sigma moiety is a single heteroatom*? or a sequence of them.*? In both cases, despite not
being embedded into the aromatic system, heteroatoms have a strong impact in the
conductance, since they are unequivocally in the electron path and due to its difference

in size, polarizability and electronegativity with respect to carbon atoms.

A good method for evaluating the impact of the heteroatoms on the electronic properties
is the comparison with the corresponding all-C analogues. However, in most of the
studies found in literature about the electron transport of heteroatom-containing
molecules, the parent hydrocarbons are not always reported. This absence is probably
due to such studies are more interested on the electronic properties of these compounds
themselves, rather than the evaluation of the specific modifications that the heteroatoms

promote on the properties.

Taking into account these exposed considerations, to unambiguously assess the effect of
the BN substitution in the electronic transport through PAHSs, it can be said that the

experimental approach should ideally meet the following three criteria:
(i) Heteroatoms should be embedded in the n-core.

(ii) Heteroatoms should be located into the most favorable electron-conduction

pathway.

(iii) Comparison with the corresponding all-carbon analogues is highly desirable.
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3.1.5. Overview

Azaborines have the potential of expand the physicochemical space of PAHs, as they can
present different aromaticity, reactivity and properties of that of the parent
hydrocarbons while maintain their original topology due to the CC/BN isosterism. The
properties exhibited by these compounds can change depending on three

considerations:

(i) The relative position 1,2, 1,3 or 1,4 of the B and N atoms within the ring.
(ii) The specific position of the substitution within the molecule.
(iii) The presence and position of additional substituents.
Considering that, the potential of azaborines almost rise to infinity, highlighting that more

extensive research in the field is still needed.

Already studied azaborine systems have revealed that 1,3-azaborines are the most
aromatic but less stable isomer, while 1,2-azaborines are the less aromatic but more
stable isomer. 1,4-azaborines are a particular case, where the directional m-electron
delocalization originated by the heteroatoms, gives rise to a push-pull m-electron systems

rather than aromatic.

While the reactivity and optical properties of azaborines are the main topic of most of
the research already done in the field, their electron transport properties at the single-
molecule scale have been scarcely investigated, existing in literature just one recent
example (2020) of a 1,2-azaborine derivative. One of the reasons of lacking studies can
be the synthetic efforts needed, not only for the incorporation of B and N in the
structures, but also for the introduction of the anchoring groups required for this kind of

experiments.

In this context, a proper starting point seems to be the study of the electron transport
properties of different azaborine cores, as well as those of their parent hydrocarbons, in
order to establish the impact of the substitution. In this sense, it should be considered
that the heteroatom participation on the conduction would be maximized if they are
unambiguously place in the most favorable electron path. Although the three

regioisomers 1,2, 1,3 and 1,4 have been equally understudied, the particular polarization
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of the latter, as a push-pull system, seem to be the most interesting from the electronic

perspective.
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3.2. Objectives
According to the information collected in the background section, the next objectives

were proposed:

1. To design, synthesize and characterize a 1,4-BN-functionalized arene
incorporating linker groups to establish single-molecule junction between gold
electrodes, allowing the development of single-molecule conductance
experiments. In the designed compound, heteroatoms must be unequivocally
located in the electron path.

2. To design, synthesize and characterize the corresponding heteroatom-free
analogue, enabling a direct comparison of the properties of both structures.

3. To evaluate the effect of the CC-to-BN substitution in the electron-transport

properties of PAHs by means of single-molecule conductance experiments.
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3.3. Results and discussion

3.3.1. Molecular design

Taking into account the relative position of B and N in 1,4 azaborines, as well as the
relevance of (i) incorporating anchoring groups into the structures and (ii) ensuring the
presence of boron and nitrogen in the electron path, acene scaffolds seemed to be the
ideal targets, since they allow locating the linkers directly in N and B positions. In this
configuration, shown in Figure 3.8, the electrons are forced to pass through both
heteroatoms, while they remain embedded in the fully conjugated structure. Besides, the
electron properties of the corresponding hydrocarbons are also of special interest in
molecular electronics due to its high charge-carrier mobility, which has been reflected in

its good performance in organic devices such as OLEDs, OFETs and OPVs.44>

L all-C counterpart L

Figure 3.8. Design: 1,4-azaborine in acene motifs ensures to meet the three criteria mentioned in section
3.1.4 since (i) boron and nitrogen are embedded in a fully conjugated structure, (ii) a smart location of
linkers ensures the electrons passing through both, nitrogen and boron atoms; and (iii) they have
synthetically accessible all-C counterparts.

However, electronic properties of acene motifs at the single-molecule scale have been
scarcely investigated to date.*®! In addition, only a few of those studies considered the
incorporation of anchors to the acene scaffold,***8 while in the rest, the lack of specific
anchoring groups hinders the determination of the exact binding geometries that are
originating the conductance signals.**1 The reason of so few number of studies focussed
in single-molecule conductance of acenes (particularly from pentacene onwards) is

probably their stability, since as the m-skeleton of acenes is extended, their stability
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dramatically decreases, precluding their isolation and the development of the
corresponding experiments. Although there is not a consensus on the origin of such
instability, it seems to be related with the increasing biradical character of the ground
states of acenes as their size increases.”®>3 In this sense, it has been recently
demonstrated that the presence of BN units in these scaffolds promotes an improvement
of their stability, upon exposure to oxygen and light.>* This effects could be attribute to
the absence of quasi-degenerate ground state in azaborines3* and could be used as
strategy for preparing larger acene derivatives, stable enough for studying their
unimolecular conductance or even to make possible their implementation in single-
molecule electronic devices.

In this context, we proposed the preparation of the molecules depicted in Figure 3.9.
Firstly, as one of the shorter compounds in the acene series, an all-C anthracene including
linker groups (CCA); and the corresponding 1,4-azaborine analogue (BNA). The
comparison of the conductance of both molecules would be used for elucidating the
direct effect of the BN substitution in the electron transport. Secondly, the pentacene-like
counterpart (BNP) in order to study if the laterally enlargement of the acene scaffold
respect to the conduction pathway promotes changes in the conductance value. In this
case, the direct comparison with the all-C analogue is not possible, since this structure,
namely 6,13-diphenylpentacene, has been reported to have a lifetime in the presence of

oxygen and light of only 8.5 minutes in CH,Cl; solution.>?

SMe SMe SMe SMe
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12 13 14 15
(CCA) (BNA) (BNP) (BNA-1-linker)

Figure 3.9. Target molecules. In parentheses the names given for clarity along the discussion of results.
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Finally, a BN-anthracene analogue including a single linker group (BNA-1-linker). The
reasons for preparing and measuring the conductance of this molecule are explained in
section 3.3.4. All these compounds were designed including thiomethyl (-SMe) groups as
linkers, which are well-known to provide a good contact between metallic electrodes in

STM-BJ,>*>” and additional benzene rings as spacers.

3.3.2. Synthesis

The synthetic strategy used for preparing compound CCA is depicted in Scheme 3.5. It is
based on a double Suzuki coupling between dibromide anthracene and (4-
(methylthio)phenyl)boronic acid, by means of Pd(OAc). catalyst, affording compound
CCA in good yield.

SMe

Br SMe
SOOR —
a
Br B(OH),

58% O

SMe

12, CCA

Scheme 3.5. Synthetic route toward compound CCA. Reagent conditions: (a) Pd(OAc)2, K2COs3, BusNBr,
Toluene/H20, 70 °C, 18 h.

The preparation of compounds BNA, BNP, and BNA-1-linker was carried out following the
synthetic route shown in Scheme 3.6. Two consecutive Buchwald-Hartwig cross-coupling
reactions over 4-(methylthio)aniline using the appropiate dihaloarene gave rise to
dibromide derivatives 18 and 19, respectively in good yields. A final lithiation-boration
step afforded the BN-doped anthracenes BNA and BNA-1-linker and the BN-doped
pentacene BNP in reasonable yields. Remarkably, two different methods were used for
the last reaction. Method A was successfully employed for the synthesis of BNA, however,
it did not work in the case of BNP. Therefore, Method B was developed in particular for
the preparation of BNP. Since it involved an easier purification of the final product, it was

also used for preparing a second batch of BNA, demonstrating a wider scope than Method
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A. Experimental details of the compounds prepared are available in the Experimental

Section, and the NMR spectra of the target compounds collected in the Annexes.

SMe SMe
|

SMe

Br Br Br
NHy 87%, Ar=Ph Br 78%, Ar=Ph Br
65%, Ar=Naph 56%, Ar=Naph
16, Ar=Ph 18, Ar=Ph
17, Ar=Naph 19, Ar=Naph
SMe
Method A "
Br N
WO -
Br MeSOB(OMe)Z
18, Ar=Ph Method B
19, Ar=Naph R

45/47%,13, (BNA), R' = SMe, Ar=Ph

30%, 14, (BNP), R'= SMe, Ar=Naph

48%, 15, (BNA-1-linker), R'= Me, Ar=Ph
Scheme 3.6. Synthetic routes used for preparing compounds BNA, BNP and BNA-1-linker. Reagent

conditions: (a) Pd(dba),, PtBus-HBF4, tBuONa; Method A: (i) n-BulLi, (ii) B(OMe)s, (iii) lithiated arene;
Method B: (i) n-Buli, (ii) dimethyl (4-(methylthio)phenyl)boronate.

3.3.3. Break-junction experiments

The gold on quartz plates for break junction experiments were previously cleaned as
described in the Experimental Section. Then, they were immersed for 15-20 min in DCM
solutions of the corresponding molecules, with concentrations between 10™ and 1073
mM. Compounds CCA, BNA and BNP were measured applying a 0.16 bias voltage, and
using 1 x 10% V/A and 4.5 x 10'° V/A amplification gains in the STM circuit, with a
protection resistor of 2 x 10° Q in series. This combination allowed us to explore a range
in conductance G=//V of 8 orders of magnitude between 10 Gpand 107~/ Go. Several rounds
of measurements were recorded for each compound. The raw conductance-distance (G-

Z) traces for each one were subjected to the searching plateaus process described in
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detail in the Experimental section. The corresponding 1D and 2D histograms were built

from the traces displaying plateaus.

3.3.3.1.Effect of 1,4 BN substitution in anthracene scaffold: conductance of CCA and BNA

The 2D histograms obtained for compounds CCA and BNA are shown in Figure 3.10a and
3.10b, respectively. They presented a similar shape, with a broad and sloping conductance
signal. This sloping profile is usually associated with an important interaction of the core
of the molecules with the gold electrodes as the molecules slide over them during the
pulling process. The presence of several molecules in parallel between the electrodes can
also contribute to it. It is easy to think that both processes can be favoured by the
presence of the extended acene, since aromatic surfaces have been reported to interact
with gold efficiently.”® This profile gave rise to asymmetric peaks in the corresponding 1D
histograms, which are superimposed in Figure 3.10c for a better comparison. Although
the conductance peaks of both compounds were located between log(G/Gp)= -5 and —6,
it was appreciable a slightly shift of conductance towards lower values for BNA. The
analysis of the plateau-length distributions is shown in Figure 3.10d. The expected
plateau-length for these molecular junctions is depicted as a vertical grey line. This value
was obtained after the subtraction of an interval of 0.4 nm to the calculated (S-S)
molecular distance (1.48nm), compensating the effect of the electrode retraction after
the gold contact breaks. For both molecules, the end of the Gaussian distribution
concurred with the expected molecular length, therefore it could conclude that
equivalent molecular junctions are being formed for CCA and BNA, corresponding to
molecules fully extended between the gold electrodes. In this way, we probed that the
1,4-BN substitution in the central ring, not only permits the electron transport through
the molecules, but also leads to a molecular conductance of the same order of magnitude

as that for the all-carbon structure.
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Figure 3.10. 2D histograms of compounds (a) CCA and (b) BNA, built from all traces displaying plateaus. (c)
1D histograms of compounds CCA (black line) and BNA (pink line). The middle point of the conductance
peaks are marked with a vertical line. (d) Plateau-length distributions, where the grey line corresponds to
the expected length of plateaus for the S-S distance.

Current vs Voltage curves for calculating the rectification ratio (RR)

As explained in Chapter 1 (section 1.5.3.), the /-V characteristics of asymmetric molecules
can reveal rectification behaviour. In the case of these BN-doped molecules, the position
of the heteroatoms and the polarization of charges could contribute to such effect,
favoring the electron transport in one direction of the molecule respect to the other. To
study this possibility, a second break-junction experiment was carried out for BNA and
current vs voltage (/-V) curves were recorded. The motion of the electrodes was stopped
during the opening process each 0.07 nm and the voltage was ramped between +1 V and

—1 V. Both the up-ramp and down-ramp /-V curves were collected. The identification of
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traces displaying plateaus was conducted as previously explained and we selected those
I-V curves recorded along plateaus in the range between log(G/Gp)= —6 and —4.5. Figure
3.11a shows an example of a conductance trace recorded in this way, with circles
indicating the positions at which /-V curves were obtained. The corresponding /-V curves

for such trace are displayed in Figure 3.11b.
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Figure 3.11. (a) Example of a conductance trace for BNA displaying a plateau along which /-V curves are
recorded. Orange circles indicate the position where the motion of the electrodes was paused and /-V
curves were recorded. (b) Corresponding /-V curves recorded along the conductance trace shown in (a).
(c) 2D histograms of log(/)-V and (d) 2D histogram of log(G/Giow)-V curves, built from all the traces
displaying plateaus. The average curve is superimposed in black over the histogram in both figures. In
order to see the average asymmetry in the curves, they were first flipped to have the branch of higher
current of all curves at positive bias voltages. In both figures, the log difference between the values at +1
and =1 Vis around 0.25, which translates in a rectification ratio of 1.8 in the linear scale.

Gathering the /-V curves from all the conductance traces with plateau, the 2D histogram
of Figure 3.11c was built, where the average /-V curve is superimposed. In order to see

clearly the typical -V curve asymmetry in the histogram, we flipped first the /-V curves to
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have the branch of higher current always at positive bias voltages. We found out that a
48% of the [-V curves needed to be flipped. This value is indeed close to the theoretical
50% that we expect as there should not be any preferential orientation of the molecules
or their binding respect to the STM tip and substrate. In addition, we obtained the
corresponding G-V curves by calculating G = I/V for each point, and scaled these by the
conductance value at low bias voltage values, Giow. The latter was obtained fitting a
polynomial to the interval (-0.2 V, 0.2 V) of the /-V curves. Figure 3.11d shows the
corresponding 2D histogram of these scaled curves, again with their average curve
superimposed. In order to quantify the asymmetry of the /-V curves, we determined the
rectification ratio (RR) at +1 V. As reminder RR corresponds to the ratio between the
current at a given positive bias voltage and the corresponding current at the reversed
bias voltage. We obtained an average RR value of 1.8 + 0.7, which agrees with the
difference between the values at +1 and —1V for the average curves in the log scale of
approximately 0.25 in both Figures 3.11.c and 3.11.d. This RR value is only slightly larger
than that previously reported for fully symmetric compounds,3>°° and similar to that
observed in N-phenylbenzamide derivates,®® where the dependence of the rectification
factor with the strength of the molecule’s linking group is demonstrated. This result is
also consistent with the transmission curves displayed later in the section 3.3.4, with the

gold Fermi level being practically at the center of a wide HOMO-LUMO gap.

3.3.3.2.  From terphenyl to anthracene: unravelling the effect of the lateral rings

We observed nevertheless that the conductance of both anthracene-like compounds CCA
and BNA was nearly two orders of magnitude smaller than that of the equivalent p-
terphenyl derivative (4,4"-bis(methylthio)-1,1":4',1"-terphenyl),? as can be seen in Figures
3.12a and 3.12b.%! This molecule presents a very similar S-S distance, since its difference
with CCA consists in the addition of two lateral rings in the central core, going from
benzene to anthracene. Plateau-length distributions were indeed essentially the same

(Figure 3.12c). Very likely, the reason for the smaller conductance of CCA is the higher

2 The corresponding data for the terphenyl compound, analogue to CCA, were previously used in an
already published work in collaboration with Nazario Martin’s group during the development of the
present thesis. Such work corresponds to reference ! and it is also available in the List of Publications.
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dihedral angle (70.3°) between the bulky central part of the molecule and the
thiomethylphenyl rings in comparison with those of p-terphenyl (33.8°),° according to the

theoretical calculations exposed later in this chapter.
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Figure 3.12. (a) 2D histogram for p-terphenyl. (b) 1D histograms and (c) plateau-length distributions for
CCA, BNA and p-terphenyl. The vertical grey line marks the expected plateau length for the S-S distance.

In addition to the conductance value, a clear difference in the shape of the conductance
peaks can be appreciated in Figure 3.12a, since p-terphenyl traces display flatter plateaus,
which produce a symmetric and narrow peak in the 1D histogram between log(G/Go) = —
4 and =3 (Figure 3.12b). On the other hand, the plateaus for CCA traces fall down toward
lower conductance values as the separation between the electrodes increases, so that
the main signal spreads over two orders of magnitude. Remarkably, these conductance
values are compatible with previous conductance measurements for benzene and
naphthalene diamine analogues to CCA®? (Figure 3.13) in which the conductance

decreases for the more extended compound, as it presents a higher dihedral angle.

b A general discussion about the effect of dihedral angles in the conduction pathway was presented in
Chapter 1, section 1.5.3. Theoretical calculations for these compounds, including the dihedral angles are
described in section 3.4.
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Figure 3.13. Conductance vs number of rings for benzene and anthraces cores with thiomethyl linkers
(red circles); and benzene and naphthalene cores with amine linkers (black squares). Data for the amine
molecules taken from ref.5?

3.3.3.3.  1,4-BN substitution in larger acenes: conductance of BNP

The 2D histogram for BNP, shown in Figure 3.14a, displays a well-defined flat cloud of high
conductance between log(G/Go)= —4 and log(G/Go)= —5. This signal clearly extends to
shorter distances than those for the previous compounds, suggesting that it does not
correspond to a linker-to-linker configuration.

However, a second broader cloud is also noticeable at lower conductance values. A better
assessment of these two signals was achieved after separating the G-z traces in two
groups: traces displaying conductance plateaus above and below log(G/Gp) = 5. The
independent 2D histograms for both groups are shown in Figure 3.14b and 3.14c, while
the corresponding 1D histograms and plateau length distributions can be found in Figures
3.14e and 3.14f, respectively. Some individual G-z traces are depicted in Figure 3.14d.
They show that the conductance signal below log(G/Go) =5 is due to clear plateaus. This
signal constituted only 20% of the total traces, but both, conductance and plateau-length,
were in the range of those of CCA and BNA. Therefore, this set of plateaus could be
assigned to BNP molecular junctions with the molecule fully extended between the

electrodes.
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Figure 3.14. (a) 2D histogram for compound BNP. (b) and (c) Independent 2D histograms of the two
groups separated for BNP: traces displaying plateaus above -5 log (G/Go) and traces displaying plateaus
below -5 log (G/Go), respectively. (d) Individual G-z traces for BNP. Three different behaviours are shown:
only displaying plateaus at the lower conductance region (blue traces), only displaying plateaus at the
higher conductance region (green traces) and displaying plateaus at both higher and lower conductance
regions (cyan traces). (e) 1D histograms for all traces of BNP and the two groups obtained from the
separation of this traces. (f) Plateau-length distribution for both groups, where the grey line corresponds
to the expected length of plateaus for the S-S distance.

As explained before, the main signal for BNP (80% of the total traces) appeared at a higher
conductance values and it was constituted by G-z traces displaying shorter plateaus. For
further investigate the conductance of BNP, a clustering separation analysis was

additionally carried out. The results of such analysis are exposed in the next section.

3.3.3.4.  Clustering analysis of G-z traces for CCA, BNA and BNP

A clustering-based analysis were carried out for G-z traces of CCA, BNA and BNP, using
only those traces previously identified as displaying plateaus for each compound.© During
the analysis, different numbers of blind subdivisions were explored in the algorithm. A
visual analysis of the different sets allowed us to identify three significant different traces
profiles, whose 2D and 1D histograms are displayed in Figures 3.15 and 3.16 respectively.

In Figure 3.15, the histograms in the first column correspond to the higher occurring-rate

¢ The bases of this kind of analysis can be found in Chapter 1, section 1.3.3.
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group of plateaus for each compound. The second column gathers those traces with more
sloping plateaus (or less defined profiles in the case of BNP, third row). The third column
shows the histograms of the traces with plateaus also in the minority conductance value.
For BNP, this column contains traces displaying two plateaus, which agree with the two
different conductance regions distinguished in the last section. For BNA and CCA, this
column contains the histograms built from traces displaying plateaus at higher
conductance values that the main signal. Probably because of their low occurring rate,
this last group for BNA and CCA had remained imperceptible in the previous analysis,
hidden in the tunneling background. For a better assessment of the distance of those
signals, a gray vertical line indicating the expected plateau-length for the fully extended
molecules between the electrodes is also shown in the histograms. This subdivision
process revealed that the higher conductance signal, detected for BNP, was also present
in BNA and CCA (Figure 3.15c and 3.15f), concluding that for the three studied

compounds, CCA, BNA and BNP, plateaus can appear at two different conductance values.
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Figure 3.15. 2D Histograms of three groups of traces separated using a clustering process for CCA (a-c),
BNA (d-f) and BNP (g-i).

Figure 3.16 shows the 1D histograms for every group of CCA, BNA and BNP, being the
group of lower conductance in black, that of higher conductance in blue, and the
remaining group in green. The first group (black lines) came from plateaus occurring
between log(G/Gyp) = —6 and -5, that reached the expected molecular-junction length for
the fully extended compound between the electrodes, as shown in the plateau-length
distributions of Figure 3.17. This separation also facilitated the extraction of a reliable
typical molecular-junction conductance value from this group of traces. For that, a
Gaussian was fitted to their symmetric peak in the corresponding 1D histograms (red

dashed lines in Figure 3.16). The extracted conductance values are indicated in the top of
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the corresponding peaks, being the conductance values ordered as follows:

Geea>Grna>Gane.

N,om (NM/order-mag)

Figure 3.16. Conductance histograms of three groups of traces separated using a clustering process for
CCA (a), BNA (b) and BNP {(c). The Gaussian curve fitted to the lowest conductance peak for each
compound is shown as a red dashed line, while its mean log(G/Go) value is indicated on its top. The light-
yellow band marks the conductance interval of the highest peak common to the three compounds,
probably due to junctions with molecules interacting from the middle acene to one of the electrodes.

The second group (blue lines), common to all three compounds, is due to plateaus
occurring between log(G/Gp) = -5 and —4 (Figure 3.16), and typically 0.2 nm shorter than
the corresponding to the fully extended molecule in the junction (See plateau-length
distribution in Figure 3.17b). The shorter length of those plateaus, encouraged us to
hypothesize that it could be due to junctions in which the molecules are not fully
extended between the electrodes. Significantly, while the peak of lower conductance
moves towards lower values according to the abovementioned trend, the peak at higher
conductance stays rather constant. Only the occurring rate changes, being only a 10 % for
CCA and BNA, while it represents the majority of the plateaus for BNP (=80%), showing

that this kind of interaction seems to be favored for pentacene in contrast to anthracene.
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As the distance is basically the same in the three molecules, the interaction originating
these shorter plateaus seems to be due to one of the electrodes not interacting with the
linker (-SMe), but directly with the acene itself. In this way, as the pentacene core involves
a higher electron density, this interaction is favoured, increasing its occurring rate with
respect the anthracene. An extra demonstration of this hypothesis is included in the next

section.
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Figure 3.17. Plateau-length distribution for different groups of traces separated using a clustering process
for compounds CCA, BNA and BNP. (a) Plateau-length distribution for the lowest conductance peaks,
corresponding to histograms (a), (d) and (i) in Figure 3.15 (length interval between G=0.5 and 5 107 Go).
The plateau-length distribution for CCB has been also added for comparison. (b) Plateau-length
distribution for the highest conductance peak, corresponding to histograms (c), (f) and (g) in Figure 3.15
(length interval between G=0.5 and 8 10°® Go). The plateau-length distribution for BNA-1-linker has been
also added for comparison.

3.3.3.5. Demonstrating the acene-gold interaction hypothesis

In order to probe the hypothesis consisting in the acene core as responsible for the higher
conductance signal detected in CCA, BNA and BNP, single-molecule conductance
measurements for compound BNA-1-linker were carried out. In this molecule, one of the
terminal thiomethyl groups has been replaced by a methyl group, hindering the molecule
full extension between the electrodes, via the minimum structural change in the target

scaffold. The break-junction experiments resulted in a conductance signal that perfectly
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fitted in value (Figure 3.18) and length (Figure 3.17b, red line) with that generated by the
shorter plateaus of BNP, BNA and CCA.
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Figure 3.18. 2D conductance histogram for (a) BNP and (b) BNA-1-linker.

3.3.4. Theoretical modelling

In order to rationalize these experimental results, a collaboration with Fernando Martin’s
group from Universidad Auténoma de Madrid was developed.? First-principles
conductance simulations of the single-molecule CCA, BNA, and BNP junctions, with
molecules fully extended between electrodes, were performed. Firstly, it was simulated
the full relaxed geometry of each isolated molecule using Density Functional Theory (DFT)
implemented in the code Gaussian09.%® The optimized geometries were visualized as
shown in Figure 3.19. From the analysis of these optimized structures, it was found that
the dihedral angles in both sides of the acene motif are the same for the all-C molecules
CCB and CCA, while they are different for the BN-doped molecules BNA and BNP.
Interestingly, the change from benzene to anthracene in the central core involves a non-
planar conformation, reducing the conjugation and the m-coupling between the two
separate m-systems. Concerning the BN-doped molecules, the thiomethyl phenyl group

next to the nitrogen atom is really close to be perpendicular (90°) to the acene central

4 More specifically, Dr. Sandra Rodriguez and Joel G. Fallaque (thesis in progress) were the direct
responsible for carrying out the calculations.
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core, while the same dihedral angle in the all-carbon counterpart (CCA) takes a value

around 70°.
CCB
Gas Phase Single Molecule Junction
CcCB CCA BNA BNP ccB CCA BNA BNP

0. | 33.8° | 70.3°| 90.1° | 90.2° | 33.1° 69.9° | 90.9°(90.2°) | 91.3°(90.4°)
0, | 33.8° | 70.3° | 53.8° | 53.6° | 33.3° 69.8° | 53.7°(53.5°) | 53.7°(52.6°)

Figure 3.19. Schematic representation of the optimized geometries for CCB, CCA, BNA and BNP fully
relaxed without any restriction. The dihedral angles between the central core and the thiomethyl phenyl
groups have been highlighted and collected in the table. For molecules CCB, CCA, BNA and BNP in the gas

phase, and in the single-molecule-junction, values for the (T-N-B-S)/ (T-B-N-S) polarizations are given

outside/ inside parentheses, respectively.

Once the geometries were optimized, a combination of DFT and non-equilibrium Green’s
function (NEGFs) methodology was implemented in the TranSIESTA code?? in order to
provide accurate energy positions of molecular states with respect to the junction Fermi
level. Importantly, asymmetrical electrodes were modelled (Figure 3.20a), using a
pyramidal electrode as tip and a flat surface with a gold adatom as substrate. Therefore,
as BN and NB polarizations of the azaborine molecules with respect to the junction are
equally probable in the experiment, we took into account both tip-N-B-substrate (T-N-B-
S) and tip-B-N-substrate (T-B-N-S) orientations. The calculated transmission functions
were very similar for both orientations in the energy window that is experimentally
accessible with the applied bias voltage (0.16 V), which was in agreement with the /-V

curve profiles analysed for BNA before, in section 3.3.2.1. The transmission functions for
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molecules CCA, BNA and BNP junctions, considering (T-N-B-S) and (T-B-N-S) orientations,
are collected in Figure 3.20b. It can be observed a conductance reduction when going
from CCA to BNA and BNP (Table 3.2), in agreement with the experimental results. As
explained before, the change of dihedral angles due to the BN-substitution could be
responsible for such conductance reduction for BNA and BNP in comparison with CCA.
However the slightly different behaviour of BNA and BNP cannot be explained by
differences in the angles, since the enlargement of the acene scaffold do not involve a

change in the dihedral angles, as the optimized geometries (Figure 3.19) reveal.
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Figure 3.20. (a) Single molecule models for the BNA polarized junctions: T-N-B-S (left) and T-B-N-S (right).
N: red; B: blue(b) Energy transmission function for compounds: CCB (orange), CCA (black), BNA (pink), and
BNP (blue), in the T-N-B-S (solid line) and T-B-N-S (dashed line) polarization scenario.

Table 3.2. Calculated and experimentally measured conductance values (log (G/Go)) in the single
molecule-junctions, and NICS (1.7)zz indexes for the central ring (in ppm) for CCA, BNA and BNP. Values
for the (T-B-N-S) polarization are in parentheses.

Compound CCA BNA BNP
log(G/Go)orr+= -5.39 —6.46 (-6.30) —6.62(—6.45)
log(G/Go)exp. -5.30£0.31 -5.60+0.33 5.90+0.40

NICS(1.7)zz -23.57 ~12.54 -9.09
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The role of aromaticity: calculation of Nuclear-Independent Chemical Shifts (NICS)

In an effort to understand the role of aromaticity in the conductance values, the Nucleus-
Independent Chemical Shift (NICS) index have been calculated for each individual fused
ring in CCA, BNA and BNP. Only out-of-plane contributions were evaluated, namely at 1.7
A above the molecular plane (NICS (1.7)zz), which has been established as the optimal
height where the m-contributions are of interest.®%> Note here that, as explained in the
General Introduction, the more negative NICS values, the more aromatic is the molecule.
The calculated values (Table 3.3, FR column) show that the central ring, through which
conductance mainly takes place, suffers a considerable loss of aromaticity after BN-
substitution. Similarly, a slight decrease in aromaticity is obtained when going from BNA
to BNP. Considering the trend for the conductance values and the latter results, it can be
conclude that the aromaticity is playing a key role, as a higher aromaticity gives rise to a
lower conductance. However, it is difficult to quantify this role, since the dihedral angles
are clearly also taking part in the decrease of conductance. Therefore, additional
conductance/NICS calculations were performed, in which the aforementioned angles in
BN-substituted species are set to be identical to that of the all-carbon counterpart CCA

(70.3°).

Table 3.3. Calculated NICS (1.7)zz indexes for CCA, BNA and BNP for the T-B-N-S polarization, considering
both, fully relaxed (FR) and constrained dihedral angles (CDA) configurations. (T-B-N-S) polarization values
are in parenthesis.

) FR CDA
Ring
CCA BNA BNP BNA BNP

Lateral, —20.16 (-20.66) -20.42 (-20.81)
Adjacent; -19.53 —21.12 (-19.87) —21.28 (-21.61) —21.45 (-19.68) -21.12 (-22.08)

Central —24.53 -12.21 (-12.35) -8.61 (-8.28) -12.34 (-12.42) -8.68 (-8.91)
Adjacent, -21.74 -19.86 (-21.03) —21.86 (-21.06) -19.66 (-21.43) —21.93 (-21.24)

Lateral, —20.48 (-20.31) -20.92 (-20.32)

The results, show that the general conductance variation trend still remains, as shown in
the transmission curves obtained for the forced structures (Figure 3.21), and considering
that the calculated NICS values do not change from the relaxed to the forced structures

(Table 3.3, FR column vs CDA column). This suggests that approximately half of the
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difference in the logarithm of the conductance between CCA and the BN-doped
compounds can be accounted for by the angle variation, while the combination of
experimental and theoretical data highlight the important effect of the aromaticity on

the conductance of these compounds.
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Figure 3.21. Energy transmission function for compounds BNA (pink), and BNP (blue) in a conformation in
which the dihedral angles between rings are forced to be identical to that of the all-carbon counterpart
CCA ( black). Only curves for the T-N-B-S orientation are shown.
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Conclusions

Based on the obtained results for this chapter, the following conclusions can be drawn:

A smart design allowed the preparation of 1,4-azaborine anthracene-like
derivative (BNA) incorporating linkers in positions that ensure the presence of the
heteroatoms in the most favourable electron pathway

The all-C anthracene counterpart (CCA), involving the same basic electron
pathway, was also synthesized in order to facilitate a direct evaluation of the
effect of the BN substitution.

The same BN substitution was used as strategy for synthesizing the analogue 1,4-
azaborine pentacene-like derivative (BNP). Remarkably, this BN analogue shows
higher stability in ambient conditions than its highly unstable all-C counterpart
which allowed the characterization of its electron properties.

Single-molecule conductance of BNA, BNP and CCA were performed using the
break-junction technique.

The comparison of experimental results for CCA and BNA demonstrated that the
1,4-azaborine substitution in acene scaffolds gives rise to slightly lower
conductance values, but still in the same order of magnitude, than that for the all-
C analogue, being this results in agreement with the theoretical observed trend.
The comparison of experimental results for CCA and its p-terphenyl-like
counterpart revealed that the enlargement of the central unit, going from
benzene to anthracene, involves a decrease of conductance of two orders of
magnitude, pointing the theoretical studies at the constriction of dihedral angles
as an important factor on this decrease.

The results for BNP allowed to conclude that the laterally enlargement of the
acene core from anthracene to pentacene does not have a remarkable influence
in the conductance value.

Calculated NICS (1.7)zz indexes revealed that the CC-to-BN substitution involves
a reduction of aromaticity in the corresponding ring that is an important cause for
the slight decrease in the conductance of doped BNA and BNP with respect to

pristine CCA.
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CHAPTER 4: ELECTRON TRANSPORT THROUGH CURVED
HEPTAGON-CONTAINING NANOGRAPHENES

4.1. Introduction

Nanographenes are graphene fragments ranging from 1 to 100 nm, according to the
classification proposed by K. Miillen and co-workers and shown in Figure 4.1.1 This term
includes different structures such as polycyclic aromatic hydrocarbons (PAHs), graphene
guantum dots (GQDs) and graphene nanoribbons (GNRs). With the same basic structure
of graphene, the skeleton of these molecules is also based in a network of fused benzene
rings. Each C atom presents sp? hybridization and is directly bonded with other three
identical atoms though o-bonds. The sp? hybridization leads to a trigonal planar structure
and the non-hybridized p orbital, perpendicular to the o bonds, takes part on a n-bond
that gives rise to a delocalized m orbital along the surface. In particular, hexa-peri-
hexabenzocoronene (HBC), a PAH consisting in 13 fused benzene rings and its related

structures are considered the smallest type of possible nanographenes.

nanographene graphene

graphene molecules

......

graphene graphene
PAHs nanoribbons | quantum dots ‘.‘:’: > = =

| |
| A
nm 5nm 10 nm 100 nm 10 um

Figure 4.1. Graphene terminology defined according to the size scale of the materials. Reproduced with
permission from ref.> Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Although graphene molecules are a well-known family in chemistry, the interest in these
structures has increased in recent decades as they can serve as model systems for
studying graphene. In this sense, nanographenes have been suggested to be better
candidates for nanoelectronics than graphene since they have non-zero bandgaps due to
their reduced size. This is in contrast to graphene, a semiconductor of zero bandgap,
whose applicability in digital-logic-based electronics is reduced, as devices could not be

switched off.? This growing interest has entailed a great synthetic effort focussed on the
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development of strategies for preparing ever larger and more intricate well-defined

nanographenes, with great potential in nanoelectronics, optoelectronics and spintronics.

Another strategy for opening the bandgap in graphene is the introduction of topological
defects in its structure. Those defects can be deliberately generated by electronic beam
impacts or chemical treatment, but may also appear unexpectedly during its growth
and/or processing. Defects break the integrity and symmetry of graphene lattices,
modifying their topology, creating curvature and changing the electronic structure of
graphene, what, consequently, alters its mechanical, thermal, optical and electrical
properties.® In this sense, the synthesis and study of nanographenes incorporating
defects in a controlled manner can help in the establishment of unequivocal defect-
properties relationships in graphene-like structures. This information might be useful for
a controlled tuning of nanographenes properties, as well as for elucidating the influence

of those defects in defective large-area graphene.

Microscopy techniques, such as transmission electron microscopy (TEM) and scanning
tunneling microscopy (STM) have provided images of defective graphene with atomic
resolution, revealing the existence of different kinds of defect which have been
extensively reviewed.*” Structural defects can be classify in different ways. They can be
extrinsic or intrinsic, depending on if the crystalline order is perturbed with or without
the presence of foreign atoms, respectively. Another way to classify them is depending
on their distribution and situation in the sheet: zero-dimensional (point) or one-

dimensional (line) defects. Between the most common defects, it highlights:

i) Dopants, which can substitute a C atom or interact with the lattice using the
third dimension (Figure 4.2a). Nitrogen and boron are the most frequent
dopants since they can form three chemical bonds, replacing any carbon
atom. The doping with metals is also of interest, as it means an injection of
charge into the electron system of graphene.

ii) Non-hexagonal rings (pentagons, heptagons and octagons, among others and

combinations of them), whose formation is originated by point defects such
as C adatoms (Figure 4.2b), vacancies (Figure 4.2c) or even just odd
rearrangements of the C atoms in the hexagonal lattice (Figure 4.2d). They

can also be originated as consequence of line defects such as disclinations
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(Figure 4.2e). Note that the formation of non-hexagonal rings usually

promotes distortion on the lattice, leading to curved structures.

Dopant atom in plane  Dopant atom out of plane

Positive disclination Negative disclination
5 =60° §=-60°

Figure 4.2. Some of the structural defects found in graphene. (a) Dopants in and out of plane. (b-d) non-
hexagonal rings formed by a C adatom, a vacancy and rearrangement of C atoms without any
introduction or removal, respectively. (e) Non-hexagonal rings originated by disclinations, topological
defects obtained by removing and adding a semi-infinite wedge to a perfect graphene lattice. Positive
disclinations originate 5-membered rings and involved a positive curvature in the lattice. Negative
disclinations originate 7-membered rings and involved a negative curvature in the lattice. Panels (a) and
(d) are reproduced with permission of ref.3 Copyright © 2012 IOP Publishing Ltd. Panels (b) and (c) are
reproduced with permission of ref.> Copyright © 2010 American Chemical Society. Panel (e) have been
composed from images used with permission of ref.* Copyright ©2010 American Physical Society and
ref.® Copyright © 2010 American Chemical Society.

191



INTRODUCTION

Since the azaborine-acenes scaffolds studied in Chapter 3 can be considered as simple
BN-doped nanographenes, this chapter is focused on nanographenes containing non-

hexagonal rings, more specifically 7-membered rings.

4.1.1. Preparation of nanographenes

Nanographenes can be prepared by top-down or bottom-up methodologies. Those two
terms make reference to the nature of the starting material. Top-down strategies use
macroscopic starting materials, involving a dimensional reduction of the precursors, for
example from 2D graphene or carbon nanotubes (CNTs) to smaller graphene molecules.
Bottom-up strategies are based on the use of molecular building blocks such as low

molecular weight hydrocarbons, involving a dimensional increase of the precursors.

4.11.1. Top-down methods

GQDs are typically prepared by cutting graphene sheets into nanoscale graphene
fragments by means of electron-beam lithography. It permits the preparation of small
graphene fragments with desired geometries, but it requires complex processes that
hinder the projection of this technique on a large scale. However, GQDs have been
obtained in large quantities, using a hydrothermal method to cut graphene sheets into
~10 nm-sized flakes, by cage-opening of fullerenes (Ceo) or fragmentation of double-

walled CNTs through chemical oxidation.®

In the case of GNR, the two major top-down methods for its fabrication are cutting
graphene sheets by nanolithography (scanning tunnelling microscopy, electron-beam
lithography and helium-ion-beam lithography) and unzipping of CNTs.’® GNRs with
various widths (~2-60 nm) were also successfully achieved by sonicating expanded
graphite in a 1,2-dichloroethane solution of poly(m-phenylene)-co-(2,5-dioctoxy-p-

phenylenevinylene) (PmPV).°

However, the precision in the obtained structures depends on the resolution of the
technique. For example, in electron-beam lithography the resolution results in an
effective beam width from 15 to 20 nm, what is very wide considering that the C-C bond

length in graphene is ~0.1 nm.!! Therefore, achieving atomically precise and uniform
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graphene nanostructures, especially with sizes and/ or widths as narrow as 1-3 nm, by

means of top-down methods still represents a challenge.

41.1.2. Bottom-up methods

Bottom-up strategies are characterized by affording an exquisite control of edges, size
and shape of the final nanostructures. The versatility of bottom-up methods also allows
inclusion of non-hexagonal rings'?™4, dopants!3*>'® and helical moieties!’”'® on
nanographenes, in a controlled manner and at selected positions. Therefore, novel
structures presenting remarkable distortion and twists have been successfully prepared,
as well as heteroatom-doped scaffolds tunning the optoelectronic properties to the
pristine structures without changing the conjugated skeleton. In this sense, those
defective structures can result in reliable models for studying the influence of those

defects in graphene properties.

Within the bottom-up strategies for the chemical synthesis of nanographenes, two
different methodologies can be found: on-surface and in-solution synthesis. The first one
commonly requires sublimation of previously prepared precursors in conditions of ultra-
high vacuum (UHV), reaching pressures of up to 10 bars. Next, it is required the
adsorption of precursors onto a metallic surface.!® The final step on the on-surface
synthesis is to provide the required energy to induce the desired chemical reaction. The
energy is usually thermal, although the metallic surface can act as catalyst, reducing the
amount of energy needed to trigger the reactions. In any case, the required temperature
directly depends on the desired reactions. On-surface synthesis has resulted a powerful
tool especially for the preparation of a plethora of nanoribbons with different shapes and

lengths (Figure 4.3).20.

Concerning the in-solution synthesis, a major problem to overcome is the low solubility
of final nanographene molecules. However, as in-solution strategies permit a smart
design of the synthetic route toward the final structure, alkyl chains can be introduced
into the periphery of the molecule in order to increase the solubility and avoid

aggregation processes.
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Precursor monomer ‘Biradical’ intermediate

Figure 4.3. Basic steps for the surface-assisted synthesis of graphene nanoribbons, using as example the
synthesis of an armchair nanoribbon from precursor 10,10' -dibromo-9,9'-bianthryl. (a) Dehalogenation
during adsorption of the precursor monomers. (b) Formation of linear polymers by covalent interlinking
of the dehalogenated intermediates. (c) Formation of fully aromatic GNRs by cyclodehydrogenation.
Adapted with permission from ref. 2° Copyright © 2010 Springer Nature.

The molecules studied on this chapter were prepared by means of bottom-up in solution
methods. Therefore, the next sections are dedicated to the main synthetic strategies for
the in-solution preparation of planar and distorted nanographenes from simple and small

starting materials.

4.1.1.3. In-solution synthesis of purely hexagonal nanographenes

A great variety of reactions have been used for the synthesis of PAHs since the first works
developed by the groups of Scholl?>23 and Clar?4#?> at the beginning of the last century.
Indeed, it is common to find in literature that several approaches toward the same
aromatic core have been reported along years, as new methodologies were developed

or different starting materials become accessible. This evolution can be easily
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appreciated in the case of hexa-peri-hexabenzocoronene (HBC). For this scaffold, it is
possible to find synthetic routes based on very diverse reactions.?® The first proposed
approaches toward HBC are shown in Scheme 4.1. One of them was presented by Clar
and co-workers in 1959,%* via dimerization of dibenzo-peri-naphthene (Scheme 4.1a).
Practically at the same time, Halleux and collaborators reported two completely different
methods toward HBC?” (Scheme 4.1b), wusing i) cyclodehydrogenation of
hexaphenylbenzene by treatment with AIClz and NaCl, or ii) self-condensation of
dibenz[1,9;2,3]anthrone using the combination Zn/ZnCl,. In 1986, Schmidt and co-
workers presented a new approach, based on the addition of organometallic compounds
to benzoquinone derivatives, as shown in Scheme 4.1c. The product was subsequently
cyclized in melt AlCls/NaCl and then subjected to aromatization with Cu toward the

desired HBC structure.?®

AICI3/NaCl

Scheme 4.1. First approaches toward HBC
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Nowadays, the general method for the preparation of HBC-based nanographenes is
based in two key steps: i) formation of oligophenylene precursors of various sizes and
shapes by means of either cyclotrimerization reaction of suitable building blocks or Diels—
Alder reaction, followed by ii) cyclodehydrogenation reaction for the planarization and
aromatization of the oligophenylene precursors, using Lewis acids/oxidants. These

methods are described below:

- Preparation of oligophenylene precursors viag alkyne cyclotrimerization reaction.

The cyclotrimerization reaction of functionalized diphenylacetylenes precursors
constitutes a case of [2+2+2] cycloaddition. It is mediated by cobalt, rhodium or iridium
complexes of type CoML; (L = CO, PR3, alkenes),?® however the used of Co,(CO)s is also
very commonly reported3® and it usually requires heating. The versatility of this strategy
is based on the easy access to different substituted diphenylacetylenes by commonly
used palladium-catalyzed cross-coupling methods such Sonogashira reactions. In Scheme
4.2 itis shown the synthesis of symmetric HBC derivatives via cyclotrimerization of three
molecules of the same symmetric diphenylacetylene, which ultimately results in a
nanographene with six identical R— groups. Similarly, the use of diphenylacetylenes with
different substituents has been also reported, with the subsequent formation of mixtures

of the corresponding regioisomers.3!

R

R
O O Cyclodehydrogenation
o M

R

‘ ‘

® "
Co(CO)s O

Scheme 4.2. Synthesis of HBC-based nanographenes by alkyne cyclotrimerization.

- Preparation of oligophenylene precursors viag Diels—Alder reaction.

Diels-Alder reaction is preferred in synthetic routes toward HBC cores with different R—

groups at the periphery, in order to avoid mixture of products. It consists in an
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intermolecular [4+2] cycloaddition of a diphenylacetylene and a

tetraphenylcyclopentadienone, both suitably substituted (Scheme 4.3).

R1

A= e
1 2 1
. R R R
2 o] 2 O O
R Q O R® Diels-Alder O
S0 AW
R R®

R3

Cyclodehydrogenation

-
3

Scheme 4.3. Synthesis of HBC-based nanographenes by Diels-Alder reaction.

- Oxidative cyclodehydrogenation reaction of oligophenylenes:

An oxidative cyclodehydrogenation reaction is the required final step in the synthetic
routes toward graphene molecules, since it allows the planarization of the final structures
via formation of the missing C-C bonds between the rings of the dendritic
oligophenylenes. The formation of these C—C bonds has been accomplished in different
oxidative conditions, such as treatment with a Lewis acid (AlClz or FeCls), or combination
of oxidants with acids (2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) +
triflic/methanesulfonic acid). However, the use of FeClsis one the most extended method
(Scheme 4.4a). Also known as Scholl or Scholl-type reaction, cyclodehydrogenation
reaction has been extensively used and it was successfully employed by Millen and co-

workers for forming as many as 126 new C—C bonds in a single step (Scheme 4.4b).3?
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Scheme 4.4. Oxidative cyclodehydrogenation, final step toward nanographene molecules of different
shapes and sizes.

The main disadvantage of Scholl reaction is that it can also promote the reversible Friedel-
Crafts alkylation in certain conditions. Therefore, cases of dealkylation, migration of the
alkyl chains or even chlorination of the aromatic system have been detected. In an
attempt for minimizing those undesirable events, the use of the weaker Lewis acid FeCls
is preferred instead AlCl5.3! Other characteristic of Scholl reaction is that the selectivity
cannot be guarantee if several stable conformations of the oligophenylene scaffold are
possible. Thus, for example in Scheme 4.5 the same oligophenylene might lead to
different PAHs. Remarkably, the nature of the substituents seems to govern this reaction,
as different partially fused compounds can be originated depending on the present

substituents and their position, as shown in Scheme 4.6.33
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Scheme 4.5. Formation of different nanographene molecules from an oligophenylene derivatives with
several possible conformations.

Bu

Bu

E——

FeCly ‘ ‘

Scheme 4.6. Formation of partially fused intermediates during Scholl reaction.

Two different mechanism have been proposed for this reaction: a) the arenium cation

mechanism and b) the cationic radical mechanism.?* The arenium cation mechanism is

based on a first protonation of the aromatic compound generating the mentioned

arenium cation which is a strong o-electrophile. This cation can react with a neighbour

aromatic ring creating a new C—C bond, followed by deprotonation. Finally, a

dehydrogenation step is needed, obtaining the reaction product (Scheme 4.7a).

The second suggested mechanism entails the formation of a radical cation after the

monoelectronic oxidation of the substrate. Firstly, a radical cation is formed by
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monoelectronic oxidation, followed by the formation of a new C—C bond with a neighbour
aromatic ring. Subsequently, a monoelectronic oxidation occurs to form a dicationic
specie. This double charged specie evolves to the final product by losing two hydrogen

atoms (Scheme 4.7b).

Scheme 4.7.Proposed mechanisms for Scholl reaction: (a) arenium cation mechanism and (b) the cationic
radical mechanism.

This methodology based on Diels—Alder or cyclotrimerization reaction followed by
cyclodehydrogenation reaction has been successfully applied not only for HBCs, but also
for nanographenes in general, allowing the preparation of graphene molecules of
different molecular sizes, shapes and symmetries. In the literature, several book chapters
and reviews can be found,?®3> where the most striking routes and structures to date are
collected. Remarkably, some of them are specially dedicated to GNR,*® nanographenes

containing odd-membered rings3”3® and heteroatom-containing nanographenes.3%:40
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4.1.1.4. Nanographenes containing odd-membered rings

The presence of non-hexagonal rings induces distortions on the aromatic surface of
nanographenes, bending the sp? network and leading to curved nanographenes.
However, different types of curvature can be observed depending of the number of C
atoms (n) in the non-hexagonal rings. Rings with n=3-5 originate a bowl-shaped structure,
namely positive curvature, while rings with n=7-16 lead to saddle-shaped structures,
namely negative curvature.*! The curvature of PAHs containing non-planar rings can be
calculated as follows: the interior of the non-hexagonal ring has to be subdivided into
triangles, concurring these triangles at a common vertex. If the sum of the interior angles
of these triangles is larger than 360°, the curvature is negative (saddle type); and if the
sum is less than 360°, the curvature is positive (bowl type).*> The simplest molecules
where we can observe this effect are [n]circulenes, a family of PAHs consisting in a n-
sided ring fully surrounded by fused six-membered benzenoid rings. In the case of
[6]circulene (commonly known as coronene), it does not present curvature as the central

ring is hexagonal (Figure 4.4).

bowl disc saddle
[n]=3-5 [n=6 [n] = 7-16°
[4]circulene [B]circulene [6]circulene [7]circulene [8]circulene
rigid / RSE non-rigid / RSE rigid / RSE fluctuating / no RSE fluctuating / RSE

‘:‘:O 005
@@@@@
s

N e e

Figure 4.4. Schematic illustration of [n]-circulenes and their curvature. RSE = relative strain energy.
Reproduced with permission from ref.*%. Copyright © 2017 Royal Society of Chemistry.
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The structural calculations for [3]circulene showed that it presents such a high strain
energy that it is not synthetically feasible. The strain energy for [4]circulene is also high,
explaining the failures in the different attempts to prepare it.*3 However, the synthesis of
the latter has been possible including substituents at the pheriphery.** [5]circulene
received a especial attention since it can be found in fullerene fragments and carbon
nanotubes end caps. The first synthesis of [5]circulene, also known as corannulene, was
reported in 1966,* however until 1971 the experimental details were not published.*®
Flash vacuum pyrolysis (FVP), quickly emerged as an effective method for the synthesis
of corannulene and corannulene-based structures, highlighting the works developed by
Scott’s group.*” However, FVP has a major limitation: starting materials must be robust
enough to survive to the required temperature to sublime them into the gas phase, what
limits the range of functionalities that can be included on the corannulene scaffold.
Siegel’s works*®37 gave the solution to that problem, using in-solution methods, which
employ milder reaction conditions. In that sense, corannulene has been extensively used
as a core scaffold for the synthesis of larger nanographenes, as it can be derivatized in a

well-defined manner and prepared on a multigram scale.?”*°

In the case of larger [n]circulenes, [7]circulene was successfully prepared in 1983 via
photocyclization of biphenylnaphthalene cyclophane, followed by the formation of the
final benzene ring to complete the [7]circulene (Scheme 4.83).°° The X-ray diffraction
confirmed the expected saddle-shaped geometry. An alternative synthesis was proposed
in 1996, in which the formation of both the central heptagonal ring and the last peripheral
benzene ring was accomplished in a single step using FVP method (Scheme 4.8b).>* A
related extended [7]circulene-based nanographene was also reported recently by Miao
and coworkers using a synthetic sequence based on ring expansion/Diels-Alder/Scholl

reactions.>?
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Scheme 4.8. Synthetic routes for [7]circulene.>

[8]circulene has not been synthesized yet, probably because of the existence of unstable
structural points which coincide with double bonds outside of sextets, according to Clar
representation®* (Figure 4.5). Indeed, [8]circulene derivatives in which no double bonds
exist outside of sextets has been successfully synthesized, both all-carbon such as

tetrabenzo[8]circulene>*>>°% and heterocyclic [8]circulene derivatives.>3>?

e

Clar

- . -
A
[8]circulene [8]circulene derivative

Figure 4.5. Kekulé and Clar representation for [8]circulene and a derivative in which benzene rings are
fused in the periphery of the molecule. Arrows in Clar representation mark instability points due to
double bonds outside of sextets.>*
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Beyond [n]circulenes and [n]circulene-based molecules, other nanographenes containing
non-hexagonal rings have been also reported. In particular, PAHs containing odd-
membered rings have received an especial attention due to the distortion of their
structure and their remarkable opto-electronic properties. In addition, the synthesis of

these distorted structures entails a challenge by itself.

Nanographenes containing 5-membered rings have been extensively synthetized and
studied, existing in the literature a considerable number of different structures
containing pentagons. However, the synthesis of heptagon-containing nanographenes
remained almost unexplored until the last decade. Since this chapter is particularly
devoted to the study of nanographenes with heptagons, the main strategies developed
to date for preparing nanographenes containing 7-membered rings are exposed in the

next section.

4.1.1.5. Synthetic strategies for nanographenes containing heptagons

The key step for the synthesis of heptagon-containing nanographenes is the generation
of the heptagonal carbocycle at a controlled position. From the perspective of organic
synthesis, four different strategies have been mainly used to date for creating 7-

membered carbocycles into nanographenes (Scheme 4.9):

- Using starting materials that already contain 7-membered carbocycles (Scheme

4.9a), creating the surrounding aromatic backbone in the following steps.>’~8

- By intramolecular cyclization via Scholl reaction, Friedel-Craft reaction or Pd-

catalyzed C—H arylation (Scheme 4.9b). Remarkably, Scholl reaction does not

require any previous functionalization in the substrate. However, the outcome of
the reaction is not always easily predictable, entailing a disadvantage for the
synthesis of well-defined structures especially in the case of distorted
nanographenes. In contrast, although functionalized precursors are required, the
outcome of the reaction is better predicted for both Friedel-Craft reaction and
Pd-catalyzed C—H arylation.>®>°

- Via ring expansion of cyclohexanone derivatives (Scheme 4.9c). This strategy was

recently reported (2018) by Miao and co-workers, using

trimethylsilyldiazomethane (TMSCHN,).%°
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- Through Co(0)-mediated cyclotrimerization of alkynes (Scheme 4.9d). This

methodology was developed some years ago (2017) by our research group.'# It
was inspired by the previously mentioned cyclotrimerization-dehydrogenation
sequence for the synthesis of purely hexagonal nanographenes, but joined to a
smart selection of starting materials that allows the creation of the 7-membered
ring. The major advantage is the use of simple and accessible starting materials,
as well as the formation of the 7-membered carbocycle and the required
polyphenylene aromatic backbone in one single step. Additionally, the versatility
of the method allows the use of a variety of precursors with functional groups in

different positions, what permits an easy further expansion of the structure.

Pd-catalyzed ;

S Friedel-Craft R R
C-H arylation : reaction
- —_—
o
a. Seven member ring-containing ‘ i c. Ring expansion of cyclohexanone.

starting materials.

Diels-Alder,
aldol reaction...

Scheme 4.9. Synthetic methodologies toward 7-membered carbocycles. Adapted from ref.3®
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4.1.2. Nanographenes for electronic applications

Nanographenes are highly attractive compounds for electronic and optoelectronic
applications because their properties can be tuned through synthetic modification of
their sizes and topologies, affecting their HOMO-LUMO gaps and charge carrier
mobilities. Their capacity for stacking due to their extended aromatic surface has been
also leveraged for application in solar cells, creating stacks oriented “face-on” relatively
to the surface, and organic field-effect transistors (OFETs), with stacks in “edge-on”

orientation.®?

On the other hand, the idea of single-molecule devices based on nanographenes was
proposed by Millen and Rabe in 2008, as the properties of these devices could be
systematically tuned by means of controlled organic synthesis. In the same direction,
Chen and Tao highlighted in 2009 the necessity of studying the electron transport
through the many molecular structures between graphene and benzene.®? As explained
in section 1.5.2, the presence of anchoring groups is highly desirable in molecules for
electronic applications, since it allows to manage the electron conduction through a
preferred orientation of the molecule, as well as to ensure well-defined molecule-

electrode contacts.

Single-molecule conductance of nanographenes

Only few single-molecule conductance studies of nanographenes or related PAHs have
been experimentally performed and reported in literature. In 2005, Tao and collaborators
presented the results of break junction experiments for perylene tetracarboxylic diimide
(PTCDI).83 In this work, PTCDI was wired to two gold electrodes (source and drain) via
gold-thiol bonds. A large gate field was achieved using an electrochemical gate in which
the gate voltage (Vg) was applied between the source and a gate in electrolyte solution

(Figure 4.6a).
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Figure 4.6. (a) Schematic single-molecule junction for PTCDI in a three-electrode cell with an
electrochemical gate. (b) Conductance histograms of PTCDI molecular junctions formed in 0.01 M NaClO4
at various gate voltages. Arrows mark the main peak corresponding for a single-molecule. (c) Linear scale

plots of I-V curves at various gate voltages. Adapted from ref.5® Copyright © 2005 American Chemical
Society.

Molecular junctions were created using the STM break-junction technique, and
conductance histograms were constructed with 1000 individual G-z traces. As shown in
Figure 4.6b, the conductance peak corresponding to a single molecule shifted toward
higher conductance values when increasing the gate voltage. Finally, /-V curves were
recorded for different gate voltages (Figure 4.6c). They presented a linear dependence
with the bias voltage (Vsd) when Vg > ~ —0.4 V, but became increasingly non-linear when

Vg<~-04V.

In 2010, also Tao’s group studied the transport properties of nanoscale graphene-type
OFETs prepared following a bottom-up approach (Figure 4.7).%* They synthesized two
HBC derivatives: the first one with branched lateral chains and amines as linkers; and the
second one with longer alkyl chains and thiols as terminal groups, separated from the
coronene core by an additional benzene ring. They studied the electron transport
through them as a function of electrochemical gate voltage, using again a STM to bridge
HBC molecules between the electrodes via the introduced anchoring groups. As

electrolyte, the ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate was used.
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Figure 4.7. Representation of a single HBC molecule FET. Two HBC derivatives were studied. Adapted
from ref®4.

The resulting conductance histograms, build from ~ 1000 individual traces, are shown in
Figure 4.8. They obtained different conductance value for both molecules, being the
lowest for HBC2. This lower conductance was attributed to the longer distance between
anchoring groups compared with that of HBC1. The increase of the electrode-electrode
distance is also notable since the plateaus displayed in the /-z traces are longer for the
HBC2 (Figures 4.8b and 4.8c). Concerning to the gate voltage effect, they observed an
increase of conductance with more negative gate voltages (Figure 4.9a), the same trend
previously observed for PTCDI.®® Additionally, temperature-dependent transport
measurements were carried out (Figure 4.9b). They found that the conductance values
for HBC molecules were insensitive to temperature within the experimental accessible

temperature window (25-50 °C).

A final switching behaviour test allowed to calculate an on/off ratio of about 50, which is
larger than those of most graphene-based FETs fabricated using top-down approaches.
In general, on/off ratios in OFETs are presumed to be increased by more stable electrode-
molecule contacts and larger backbones, however, the understanding of the size
dependence in extended aromatic systems has not been clarified yet, with some studies
pointing out that the HOMO—-LUMO gap of large PAHs could be inversely proportional to

the molecular length.®*
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Figure 4.8. Current-distance traces for HBC1 (a) and HBC2 (c) at different bias voltage. (b), (d) 1D
histograms for them, respectively. Reproduced with permission from ref.®* Copyright © 2010 Springer
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Figure 4.9. (a) Gate-voltage dependence of the conductance for HBC2. (b) Temperature-dependent
transport measurements showed conductance independence with temperature. Adapted with
permission of ref.®* Copyright © 2010 Springer Nature

The position of the linkers in the same nanographene core also seems to change the
transport properties dramatically, as diverse theoretical studies revealed.®>% However,
to the best of our knowledge, only one study deals with this topic from an experimentally
perspective. This is the case of the anthanthrene derivatives studied by Liu and
collaborators in 2015%” and depicted in Figure 4.10a and 4.10b. Here, an MCBJ setup was
employed to perform electron transport experiments of both structures, being the

conductance histograms obtained for them shown in Figure 4.10c and 4.10d. They found
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that single-molecule conductance of short-axis-contacted anthanthrene is notable higher

than that of its long-axis-contacted analogue.

R=-OCgH,; R’=4-(2-ethylhexyloxy)phenyl
¢ 1 do 15
2 2
63 i O sind g az/nm
N 4 % X 5
) To I0) -4 !ao
=) o =) o
S 6 k 9 S 61 o ¢
8 , , 8 — %“"
1 2 0 1 2
Az /nm Az /nm

Figure 4.10. Anthanthrene derivatives of study. (a) Long-axis-contacted and (b) Short-axis-contacted. (c),
(d) 2D conductance histograms for long-axis-contacted and short-axis-contacted, respectively. Insets:
Stretching distance distributions determined from 0.1Go to 1077 Go (c) and from 0.1Go to 107> Go (d).

Adapted from ref.®” Copyright © 2015, American Chemical Society

Trying to determine the ratio between both conductance values, they observed that two
different ratios could be obtained depending on the way of determining the conductance
value. When they compared the conductance at the mid-point of the peaks in the 1D
histograms, they obtained a ratio of 32, but when the value was extracted from the final
point of plateaus in the 2D histograms (solid red and blue circles in Figure 4.10c and
4.10d), the conductance ratio between the molecules was ~79. At that point the length
of plateaus concurs with the length of the fully stretched molecules in the junctions
(taking into account the retraction of the tip). In base of these results, and using density
functional theory (DFT) combined with nonequilibrium Green’s functions (NEGF), the
group developed a “magic ratio rule” (MRR) for predicting conductance ratios for the
same graphene core depending on the position of linkers. They provided tables of
guantum numbers or magic integers (Mii') that capture the contribution of connectivity
to the electrical conductance of graphene-like cores, when one electrode is connected to
an “unprimed” site i and the other is connected to a “primed” site i’, being those sites the
carbon atoms in the structure. The prediction of conductance ratios via the MRR tables,

establishes that “the ratio of conductances of two molecules is equal to the square of the
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ratio of their magic integers”. The MRR table for the studied anthanthrene core is
presented in Figure 4.11b, as well as the correspondence of every carbon atom in the

structure with those i and i” sites (Figure 4.11a).

a b
9 7 4 4 -1 1 1 1 1 2 3
-1 -7 4 4 1 1 1 1 1 -2 3
1 3 4 4 -1 1 1 1 1 2 3
1 3 6 -4 1 -1 1 -1 1 -2 3
1 3 6 -6 -1 1 -1 1 -1 2 3
-1 3 6 6 -9 -1 1 -1 1 -2 3
3 9 8 8 7 -7 3 3 -3 6 1
6 8 6 6 4 4 4 -6 6 -2 2
GRS G A A4 A6 O )
3 1 2 2 -3 3 -3 3 -3 -4 1
2 6 -2 2 2 2 2 2 2 -4 4

Figure 4.11. (a) Primed and unprimed sites i for C atoms in anthanthrene, and (b) magic ratio rule table.
Adapted from ref. 8’ Copyright © 2015, American Chemical Society

Using the nomenclature of Figure 4.11a, long-axis-contacted molecule had an Ml of M1s
= -1, while that corresponding of short-axis-contacted molecule was M7 = -9. Therefore,
the calculated conductance ratio was (-9/-1)>= 81, which is really close to that one

experimentally obtained (79).

Also in 2015, this group applied again the MRR calculations to pyrene cores presenting
linkers in different positions, and obtained a good agreement with both experiment data
and DFT calculations.®® In this way, the MRR calculations seems to be an effective manner
to predict conductance ratios for different linker positions in the same purely hexagonal
and all-carbon graphene core.®®%® However its effectiveness and accuracy has not been
proved yet for curved and heteroatom-containing nanographenes, where the assignation

of primed and unprimed sites is not trivial.

Concerning curved nanographenes, a few theoretical studies can be found in literature,
all of them focussed on corannulene derivatives. In 2015, Baldridge and co-workers
investigated charge transport in corannulene junctions using NEGF.%° The junctions were

designed with a functionalized corannulene unit assembled between two carbon
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nanotubes used as electrodes (CNT-[linker]-molecule-[linker]-CNT). The effects of
different hybridized anchoring groups and molecule functionalization, among others,
were evaluated. Three types of anchoring groups (sp, sp? and sp3) were designed, as
depicted in Figure 4.12a. Only slight modulation in quantum conductance was found
between the sp- and sp? -hybridized linkers. However, insertion of completely saturated
linkers broke the m-conjugation through the junction, decoupling the molecule from the
electrodes. The sp® linker group showed a general reduction in conductance along the
whole energy range, being the calculated transmission spectrum drastically different
from that of the other two cases (Figure 4.12b). Using an identical sp carbon-carbon
triple bond linker, they established new junctions in which the central corannulene core
presented different functionalizations. The calculated transmission spectra of several
functionalized structures were compared with that of pristine corannulene, as observed
in Figure 4.12c-e. The calculation revealed that i) the enlargement of the aromatic core
entailed an opening of the gap, and ii) the presence of fluorine groups (—F and —CF3)

represents a reduction of the gap, more notable as the number of these groups increases.

On the other hand, cyclopentadienyl (Cp) and corannulene Fe complexes were the
spotlight of the work developed by Sun and collaborators in 2018, which used a
combination of DFT and NEGF theoretical calculations.”® Corannulene acting as a ligand
can provide four different binding sites on each side of the curved surface for the
attachment of the CpFe fragment. After a geometry optimization of all possible CpFe-
corannulene derivatives, they found that the most stable are CpFe-n®(exo)-corannulene,
CpFe-n®(endo)-corannulene, and CpFe-n(exo)-corannulene, shown in Figure 4.13.
Diphenylacetylene was linked to two opposite sides of the CpFe-corannulene complexes
and single-molecule junctions were built. The calculated /-V curves for these compounds
revealed notable higher conductance values for the third derivative, demonstrating that
the coordination position has a significant influence on the transport properties.
Remarkably, a spin filter effect appeared in n® exo and endo isomers. The corresponding
spin polarization is close to 100% for both derivatives in the considered bias region (0—

1V), what indicates that they can be considered as “perfect” spin filters.
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Figure 4.12. (a) Prototype junctions consisting of 1,6- diethynylcorannulene linked to (5,5)-CNT through
sp, sp® and sp? carbon atoms. (b) Transmission spectra of the sp, sp? and sp? hybridized molecular
junctions. (c), (d) and (e) structure and transmission spectra of different factionalized corannulenes
(yellow balls are fluorine atoms). Adapted from ref.%® Copyright © 2015 American Chemical Society
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Figure 4.13. CpFe-corannulene derivatives and the calculated |-V curves. Adapted with permission of ref.”°
Copyright © 2015 American Chemical Society
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Those theoretical results highlight the potential of curved PAHs, not only for mere
electronic applications, but also in spintronics and emphasized the necessity of

experimental studies which complement and demonstrate those predictions.
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4.2. Objectives

According to previous knowledge of the group about the preparation of curved heptagon-
containing nanographenes, and taking into account the information collected in the

background section, the following objectives were proposed:

1. To synthesize and characterize curved HBC-like nanographenes incorporating 7-
membered carbocycles (hept-HBC) with different anchoring groups, which permit
the single-molecule conductance experiments.

2. To synthesize and characterize a defective-free HBC analogue incorporating one
of the anchoring groups previously employed.

3. To carry out single-molecule conductance experiments for the synthetized
molecules using the STM break-junction technique.

4. To study the effect of different anchors on the conductance of curved hept-HBC
molecules.

5. To evaluate the effect of 7-membered rings on the electron transport properties

of HBC-like molecules.
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4.3. Results and discussion

4.3.1. Molecular design

The synthetic strategy developed by our group'# for the preparation of heptagon-
containing HBC-like nanographenes (7-HBCs), which was described in section 4.1.1.3, is
an optimum methodology toward the incorporation of anchoring groups into distorted
aromatic cores, as it allows the introduction of diverse functional groups in selected
positions. It is based on a sequence of intermolecular Co-mediated cyclotrimerization of
alkynes and cyclodehydrogenation reactions, in which the starting materials govern the
structure of the final compounds (Scheme 4.10). These alkynes can be easily prepared
from simple precursors via Sonogashira cross-coupling reactions. Importantly, the
cyclotrimerization reaction is compatible with the presence of different functional groups
in the alkyne synthons, which can serve for a further expansion of the structures,
including the introduction of adequate anchoring groups. The ketone dialkyne derivative
is the key compound in this strategy, as it leads to the formation of the 7-membered
carbocycle on the edge of the HBC-based nanographenes, while the carbonyl group can

be also used for further functionalisation.

alkyne synthons 7-oligophenylenes 7-HBCs

Scheme 4.10. Synthetic route toward heptagon-containing HBC-based nanographenes. (a) Co-mediated
cyclotrimerization reaction. (b) cyclodehydrogenation reaction.

Remarkably, the curvature induced by the presence of the 7-membered ring leads to
highly soluble compounds.'* Therefore, the incorporation of large alkyl chains for

increasing the solubility are not imperiously required.
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Heptagon-containing dendritic oligophenylenes (7-oligophenylenes) are synthesized, as
intermediate compounds in the route towards the 7-HBC molecules, as Scheme 4.10
shows. Both structures only differ on 5 C—C bonds, but they are fundamental for the
expansion of the aromatic surface going from the oligophenylenes to the fully conjugated
7-HBC cores. In this sense, the comparison of the conductance for these two types of
structures, can shed light on the understanding of the effect of aromaticity on the
electron transport. So that, the preparation of these 7-oligophenylenes, incorporating

anchoring groups was also proposed.

Finally, for the evaluation of the effect of the 7-membered rings on the electron
transport, we considered a planar HBC core incorporating anchoring groups in the
appropriate positions, as the most reliable defective-free analogue. As remainder, the
low solubility of this structures requires the introduction of additional alkyl chains.
Although alternative synthetic routes towards HBC derivatives have been proposed in
literature (see section 4.1.1.3.), the Diels-Alder/cyclodehydrogenation combination
seems to be preferable here (see Scheme 4.3), since at least two of the solubilizing-alkyl

chains have to be substituted by the corresponding anchoring groups.

Thus, the molecular cores of interest for this chapter are collected in Figure 4.14, namely
the heptagon-containing HBC-like cores (7-HBC), the heptagon-containing dendritic

oligophenylenes (7-oliphe), and the planar HBC cores (HBC).

7-HBC 7-oliphe HBC

Figure 4.14. Target cores of interest. (L=linker group)
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4.3.2. Synthesis

As explained in Chapter 1, section 1.5.2, the choice of anchoring group is an important
point in the evaluation of the electron transport properties of a particular system, since
the conductance value and the length of plateaus obtained for the same core can change
depending on the chosen one.”' Since the electron transport through curved
nanographenes has been scarcely investigated (see section 4.1.2.1), and specifically
heptagon containing nanographenes have not been explored at all, we proposed the use
of =SMe groups, since their effectiveness as linkers has been widely demonstrated, and
their behaviour is well-known. Then, we started the synthesis of 24 (Scheme. 4.11) with
an iodine/magnesium exchange in commercial 2-bromoiodobenzene by addition of
turbo-Grignard reagent (iPrMgCl-LiCl), followed by the nucleophilic attack over 2-
bromobenzaldehyde. Subsequent oxidation of the obtained secondary alcohol 20 with
Dess-Martin periodinane afforded the resulting 2,2’-dibromobenzophenone (21). Double
Sonogashira coupling of 21 with previously synthetized alkyne 6 gave rise to dialkyne 22
in good vyield. The subsequent cobalt-catalyzed [2+2+2] alkyne cyclotrimerization
reaction of 22 with commercial diphenylacetilene afforded the oligophenylene 23 but,
unfortunately, the final cyclodehydrogenation promoted by the oxidant/acid
combination 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ)/ methanesulfonic acid, did

not take place.

@Ci‘ﬂ; W

83% 75% 70%

Scheme 4.11. (a) iPrMgCI-LiCl, THF, =78 °C to rt, 16 h; (b) DMP, CHxCls, rt, 16 h; (c) PACly(CH3CN)s, Cul,
PtBus-HBF4, THF, iPraNH, rt, 16 h; (d) Cos(CO)s, Dioxane, 110 °C, 16 h (e) DDQ/MeSOsH, DCM, 0 °C.
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In fact, activating groups like —OMe, very similar to —SMe, were previously reported as
effective o,p-directors in this reactions.?® This means that the formation of C—C bonds in
orto and para positions, with respect the —OMe groups, is favored as they are activated,
while the reaction is hindered in meta positions (the desired positions here), as they are
deactivated. Nevertheless, the group successfully achieved in the past different
structures analogue to 24, which incorporated —OMe functions instead of —SMe in the
desired positions.”>”® The methodology consisted in the incorporation of t-butyl groups
as activating group in strategic positions of the oligophenylene (Scheme 4.11, arrows in
23), in combination with the use of stronger reaction conditions for the
cyclodehydrogenation (different acid). In sight of those results, we tackled the synthesis
of 27. We prepared the new oligophenylene 26, obtained after cyclotrimerization of
dialkyne 22 and 25. Nevertheless, the result for the treatment of 26 with DDQ and
trifluoromethanesulfonic acid (CF3SOsH), was again the same, and any C—C bond was

formed.?

3%

99%
A

25

Scheme 4.12. (a) PdCl2(PPhs)2, Cul, EtsN, THF, rt, 16 h; (b) Co2(CO)s, toluene, 110 °C, 16 h; (c) DDQ,
CF3S0OsH, CH2Clz, 0 °C, 10 min.

These failed experiments demonstrated the strong effect of the —SMe groups into the
rings, which is able to totally prevent the cyclodehydrogenation reaction in the desired
positions. Then, we decided to move on a different strategy in order to introduce the

linkers in a straightforward manner.

2 For the dehydrogenation reactions over 23 and 26, FeCls conditions were also tested in the group with
the same negative results.
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Following the same reaction sequence as before, we prepare the dibromide
oligophenylene 30 (Scheme 4.13), a versatile intermediate that can take part in different
cross-coupling reactions. In this way different linkers can be included in the oliphenylene
core. The synthesis of 30 started with the preparation of dialkyne derivative 28 from
double Sonogashira cross-coupling of dibenzophenone 21 with trimetylsilylacetylene
(TMSA). Compound 28 was then coupled with 1-bromo-4-iodobenzene through a
modified Sonogashira cross-coupling reaction involving an in situ alkyne deprotection,’*
affording the dibromide derivative 29. This compound 29 was subjected to alkyne
cyclotrimerization with diphenylacetylene 25, giving rise to the desired oligophenylene
30. Moreover, compound 30 reacts under Scholl reaction conditions to give compound

31, again suitable for cross-coupling reactions for introducing different linkers.

Br

Br Br
TMS TMS
Br O Br _
=s || o l
—_— —_—
a b
21 90% ‘ O 67%

\ cross-coupling

QP
A A L
) O

Scheme 4.13. (a) TMSA, PdCl2(CH3CN)2, Cul, PtBus-HBF4, THF, iPraNH, rt, 16 h; (b) 1-bromo-4-iodobenzene,
PdCl2(PPhs)2, Cul, EtaN, DBU, THF, H20, 70 °C, 16 h; (c) Co2(CO)s, toluene, 110 °C, 16 h; (d) DDQ, CF3SOsH,
CH2Cl,, 0 °C, 10 min.
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Having synthesized key intermediates 30 and 31, firstly, we tackled the preparation of the
amine derivatives 32 and 33 (Scheme 4.14). Amines are again extensively used anchoring
groups, which behavior is well-known. Additionally, the single-molecule conductance of
the planar analogue to diamine 7-HBC 33 was reported by Tao and collaborators,®* as
highlighted in section 4.1.2.1. In this sense, the comparison of the single-molecule
experiments for both structures could shed light on the effect of the 7-membered ring
on the electron transport. Both, 32 and 33, were prepared by Buchwald-Hartwig
amination reaction with t-butyl carbamate over 30 and 31, respectively, followed by

treatment with TFA.

O O

Scheme 4.14. (a) (i) t-butyl carbamate, Pd(dba)z2, PtBus-HBF4 tBuONa, toluene, 115 °C, 16 h; (ii) TFA,
CH2Cl, 30 min.

However, both compounds were air-sensitive, being impossible to maintain their
structural integrity. So that, we discarded the use of free amines as linkers and decided
to use pyridine instead. Thus, pyridine-containing 7-HBC 34 (Scheme 4.15) was prepared
via Suzuki cross-coupling reaction of 31 with 4-pyrimidylboronic acid. Finally, using again
the versatile dibromide 31, we prepared compound 35 by means of double Sonogashira
cross-coupling with 6; and compound 36 through double Sonogashira coupling with

TMSA, followed by deprotection with tetrabutylammonium fluoride (TBAF). These 7-HBC
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structures were obtained in moderate to good yields, and their structure were confirmed
by 'H- and 3C-NMR. In such way we were able to introduce a pyridine ring, a terminal

alkyne and a SMe-bearing fragment and increase our linker’s scope.

=—TMS

35%

Scheme 4.15. a) 4-pyridine-boronic acid, K2COs, Pd(PPhs)s, toluene, H,0, 100 °C, 16 h; b) PdCl2(CH3CN)a,
Cul, PtBus-HBFs, THF, iPraNH, 70 °C, 16 h; ¢) (i) PdCl2(CH3CN)2, Cul, PtBus-HBF4, THF, iPraNH, rt, 16 h; (ii)
TBAF, THF, 2 h.

Due to the growth of low-quality crystals, those compounds could not be characterized
by X-ray crystallography. However, the distortion and negative curvature of this kind of

7-HBCs have been extensively studied previously in our group (Figure 4.15).14

Figure 4.15. X-ray diffraction structure of a similar 7-HBC, where the saddle type curvature can be
appreciated. Reproduced with permission of ref.”?

223



RESULT AND DISCUSSION

Concerning the 7-oligophenylenes, we decided to focus on 37, the dendritic analogue of
35, which was prepared via double Sonogashira cross-coupling reaction of 30 and 6 in a

moderated yield.

O
6
—_—
a
el
30

Scheme 4.16. a) PdCl2(CH3CN)2, Cul, PtBus-HBF4, THF, iPraNH, 70 °C, 16 h.

Our next objective was to prepare the planar HBCs. The synthesis of this class of
compounds involves important limitations due to the low solubility of the molecules.
Considering that, we only could obtain HBC 42 (Scheme 4.17), the planar analogue of 7-
HBC 36, that present terminal acetylene groups as linkers. The synthesis started with aldol
condensation  between  1,2-bis(4-(tert-butyl)phenyl)ethane-1,2-dione and 1,3-
diphenylpropan-2-one, giving cyclopentadienone 38 in high yield. Diels-Alder reaction of
38 with previously prepared diphenylacetilene 25 led to hexaphenylbenzene derivative
39. This compound 39 was submitted to iodination on the available positions via reaction
with phenyliodine bis(trifluoroacetate) (PIFA) and iodine, originating compound 40 in
moderate yield. A subsequent cyclodehydrogenation reaction by treatment with FeCls
afforded the corresponding diiodo HBC derivative 41. Final coupling of 41 with TMSA,

followed by deprotection in the presence of TBAF, gave rise to the desired HBC 42.
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0
0 5ol . QF S0

Scheme 4.17. (a) KOH, EtOH, reflux, 15 min; (b) Ph20, reflux, 16 h; (c) PIFA, 12, CH2Cly, rt, 72 h; (d) FeCls,
CH2Cl2, CH3NO2, 0 °Cto rt, 16 h; (e) (i) TMSA, Pd(PPh3)s, Cul, EtsN, THF, 16 h; (ii) TBAF, THF, 2 h.

In the following scheme, a summary of the synthesized molecules is shown.b The
prepared compounds 34, 35 and 36 permit the study of the effect of different linkers on
this 7-HBC core. These compounds are shown all together in a green rectangle and
renamed as follows in order to easily relate each compound with its corresponding linker:
7-HBC-Py, 7-HBC-SMe and 7-HBC-alk, respectively. The comparison between 7-HBC-SMe
and its 7-membered containing dendritic oligophenylene analogue 37 (7-oliphe-SMe),
which are shown together in a purple rectangle, permits to study the effect of the
extension of the aromatic surface. Finally, the comparison between 7-HBC-alk and it
planar HBC analogue 42 (HBC-alk), which are depicted together in a blue rectangle, allows
to study the effect of the negative curvature due to the presence of the 7-membered

ring.

b Dr. Rubén Tapia, Dr. Irene R. Marquez, Dr. Silvia Castro Ferndndez and Dr. Vicente Garcia Jiménez
contributed to the preparation of the of HBCs and 7-HBCs molecules discussed along the section.
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TO STUDY THE EFFECT OF:

- THE LINKERS

- THE EXTENSION OF THE
AROMATIC SURFACE

- THE 7-MEMBERED RING

7-HBC-alk HBC-alk

Scheme 4.18. The collection of synthetized molecules allows to study the effect of: (i) the linkers (green
square), (ii) the extension of the aromatic surface (purple square) and (iii) the 7-membered ring (brown
square) on the conductance.

4.3.3. Break junction experiments

Gold on quartz plates were cleaned as described in the Experimental Section, and
immersed for 15-20 min in DCM solutions of the corresponding molecules, with
concentrations between 107 and 10~ mM. Different combinations of gains were used,
allowing to explore a conductance range in concordance with each molecule. G-z traces
for compounds 7-HBC-SMe, and 7-HBC-Py were recorded applying a 0.16 bias voltage,
while 0.2 bias voltage were used for 7-oliphe-SMe, 7-HBC-alk and HBC-alk. The raw
conductance-distance (G-z) traces for each compound were subjected to the searching
plateaus process described in the Experimental Section and the corresponding 1D and 2D

histograms were built from the traces displaying plateaus. In the case of compounds HBC-
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alk and 7-HBC-alk, an additional clustering-based analysis was needed, which was

developed using the individual 2D histograms of the each trace displaying plateaus.

4.3.3.1.Effect of the linker on the conductance of 7-HBCs

2D and 1D histograms obtained for compounds 7-HBC-Py, 7-HBC-SMe and 7-HBC-alk are
shown in Figure 4.16. Compound 7-HBC-Py displayed a well-defined molecular signal
which originated a narrow and highly symmetric peak in the 1D histogram centered at
log(G/Gp) = -5.7 + 0.23. Compound 7-HBC-SMe displayed a broad molecular signal at
lower conductance, centered at log(G/Go)= -6.1 + 0.42. Compound 7-HBC-alk gave rise
to a sloping signal that started over log(G/Go) = -3 and finished about log(G/Go) = -5.
Additionally, this compounds also displayed a small cloud at lower conductance but at
the same length at which the main signal ended. This striking profile originated a broad

and asymmetrical peak in the 1D histogram.
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Figure 4.16. (a)-(c) 2D histograms of compounds 7-HBC-Py, 7-HBC-SMe and 7-HBC-alk, respectively. (d) 1D
histograms of the same compounds (7-HBC-SMe, pink line), (7-HBC-Py, green line) and (7-HBC-alk, blue
line). Histograms are built from 645, 1214 and 965 curves displaying plateaus, representing rates of
success of 40%, 17% and 5%, respectively.
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Some representative individual G-z traces for compounds 7-HBC-SMe, 7-HBC-Py and 7-
HBC-alk are shown in Figure 4.17. The traces are shifted in z for a better comparison. Flat
plateaus were found for 7-HBC-SMe and 7-HBC-Py. The observed plateau-length
distribution for these two compounds is also shown in Figure 4.17d, where the expected
length of plateaus for the linker-to-linker distance is marked with a vertical line. These
values are calculated as the molecular distance between the linking points, namely from
the middle Au—L bond of one side to the other, once an interval of 0.4 nm is subtracted

to compensate the electrode retraction after the gold contact breaks.
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Figure 4.17. (a)-(c) Individual G-z traces for compounds 7-HBC-SMe, 7-HBC-Py and 7-HBC-alk, respectively.
(d) Distribution of the traces length for compounds 7-HBC-SMe (pink line) and 7-HBC-Py (green line). The
expected molecular distances are marked as dashed lines.

Plateaus for compound 7-HBC-SMe appeared in a wide conductance range, being
responsible for the broad signal previously highlighted in the 1D and 2d histograms. The
plateau length distribution shows that plateaus (Figure 4.17d, pink line) reach the
expected length value (2.5 nm), although they tend to break at shorter distances. The

traces in Figure 4.17a are examples of this behavior. The individual G-z traces for
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compound 7-HBC-Py (Figure 4.17b) were found highly reproducible, displaying plateaus
in a very narrow conductance range, and originating a well-defined signal in the 1D and
2D histograms. The tail of the plateau-length distribution (Figure 4.17d, green line)
agreed with the expected distance (1.75 nm). In the case of 7-HBC-alk, different behaviors
for the G-z traces were found. Examples of some individual G-z traces are shown in Figure
4.17c, where clearly curved plateaus, as well as sloping plateaus, can be distinguished.
Given the evident presence of different kinds of plateaus, and considering the striking
profile displayed in the 1D and 2D histograms, a clustering-based method was used for a
further investigation on this molecule. This analysis, conducted over both 7-HBC-alk and
HBC-alk is detailed later in section 4.3.3.3. Nevertheless, in advance, we can say that the
most frequent group, formed by traces displaying the flattest plateaus, is in agreement
with the expected plateau length (marked as a blue vertical line in Figure 4.17d) and

presents a typical conductance of log(G/Gp)= -3.5 + 0.23.

As summary for these results, the experimental conductance values for 7-HBC-SMe, 7-
HBC-Py and 7-HBC-alk have been collected in table 4.1. Not surprisingly, a clear increase
in the conductance value is observed as the molecule length decreases. Nevertheless,
there is not a linear correlation between the conductance and the distance, due to the

additional effect of the different coupling occurring in each case.

Table 4.1. Theoretical Au-Au distance for junctions with the molecules fully extended between the
electrodes and experimental conductance values.

Au-Au distance (nm) Log(G/Go)yp,
7-HBC-SMe 2.5 -6.1 +0.42
7-HBC-Py 2.0 -5.7+0.23
7-HBC-alk 1.7 -3.5+ 0.23

Besides conductance, the different linkers have also involved different rates of G-z traces
displaying plateaus, despite very similar conditions were used for preparing the samples
(mM solutions and times of immersion). The higher rate was obtained for 7-HBC-SMe

(40%), followed by 7-HBC-Py (15%). Finally, for 7-HBC-alk, it was observed a 5% of traces
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displaying plateaus, which could not be enhanced even by using more concentrated

solutions for preparing the sample or by increasing the times of immersion.

Importantly, the conductance of a planar HBC analogue of 7-HBC-SMe was reported by
Tao and collaborators in 2010,%* as discussed in section 4.1.2. This HBC molecule presents
thiols as linkers instead of —SMe groups, and also an additional C atom between the

benzene ring and the linker (Figure 4.18).
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Figure 4.18. (a) Structure of the planar HBC analogue of 7-HBC-SMe, reported by Tao and collaborators.
(b) 1D histogram obtained for the compound, where the typical conductance value has been marker.

Although these two structural difference involve a certain effect on the conductance
value, their influence have been studied previously in literature. Therefore, using the
reported conductance value for the HBC analogue depicted in Figure 4.18, it is possible
to estimate the expected conductance for the planar analogue of 7-HBC-SMe, without
the extra C atom at each side and displaying —SMe groups as linkers. The comparison
between them could help us to understand the effect of the curvature on the electron
transport. On the one hand, according to previous studies, the presence of these extra C
atoms at each side involves a conductance decrease of more than one order of
magnitude (for example, going from log(G/Go)= —1.96 for benzenedithiol to log(G/Go)= —
3.22 for benzenedimethanethiol).”> On the other hand, the effect of having thiol- or
thiolate-terminated molecules has been reported to be milder (for example, going from

log(G/Go)= —4 for [1,1'-biphenyl]-4,4'-diyldimethanethiol to log(G/Go)= —4,2 for 4,4'-
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bis((methylthio)methyl)-1,1'-biphenyl).”® Considering the influence of these two effects,
we can expect the conductance of the most direct planar analogue of 7-HBC-SMe to be
higher than that reported by Tao and coworkers for their HBC. This means, at least, a
conductance difference of two orders of magnitude between the planar and the curved
structures, involving, in fact, an important effect of the negative curvature on the
conductance. Further discussion about the influence of the curvature on the transport
for these HBC-like cores is included later in section 4.3.3.3, where the conductance for 7-

HBC-alk and HBC-alk is compared.

4.3.3.2.Conductance of 7-oliphenylene

Figure 4.19a shows the 2D histogram for compound 7-oliphe-SMe. It could be noticed a
molecular signal that started below log(G/Go)= -6 and extends toward out of the limits of
the experimental conductance window. In spite of its low conductance and proximity to
the bottom, plateaus are easily detectable due to their flat shape, as the individual G-z
traces demonstrate (Figure 4.19b). Besides, the length of the longest plateaus agrees
with the expected distance (2.5 nm), which is marked in the plateau-length distribution
as a vertical line (Figure 4.19d). The impossibility of obtaining the complete profile of the
conductance peak does not allow the reliable assignment of the conductance value for
this compound. However, a general comparison with its m-extended counterpart is
possible, being their 1D histograms and plateau-length distributions superimposed in
Figure 4.19c and 4.19d, respectively. The conductance of compound 7-oliphe-SMe
seemed to be, at least, one order of magnitude lower than that of compound 7-HBC-SMe,
as it can be noticed from the comparison of their 1D histograms (Figure 4.19c). This trend
agreed with the one observed in the transmission curves calculated for these compounds
(Figure 4.20), which predicted a conductance difference of one and a half order of
magnitude. This difference between the two compounds may be due to two main effects
related with the formation of the 5 C—C bonds from 7-oliphe-SMe to 7-HBC-SMe: (i) the
minimization of the dihedral angles between rings in the linker-to linker pathway, going
from almost 45° in the 7-oliphe-SMe to near zero in 7-HBC-SMe; and (ii) the enlargement

of the conjugated surface in the 7-HBC structure. The length of longest plateaus found
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for both compounds is practically the same and in agreement with their expected linker-

to linker distances.
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Figure 4.19. (a) 2D histogram for compound 7-oliphe-SMe, built from all the traces displaying plateaus
(2765 curves, 58% rate of success). (b) Representative traces displaying plateaus. (c) 1D histogram of
compounds 7-HBC-SMe (pink line) and 7-oliphe-SMe (purple line). (d) Plateau-length distribution for both
compounds.
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Figure 4.20. Geometries for 7-HBC-SMe and 7-oliphe-SMe molecules fully extended between the
electrodes and transmission spectrum for 7-HBC-SMe (pink line) and 7-oliphe-SMe (purple line),
calculated by Dr. Linda Zotti, from the Universidad Autonoma de Madrid.
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4.3.3.3.Effect of the 7-membered ring and analysis of terminal acetylenes as linkers

In order to investigate the effect of the 7-membered ringlin the electron transport about
the nanographene, the results of the single-molecule experiments for 7-HBC-alk were
compared with those for HBC-alk. As previously explained, these compounds present
terminal acetylene groups as linkers. This linker has demonstrated to produce a good
interaction with gold electrodes, but its behaviour is not still well understood, since
different profiles for the junctions with this linker have been reported (Figure 4.21).5877.78

In this sense, in addition to the direct comparison of 7-HBC-alk and HBC-alk, a thorough

analysis of the behaviour of terminal acetylene as linker has been carried out.

Wandlowski, 2012 Lambert, 2015 Crivillers, 2018
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Figure 4.21. Profile of breaking traces for different junctions with terminal acetylenes as linkers. Adapted
with permission from ref.5877.78

The single-molecule experiments for both 7-HBC-alk and HBC-alk gave rise to a low rate
of traces displaying plateaus (5% and 4%, respectively), which was not increased after
increasing the concentration of the solution used for preparing the sample. The 2D and
1D histograms built from the traces displaying plateaus are collected in Figure 4.22. The
histograms for both compounds are very similar, indicating the presence of several
molecular signals between log (G/Go) = -2 and -6, as the individual G-z traces for 7-HBC-
alk shown in Figure 4.17c previously revealed. In order to separate the traces according

to their different breaking profiles, an additional clustering analysis was conducted over
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the traces displaying plateaus for both compounds. The results obtained from this

analysis are collected in Figure 4.23.
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Figure 4.22. (a) 2D histogram built from all the traces displaying plateaus (629) for HBC-alk. (b) 2D histogram
built from all the traces displaying plateaus (1274) for 7-HBC-alk. (c) 1D histograms built from the same
traces used for (a) and (b).

The clustering-based analysis allowed to distinguish between three different profiles (A,
B, C) for the G-z traces recorded for both HBC-alk and 7-HBC-alk (Figure 4.23a and 4.23b,
respectively). Group A is formed by traces displaying flat and short plateaus at high
conductance values. Group B consists of traces displaying longer plateaus at lower
conductance. For both groups A and B, the plateaus are generally followed by a sloping
tail. Group C collects the traces displaying more sloping plateaus. The independent 1D
histograms for groups A, B and C for HBC-alk and 7-HBC-alk are shown in Figure 4.23c and
4.23d, respectively. The peaks corresponding to the groups A concurred at the same main
conductance value, namely log(G/Go)= -2.9 + 0.13. The peaks corresponding to groups
B also concurred at the same value for both compounds (log(G/Go)= -3.5 + 0.23 ). The
profile for group C is quite different in these compounds, despite consisting of sloping
plateaus, since their slope and length is different, as shown in the corresponding 2D
histograms. The plateau-length distributions for groups A and B are depicted in Figures
4.23e and 4.23f, respectively. Importantly, these values have been extracted at the end
of the flat plateaus, avoiding the contribution of the tails. The plateau lengths for groups
B are in perfect agreement, concurring the ends of the Gaussian distributions at the same

value. However, a clear difference in length can be appreciated for plateaus in groups A.
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The plateau-length distribution extends towards 1.25 nm in the case of 7-HBC-alk, while

group A for HBC-alk displays shorter plateaus (up to 1 nm).
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Figure 4.23. (a) 2D histograms for the three groups of breaking profiles (A, B and C) found for HBC-alk. (b)
2D histograms for the three groups of breaking profiles (A, B and C) found for 7-HBC-alk. (c) Independent
1D histograms of the groups A (black line), B (red line) and C (green line) found for HBC-alk. (d)
Independent 1D histograms of the groups A (black line), B (red line) and C (green line) found for 7-HBC-
alk. (e) Plateau-length distributions for traces in group A for HBC-alk (dark blue) and 7-HBC-alk (light blue).
(f) Plateau-length distributions for traces in group B for HBC-alk (dark blue) and 7-HBC-alk (light blue).

Additional plateau-length distributions, shown in Figure 4.24, were built taking into
account the effect of the tails. In this figure, the expected plateau length for the junctions
of 7-HBC-alk (1.3 nm) and HBC-alk (1.5 nm) have been marked with a vertical blue line.
For 7-HBC-alk, the distributions for the tails of the three groups are very similar, extending

in each case up to 2 nm (Figure 4.24b). Considering that the expected plateau length for
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the molecule fully extended between the electrodes is 1.28 nm, it seems clear that the
tails are promoted by an additional process occurring during the stretching of the
junction. For HBC-alk, the tails (Figure 4.24d) also extend toward considerable longer
distances than those of the flat regions (Figure 4.24c), nevertheless not as much as in the
previous case with respect the expected plateau length (1.47 nm). A possible explanation
for this extension of the junction toward higher distances after the flat region can be
related with a strong C-Au binding, able to mobilize Au atoms from the electrodes before
the final breakage of the junction, as previously proposed in literature.” This hypothesis
is also supported by the noticeable island occurring at log(G/Go) < -5, which is particularly
visible in the 2D histogram built from all the traces displaying plateaus for 7-HBC-alk,
shown in Figure 4.22. This signal is due to a distance range in which the junctions usually

break, independently of the kind of plateau displayed at higher conductance values.
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Figure 4.24. Plateau-length distributions for groups A, B and C found for 7-HBC-alk (a-b) and HBC-alk (c-d),
analysing separately the length at the end of the flat region ((a) and (c), respectively) and that of the tails
((b) and (d), respectively). The expected plateau length is marked as a vertical blue line.

Taking into account the expected plateau distances, the high G plateaus (group A) in both
compounds are especially shorter. However, the flat profiles point at a stable junction

occurring similarly in both cases. Two different possibilities have been considered. First,
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the electrodes interacting with the extended aromatic surface, and secondly, the
interaction with the triple bond itself, instead of the terminal C atoms. Interestingly, the
direct metal-it coupling has been previously reported.f%8 In this case, the geometry
responsible for those plateaus could evolve toward a more extended geometry for the
molecule in the junction before the breakage point, while the separation of the
electrodes continues. This could explain the 2D histogram of group A for 7-HBC-alk (Figure
4.23b), where additional conductance regions seems particularly probable once the

higher G plateaus end.

In general, the profile observed here for these compounds, agrees well with the reported
complex and sloping profiles for this linking group (see Figure 4.21). In the study of
Crivillers and co-workers, where a clear flat conductance cloud is reported (Figure 4.21c),
the plateaus are so close to their detection limit that we cannot rule out a sloping

behavior after the plateaus.

A further separation could be carried out for 7-HBC-alk traces in group B. Within this
group, three different profiles were found, as shown in Figure 4.25. Group BA presents
sloping plateaus even before the tail (Figure 4.25b). Group BB displays flat plateaus
followed by the sloping tail (Figure 4.25c). Group BC is formed by traces displaying flat
plateaus without tail (Figure 4.25d). In consequence, this last group gives rise to a highly
symmetric peak in the 1D histogram, without the noticeable shoulder present in the 1D
histograms of groups BA and BB (Figure 4.25e). The plateau-length distributions for these
three groups were again analysed at the end of the plateau region (Figure 4.25f) and the
ends of the tails (Figure 4.25g). The expected plateau length for the molecule fully
extended between the electrodes is marked with a vertical blue line. Again it can be seen
that the flat plateaus of groups BB and BC are in good agreement with the expected
distance for the molecular junction, while the tails of groups BA and BB extend toward

higher distances.
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Figure 4.25. (a) 2D histogram built from the 7-HBC-alk traces in group B. A further clustering analysis
allows to distinguish three different groups: 7-HBC-alk BA (b) 7-HBC-alk BB (c) and 7-HBC-alk BC (d). (e)
Independent 1D histograms of the three groups. (f) Plateau-length distribution at the end of the flatter

region. (g) Plateau-length distributions at the tails.

Taking into account this analysis for 7-HBC-alk and HBC-alk traces, we can conclude that
the flat-plateau regions observed in group B correspond to a molecule fully extended
between the electrodes, while the shorter and higher G plateaus observed in group A are
due to an interaction between the gold and the m-surface (aromatic core or triple bonds)
along the molecular backbone. Additionally, the tails reveal mobility of the electrode gold
atoms during the stretching. Therefore, no particular influence on the conductance has
been experimentally detected for the 7-membered ring, neither the negative curvature.
The calculated transmission curves for both compounds supported these experimental
findings (Figure 4.26), since almost identical curves were obtained for 7-HBC-alk and HBC-
alk. It particularly highlights that the calculated HOMO-LUMO gap is exactly the same for

both structures. Interestingly, this result is in contrast to that aforementioned in section
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4.3.3.1 for 7-HBC-SMe and its planar analogue. It is also in contrast to the reported
HOMO-LUMO gap for large-area graphene, where an opening of the gap has been
calculated for graphene containing structural defects.8? This fact could point to the gap
being more influenced by the strong C-Au coupling rather than the curvature, in the case

of 7-HBC-alk.

I I I I
h — HBC-alk
—— 7-HBC-alk

transmission

7-HBC-alk HBC-alk

Figure 4.26. Geometries for 7-HBC-alk and HBC-alk molecules fully extended between the electrodes, and
comparison of the transmission curves for both compounds. Transmission curves were calculated by Dr.
Linda Zotti, from Universidad Auténoma de Madrid.

Since no remarkable change on the conductance has been observed for the acetylene-
terminated HBCs, but the experimental conductance values for other differently
terminated HBCs suggest a certain effect of the curvature, it is required to compare the
transport properties of other negatively curved nanographenes with that of their planar
analogues prior to obtain a final conclusion for this topic. Nevertheless, this work can be
considered the first step toward the unrevealing of the influence of the negative

curvature on the electron transport properties of nanographenes.

239



240



CHAPTER 4: ELECTRON TRANSPORT THROUGH CURVED
HEPTAGON-CONTAINING NANOGRAPHENES

4.4. Conclusions

Based on the obtained results for this chapter, the following conclusions can be drawn:

A versatile synthetic methodology has allowed us the preparation of curved HBC-
like molecules which incorporate a 7-membered ring in one of the edges,
presenting functionalities such as thiomethyl, pyridyl and terminal acetylene, able
to act as anchoring groups for single-molecule conductance experiments.

The studies about the influence of the anchoring groups on the conductance of
these hept-HBC compounds show that the conductance increases by reducing the
distance between the linkers and the aromatic core.

The study of the conductance of a dendritic oligophenylene synthetic precursor
has demonstrated that the extension of the aromatic surface, based on the
formation of 5 C—C bonds, involves an increase in the conductance of more than
one order of magnitude.

An exhaustive analysis of the conductance traces obtained using terminal
acetylenes as binding group has been carried out, revealing the presence of flat
and shorter plateaus due to interaction with the m-surface of the core, plateaus
corresponding with the molecule extended between the electrodes and
mobilization of atoms on the electrodes before the complete breakage of the
junction.

The effect of the curvature on the conductance of these structures has been
evaluated by comparison with the planar HBC counterpart, reveling that the
distortion, promoted by the presence of a heptagonal ring on the edge, does not
modify the electron conduction, at least with alkyl binding groups, with strongly

couple to the electrodes.
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5.1. Introduction

The development of the Electrochemical Scanning Tunneling Microscopy (ECSTM)!
expanded the potential of the STM, allowing the study of electrode-electrolyte
interfaces in situ, as well as the monitoring of redox processes at the surface of the
sample electrode. Despite the same elements as in a standard STM setup can be
observed in the ECSTM setup, this new configuration required the implementation of
three additional elements: i) an electrochemical control system, ii) an electrochemical
cell, and iii) probes compatible with the electrochemical conditions. The main
elements of an ECSTM are schematically depicted in Figure 5.1. The most usual
configuration consists in a three-electrode cell. In a first approach (Figure 5.1a), the
substrate is considered as a working electrode, whose potential is controlled by
means of a potentiostat with respect to a reference electrode, while the current flows

between the working and the counter electrodes.?

(a)
Potentiostat j STM Controller

reference counter
electrode (RE) electrode (CE)

STMTIP

STM SUBSTRATE (WE)

Preamplifier
»7.—’

1
| S|

(b)

Reference Counter
electrode (RE) electrode (CE)

STM TIP (WE)

STM SUBSTRATE (WE)

.

Bipotentiostat

Figure 5.1. ECSTM configuration based on a three-electrode system. (a) Initial approach and (b)
bipotentiostate configuration. Adapted from ref.?
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In ECSTM, the current arriving to the tip has other contributions in addition to the
tunneling current, namely faradaic currents created by the electrochemical reactions
and charge-discharge processes at the electrode/electrolyte interface.? If the addition
of these two components is larger than the set-point tunneling current, the STM
measurement will no longer be possible. However, as faradaic/capacitive currents are
directly proportional to the exposed area of the electrode, they can be minimized by
insulating the most of the tip surface except from its apex. Several strategies and
materials have been proposed in the literature for coating purposes, such as apiezon
wax,>” melt glass,® copolymers,®° silicon!! and electrophoretic paintings,*>~'* among

others.

Important improvements to this first ECSTM configuration have been developed, such
as the use of different tips depending on the sample and the kind of processes under

study (Figure 5.2) and the introduction of the bipotentiostat approach, in which both,

tip and sample potentials, are independently controlled with respect to the reference

(b)w (c) l!’
— I10um

1.5 um

electrode (Figure 5.1b).

(a) w

10 um

Figure 5.2. Schematics of the shapes of different microelectrodes used in scanning probe microscopy.
Reproduced from ref.?

The electrochemical control in the STM was not only a breakthrough for scanning
purposes, but it also proved to be useful and applicable to observe single-molecule
charge transport, with special impact on biosciences, as these liquid electrolytic
conditions allows to investigate biomolecules involved in live redox-processes in-situ. It

has been the case of biological macromolecules like DNA and redox proteins.’> On the
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one hand, charge transfer in DNA is fundamental for investigations on oxidative damage
and its repair, while a step forward understanding the protein electron transport
processes has been the study of proteins like azurin, cytochrome and stellacyanin, as well

as small protein fragments surrounding the redox centers of interest.!>

The fundamentals of the electron transport experiments under electrochemical control is
that it allows the use of the electrochemical potential for applying a gating voltage to the
system. This possibility is highly attractive since it has been shown that the conductance
of a single molecule can be modulated using a gate electrode, similarly to conventional
field effect transistors (FETs). Different ways of applying this gate configuration have been

proposed in recent years (Figure 5.3):

Back gate: this approach consists in allocating the source and drain on a solid
substrate, such as Si or Al substrate covered by a thin oxide layer (Figure 5.3a). The
main disadvantage of this approach is that a new device has to be built for each
experiment, involving the modification of the source and drain distances according to
the system of interest, and requiring the use of nanofabrication facilities. Besides,

significant variations from device to device have been reported.6~18

Electrochemical gate: this approach uses an electrolyte as medium for applying the

gate voltage using a third electrode also immersed in the electrolyte (Figure 5.3b).
The most common configuration consists of a reference and counter electrode, as
explained above for the ECSTM. As electrolyte, ionic liquids and electrolytic agueous
solutions have been used. This approach provides both an effective and a highly

reproducible gating platform .21

Other gates: as chemical reactions, bonding formation and structural changes in the
molecules under study (Figure 5.3c) can involve changes on the electron transport

properties, they have been considered as potential gating or tuning methods.?%23

Between them, electrochemical gate seems to be the most versatile option for several
reasons. Firstly, it allows adjusting the most convenient potential window according to
the studied system by selecting different electrodes and electrolytes; and secondly, it has
demonstrated to be compatible with the break-junction technique conducted with both,

mechanically controllable devices and scanning tunneling microscope.
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The most relevant advances and contributions in this topic are reviewed in the next

sections.

[Molecule
a -
Y%
i
Gate o ©
b F o ©
Lad ’@.
Y Source (oS PEPEI<I<IC > Dain |
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Figure 5.3. Controlling current through a molecule using different gates. (a) Back gate using an oxidized Si
gate. (b) Electrochemical gate with reference electrode inserted in the electrolyte (the counter electrode is
not drawn). (c) Chemical gate: reversible chemical event, such as binding, reaction, doping or complexation.

Reproduced with permission of ref.?* Copyright © 2006 Nature Publishing Group.

5.1.1. Electrochemical gating of a single molecule

The idea of an “electrochemical gate” to control charge transport in molecular electronics
was introduced by Wrighton and collaborators, who reported the fabrication of a
chemically derivatized microelectrode array that could function as a transistor when it
was immersed in an electrolyte solution.? A further development was carried out by Tao,
who used an ECSTM configuration to study the tunneling through a protoporphyrin (PP)
and Fe(lll)-protoporphyrin (FePP) adsorbed on a highly ordered pyrolytic graphite (HOPG)

electrode.* It was observed an enhanced tunneling current at the FePP positions at the
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potentials where the Fe(lll) is reversibly reduced to Fe(ll) (-0.48 V), while the current
remained constant at the PP positions (Figure 5.4a-e). This fact was attributed to a higher
proximity between the Fermi level of the metal electrode and the lowest unoccupied
molecular level (LUMO) of FePP, in comparison with the HOMO and LUMO levels of PP.
As shown in Figure 5.4k, the electrode Ef is just in the middle of the PP HOMO-LUMO gap,
far away from both levels. In this way, the gate potential applied is insufficient for
promoting a significant current variation at the position occupied by these molecules. In
contrast, when the gate potential is near to the Fe(lll)/Fe(ll) reduction potential, the
Fermi level begins to align to the FePP LUMO. This gating effect was translated into a
peak in the apparent height vs potential plot, as shown in Figure 5.4l. This work had a
remarkable relevance, since the power of the electrochemical gating for tune the
properties of redox-active molecules was demonstrated, but also the potential of STM for
identifying two different molecules with very similar shape and size, based on their

different redox properties.
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Figure 5.4. (a-e) STM image of an FePP molecule embedded in an ordered array of PP molecules at 20.15,
20.30, 20.40, 20.55, and 20.65 V, respectively; and (f-j) their corresponding cross sections along the white
line indicated in (a). (k) Position of the HOMO and LUMO level of PP and FePP with respect to the Ef of the
electrodes. 1) Apparent height of FePP relative to PP as a function of the substrate potential, recorded with
both, Pt 0.8-Ir 0.2 tip (open circles), and W tip (filled circles). (a-j) and (I) are reproduced with permission of
ref.4 Copyright ©1996 American Physical Society
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This gating based on redox reactions was later employed for controlling the alighnment
between the electrodes Er and the molecular HOMO and LUMO in BJ experiments,
allowing the tuning of the electron transport properties of the molecular junctions.
Redox-active molecules are particularly interesting in this context, since they offer
addressable energy states in an electrochemically accessible potential window. The
electrochemical active molecular systems studied to date are very varied, including
viologens,?0,26-30 pyrrolo-tetrathiafulvalenes,?®3! oligoanilines,3?33 ferrocene
complexes,3*3> substituted oligo(phenyleneethynylenes) (OPEs),**3¢ and perylenes,83’
among others. A comparison between the results reported in those studied reveals that
the electrochemical gate voltage response is highly variable even for the same molecules
in different conditions. For example, two possible profiles have been reported for the plot
of single-molecule conductance against applied electrochemical potential.?* The first one
consists in a mild increase or decrease of the conductance with the electrochemical
potential, without noticeable defined peaks. This phenomenon is known as “soft
gating”.?° The second one consists in a clear peak centered at the potential corresponding
to the redox switching of the target molecule. These two different behaviors have been
found for the same viologens at electrolytic aqueous solutions and ionic liquids,

respectively (Figure 5.5).
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Figure 5.5. Plot of the single molecule conductance data for viologen 12* (a) versus the gate voltage in (b)
aqueous electrolytic solution and (c) ionic liquid. Adapted with permission of ref.2! Copyright © 2015,
American Chemical Society
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Similar to what mentioned for FePP (Figure 5.4l), those different conductance vs
overvoltage profiles are due to the gating voltage inside or outside the redox-active
potential region,®® but also to different alignment between the molecular an metal
energy levels, which can change for the same molecule depending on the experimental
conditions. Therefore, the peak-profile can be understood by the alignment illustrated in
Figure 5.6. As the energy for the redox reaction is swept from an out-of-resonance
condition (a) into the “Fermi window” defined by the two metal electrodes (b), the
conductance increases. As the energy levels move out of this resonance condition (c), the
conductance decreases again.?! As a result, a conductance maximum is obtained at the
potential that produces the better alignment of the oxidized and reduced states with the

“Fermi window”.
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Figure 5.6. Alignment for negative (a), zero (b) and positive (c) overpotentials, producing a peak in the
conductance vs overpotential plot (d). Reproduced whit permission of ref.3* Copyright © 2012 American
Chemical Society.

Most recently, the electrochemical gating has been also used for investigating non-redox
molecules,?*™*? since it can modulate the alignment of the conducting orbital relative to
the metal Fermi energy, independently of the existence of redox reactions. This is the
case of bipyridine (4,4"-BPy), studied by Wandlowski and collaborators.?*4! They carried
out STM-BJ experiments in a 0.05 M KCIO4 solution, applying a 120 mV gate potential
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with respect to a Hg/Hg,S04 (MSE) electrode, and observed three different sets of signals
for these junctions. They are marked in the 1D histogram (Figure 5.7b) as L (low), M
(middle) and H (high).? A shift of the conductance toward higher values for the L, M and H
sets of signals was observed, as more negative gate potentials were applied. This trend,
shown in Figure 5.7c, was related with an approach of the Er toward the LUMO of 4,4'-
BPy from an initial medium position with respect to the HOMO-LUMO gap. The
movement of energetic levels is illustrated in Figure 5.7a, and corresponds with the
aforementioned “soft gating” profile. In Figure 5.7c, a cyclic voltammetry (CV) of the
system at pH 5.8 and in 0.05 M KClO4 is also depicted. Importantly, at this pH, the
molecules are assumed to be non-protonated. The peaks observed in the CV, marked as a
and b, were attributed to changes in the orientation of 4,4’-BPy on the Au(111) surface,
according to previous studies, and not to redox events. Remarkably, at very negative
potentials, the surface coverage was found to decrease by a factor of 2, reducing the rate

of success for the formation of molecular junctions.

@ Au-pyridyl contacts give rise to two well-known different conductance values, which are related to
different binding geometries.5#%> Therefore, the third and high conductance set of signals here has been
attributed to junctions due to more than one molecule between tip and substrate. Note that at very
negative potentials, this signal disappears, since the probability that two molecules bridge the gap
decreases as the surface coverage decreases.
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Figure 5.7. (a) 4,4"-BPy junction at electrochemical conditions and changes in the alignment between the
electrode Er and the HOMO and LUMO molecular levels, promoted by the electrochemical gating. (b) 1D
histogram built from individual G traces for 4,4'-BPy junctions, recorded at pH 5.8 and in 0.05 M KClO4. The
asterisk marks the noise level, and the small spike at log(G/Go)=—2.2 is an artefact due to the amplifier. (c)
Shift of the conductance toward higher values as more negative gate potential are applied, and CV of the
system recorded at pH 5.8 and in 0.05 M KClO4. Regions noted as |, Il and Il corresponds to different
molecular orientation on the gold surface. Reproduced from ref.4* with permission from The Royal Society
of Chemistry.

4,4’-BPy was later studied by Brooke and collaborators in different electrolyte solutions,
and using a polypyrrole (PPy) quasi-reference electrode.*” These experimental conditions
include acidic and basic solutions, involving both, non-protonated and protonated forms
of 4,4’-BPy. They obtained a similar trend in all cases (Figure 5.8), in agreement with the
previous results, and concluding that conductance seems to be non-sensitive to these

changes of the experimental conditions, neither pH.
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Figure 5.8. Conductance of Au—4,4"-BPy—Au junctions measured in different solutions plotted as a function
of gate voltage. Reproduced with permission of ref.*? Copyright © 2015, American Chemical Society

Bipyridine derivatives, such as 1,2-bis(4-pyridyl)ethylene, have been also studied under
electrochemical conditions, obtaining the same gating behavior that the parent 4,4'-
BPy.4042 Additionally, it was demonstrated that high or low conductance states could be

favoured depending on both the solution pH and the electrochemical gate voltage.*?

5.1.2. BIJ experiments with electrodes made of metals different from gold

As explained in Chapter 1, the use of different metals as electrodes can involve changes in
the conductance for the junctions created with the same molecule, due to different
alignments between the molecular HOMO and LUMO levels and the corresponding Er. In
this sense, comparing the gate effect of junctions created with different metals can be of
interest. For example, Brooke and collaborators, obtained a more pronounced gate effect
for 4,4’-BPy junctions created with Ni electrodes than the observed for junctions with Au

electrodes (Figure 5.9).
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Figure 5.9. Gate effect in Au—4,4"-BPy—Au junctions (golden triangles) and Ni—4,4"-BPy—Ni junctions (black
squares), at pH 3, 0.05 M Na2SO4 aqueous solution, using a Pt electrode as counter and a PPy quasi-
reference electrode. Reproduced with permission of ref*? Copyright © 2015, American Chemical Society

Electrochemistry also permits the control of the redox state of the metals used as
electrodes, allowing the BJ experiments using metals that suffer oxidation at ambient
conditions. That is the case of nickel, cobalt, copper or iron. Taking into account that the
surface of the substrate is considerably larger than that of the tip, some strategies focus
on preventing the oxidation of such electrodes have been proposed. An example is the
well-known “template-stripping” technique, which has been extensively used for
fabricating electrodes of inert metals such as Ag, Au, Pd, or Pt.*4*> In 2017, Nijhuis and
collaborators used this technique for fabricating Ni electrodes.*® Although it has been
mostly used for devices based on self-assembled monolayers (SAMs), it can be also used
for preparing electrodes for BJ-STM experiments. This technique, schematically depicted
in Figure 5.10, is based on the deposition of nickel by e-beam evaporation, onto a clean
and ultra-smooth Si/SiO; layer. The Ni is next covered with a glass plate by means of an
optical adhesive.® The advantage of these home-fabricated substrates is that the Si/SiO;
layer serves as a protective barrier, which avoids contamination and oxidation of the

metal surface, as it can be removed just before the experiments.

b An inert atmosphere was used during the process in order to prevent the nickel oxidation.

265



INTRODUCTION

1) Apply adhesive
2) Apply glass support

HS(CH,),CH,

D(Demhlo
alkanethio!
E SAM F

Figure 5.10. Fabrication process of template-stripped Ni electrodes coated with a SAM. (A) On a clean
Si/SiO2 surface (B) anti-sticking polymer was deposited, followed by (C) e-beam deposition of 300 nm Ni. (D)
Glass supports were glued on the Ni surface using photocurable optical adhesive. (E) After curing of the
adhesive, the nickel film, with its glass support, was lifted off to expose an ultra-flat Ni film (at N2
atmosphere). (F) The Ni surface was then immediately transferred into a solution of n-alkanethiolates in
order to form a SAM. Reproduced with permission from ref.%® published by The Royal Society of Chemistry.

Independently of the method for substrate fabrication, and if they have been preserved
at inert atmosphere, the use of the electrochemical control permits to perform an in-situ
cyclic voltammetry (CV) prior to carry out the experiments, ensuring the cleaning of the

surface and the removal of any possible oxide layer.

5.1.3. Measurements with magnetic electrodes

Metals like nickel, copper or iron have the additional interest of being magnetizable
materials, allowing BJ experiments for magnetic measurements. In these metals, there is
a spin-dependent density of states at both sides of the junction, and the conductance
depends on the spin direction. In addition, the number of occupied states with spin up
does not have to be equal to the number of occupied states with spin down. The atomic
contacts breakage of such metals was studied by Costa-Krdmer,*” among others,
obtaining a considerably more complex situation than those of diamagnetic metals like
gold. While Au breaking-curve histograms show well-defined peaks (as discussed in
Chapter 1 and shown in Figure 5.11), for Ni, Co and Fe, the histograms are flat, despite

the individual conductance curves present well-defined steps. This effect have been
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attributed to a different plastic behavior at the nanoscale in comparison with Au, in

addition to the loss of the spin degeneracy.*’
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Figure 5.11. 1D conductance histograms for Au-Au and Ni-Ni contacts. Reproduced with permission of ref. 42
Copyright © 2015, American Chemical Society

The BJ experiments with magnetizable metals are receiving an increasing interest since
they can be used for investigating the spin-dependent transport in individual molecules.
In this context, chiral molecules are particularly interesting targets, as the phenomenon
known as chirality-induced spin selectivity (CISS) can occur.*® This CISS phenomenon in
chiral structures involves that the transport of one of the electronic spins is favoured over
the other. Naaman and co-workers developed the pioneering work, in which they showed
that nanoscale junctions formed by trapping few DNA molecules between an Au
nanoparticle and an Ni ferromagnetic surface display current asymmetries as a function

of the direction of the Ni magnetic polarization.*®

With those experiments in mind, BJ experiments while junctions are exposed to a
magnetic field, have been proposed.®® Nevertheless, the required configuration involves
practical difficulties, related to the assembling of not only the electrochemical control
system, but also the magnet and its own control system. An alternative, successfully
applied by Aragonés and coworkers, is taking advantage of the ferromagnetic properties
of the metals.”>*? Ferromagnetic materials present the ability of maintaining (at least
partially) the magnetization even out of the influence of the external magnetic field. In
the context of BJ experiments, this means that the electrodes can be magnetized prior to

the measurements, keeping their magnetic properties while the experiments are carried
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out. For ensuring the reliability of this approach, the authors monitored the
magnetization of a Ni tip before and after single-molecule transport measurements, using
SQUID (Superconductor Quantum Interference Device) experiments. They tested the
negative (a) and positive (B) magnetization of Ni tips by means of increasing exposure
times of the tip near a commercial magnet, obtaining progressively larger tip
magnetizations (Figure 5.12a-c) until a saturation value reached at 2 hours. Remarkably,
about the 80% of the initial Ni tip magnetization still remained after single-molecule

junction experiments (Figure 5.12d).
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Figure 5.12. SQUID measurements of magnetized Ni tips. (a-c) Magnetization times of 30 minutes, 1 hour
and 2 hours, respectively. (d) Measurements of 2 hours magnetized Ni tips after single-molecule transport
experiments. Reproduced with permission of ref.>? Copyright © 2016, American Chemical Society

Other particularities of the experiments carried out by these authors are i) the lack of
electrochemical control despite the employment of nickel tips and ii) the use of gold
substrates. The Ni tip is pushed and pulled into a gold substrate. Due to the more pliable
behavior of gold, the tip apex is covered by gold, giving rise to Au-Au contacts

(distinguishable for the presence of peaks at multiples of Go in the 1D histograms), while
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the magnetization of the Ni tip remains. The authors demonstrated that oxidation can be
minimized, but not fully prevented, by means of preserving the tips under inert
atmosphere, obtaining only a slight increased oxidation of the Ni tip apex after the single-

molecule experiments (Figure 5.13).
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Figure 5.13. Energy Dispersive Spectroscopy (EDS) spectra for the apex of Ni tips before and after single-
molecule experiments: (a) freshly cut tips, (b) non-preserved tips and (c) preserved tip under inert
atmosphere. Figure insets are EDS results in a point away from the tip apex. Reproduced with permission of
ref.>2 Copyright © 2016, American Chemical Society

Using this approach, Aragones and collaborators continued the investigation on the spin-
polarization power of chiral helical peptides.” The authors studied a peptide (Figure 5.14)
built with all-D and all-L amino acid, obtaining two different isomers of opposite chirality
(Dpeptide and Lpeptide, respectively). They observed that the negative polarization was
favoured for the Dpeptide (Figure 5.14a), while the positive one was favoured for the Lpeptide
(Figure 5.14b). Interestingly, the highest conductance value was obtained for Lpeptide With

positive spin polarization of the Ni tip.
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Those studies have demonstrated that single molecules can acts as spin filters,

highlighting their potential as circuit components in spintronic devices.
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Ni-tip magnetization direction while the violet arrows indicate the electron injection direction. Insets show

representative conductance versus distance traces. Reproduced with permission of ref.>! © 2016 WILEY-

VCH Verlag GmbH & Co. KGaA, Weinheim.

Using Ni magnetic electrodes, benzenedithiol (BDT) junctions have been also studied,>*>*
revealing promising results in the context of magnetoresistance. Nevertheless, no
agreement was found for the results of such studies, possibly as a consequence of the
very different experimental conditions. Yamada and co-workers performed single-
molecule experiments at room temperature, applying a magnetic field parallel to the

junction,>® while Horiguchi and collaborators used cryogenic and vacuum conditions,
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applying a magnetic field perpendicular to the junction.®* Remarkably, in these

experimental works no precautions were taken against the oxidation of the Ni electrodes.

5.1.4. Overview
The incorporation of the electrochemical control during the development of BJ
experiments has allowed extending the applicability of this kind of single-molecule

experiments in different ways:

- The application of an electrochemical gate potential permits the modulation of
the alignment between the molecular energy levels and the Er of the electrodes,
tuning the electron transport properties of a given junction.

- Additionally, this electrochemical gating is the perfect strategy for investigating
redox-active molecules with different oxidation states accessible within the
electrochemical potential window.

- The electrochemical control can be used for preventing/avoiding the oxidation of
the electrodes when metals such as Cu, Ni, Co or Fe are used, being such metals

of special interest for experiments with magnetic electrodes.

Importantly, the use of magnetic electrodes is fundamental in order to search for
molecules with potential applications on spintronic. In this context, several configurations
have been proposed, including i) the simultaneous application of electrochemical control
and magnetic fields during the BJ experiments; ii) the magnetization of the electrodes
prior to the BJ experiments; and iii) the combination of the previous magnetization of the
electrodes with the preservation of the electrodes at inert atmosphere until the

experiments, instead of applying the electrochemical control.

Each one of these options presents advantages and disadvantages, which might be
considered depending on the particularities of the experiments, such as the systems

under study and the experimental setup available.
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5.2. Objectives
Considering the potential of the electrochemical control for BJ experiments, as shown
throughout the information collected in the Introduction, and within the context of a 3-
month stay in the group of Professor Schwarzacher at the University of Bristol, the

following objectives were established:

1. To incorporate an electrochemical control system into our homebuilt STM and to
tune it up.

2. To carry out benzenedithiol single-molecule experiments with clean
ferromagnetic electrodes under electrochemical conditions, in collaboration with

the group of Professor Schwarzacher from the University of Bristol.
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5.3. Results and discussion

5.3.1. Implementation of the electrochemical control system into the IMDEA Nanociencia
setup

The process for the implementation of an electrochemical control system into our
homebuilt STM required very different tasks. The most relevant, which are related with
the design of the cell, the introduction of new modules into the electric circuit and the

preparation of the electrodes, are described in the next sections.
5.3.1.1.  Designing the electrochemical cell

The assembly of the electrochemical control system was performed into the already
existing homebuilt STM described in the Experimental Section and which is located at the
Molecular Electronics Lab at IMDEA Nanociencia. In order to preserve the stable
configuration of the STM body and head, an electrochemical cell as small as possible was
designed. Besides, the employment of reference electrodes such as MSE and SCE
(traditionally used in electrochemistry) was discarded, in favor of customized
microelectrodes, fabricated from commercial metal wires (as they are extensively used in

literature for nanoelectrochemistry).

Figure 5.15. Schematic representation of the electrochemical cell especially designed for the homebuilt
STM. 1) PEEK tray. 2) Screws for holding the cell to the STM table. 3) STM substrate. 4) Copper electrode for
the electric contact of the substrate. 5) Modified STM tip for measurements under electrochemical
conditions. 6) Counter electrode. 7) Reference electrode. 8) O-ring for avoiding leakage phenomena.
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The designed cell is schematically depicted in Figure 5.15. The tray (1) was a short
cylinder made of PEEK (polyether ether ketone), with a big central hole for
accommodating the STM tip and substrate. Four screws (2) are used for holding the tray
to the table and fixing the substrate (3) into the center of the hole. An o-ring (8) between
the tray and the substrate guarantees the tightness of the whole system and avoids
leakages. The substrate is connected to the electric circuit through a copper electrode (4),
which is not exposed to the electrolyte. The STM tip (5) has to be insulated for the
experiments under electrochemical conditions, following a procedure explained later in
this section. The tray presents two additional communicated holes for accommodating
the counter (6) and the reference (7) electrodes, being properly fixed and immersed in
the solution, but separated enough for preventing them to touch each other. Although
the specific electrodes and electrolyte can be modified according to the requirements of
each particular experiment, Pt wire as counter and Pt wire coated with polypyrrole (PPy)
as reference is a usual combination found in literature for aqueous electrolytes. The

preparation protocol of PPy electrodes can be found in the Experimental Section.

5.3.1.2.  Electrode preparation

As explained in the introduction, the minimization of faradaic currents created by the
electrochemical reactions and charge-discharge processes at the electrode/electrolyte
interfaces can be achieved by insulating the tip as much as possible. In order to allow the
repeated formation of metallic contacts between tip and substrate, the best geometry is
to get a sharp tip prepared by electrochemical etching, followed by coating of the tip with
an insulating material except for the very apex. The combination of these processes gives
rise to tips only exposed to the electrolytic solution at the apex, where the diameter is
minimum. The solvents, times and potentials applied for the etching depend of the tip
material (gold, nickel, tungsten, cobalt...), and they are detailed below. As special
consideration, tips used for experiments under electrochemical conditions are longer
than those used in dry measurements, since it is necessary to keep the tip holder and
STM head high enough away from the electrolytic solution, avoiding any contact with the

liguid.

276



CHAPTER 5: MOLECULAR-JUNCTION STUDIES
UNDER ELECTROCHEMICAL CONTROL

Etching Au tips: The setup needed for the electrochemical etching of Au tips is shown in

Figure 5.16, and comprises an adjustable DC voltage generator, connected to a Pt ring,
which acts as cathode electrode. The gold wire that we want to etch is located in the
center of the Pt ring, also connected to de DC supplier and acting as anode electrode.
Both electrodes are immersed in an HCI/MeOH solution (1:1). The electrochemical
etching is a redox process between gold and water in acidic environment. The main

electrochemical redox couples are:
Au (solid) + 4 CI~ = 3e™ + AuCls™ (precipitate), E°=1.00 V
Au (solid) + 2 CI = 1e™ + AuCly™ (precipitate), E=1.15V
2H"+2e > H;y(gas), E°=0V

Gold atoms at the wire surface are oxidized becoming either Au(l) or Au(lll), which in
presence of CI™ ions, precipitate as gold chloride. The oxidation produces a neck in the
gold wire, which is progressively reduced. When the weight of the lower part of the wire
exceeds the tensile strength of the neck, it breaks and the current drops to cero, finishing
the etching. While the gold oxidation occurs at the anode, H* ions are reduced at the
platinum wire surface, generating Hz, which is easily detected as an intense bubbling.
Given a gold wire of certain diameter and a Pt ring, the time required for the etching, as
well as the conical shape of the tip, depends on the constant voltage applied. As the
etching process occurs at the interface between the solution and the air, where a
meniscus is formed around the gold wire, this methodology can be used for sharpening
two tips at the same time (above and below the meniscus). Nevertheless, the tip formed
below the meniscus suffers a certain loss of material due to the electrochemical process,
giving rise to tips of less diameter. Besides, it falls to the bottom of the cell when the
etching finishes (drop-off point), and, in our experience, the manipulation required for
collecting it usually ends in unreliable tips. A constant voltage (V) is applied during the
process, while the current decreases progressively to zero. Although 10 V is a common
voltage used for gold tips for STM imaging and Raman spectroscopy, we use 3V, since it
gives rise to a larger cone in the apex of the tip, which is better for break-junctions
experiments, as it is explained later in this section. By applying 3 V, the initial current is

around 4 x 10™* A, and the required etching time (current arriving to zero) between 2 and
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3 minutes. Finally, the etched tips are rinsed in distilled water in order to eliminate the

salts from the solution, and later in ethanol to remove any organic contaminant.

a b .
time = 2-3 min
supplier 4x10% A current
0A
1 2 3 4
== )
HCI/EtOH

Figure 5.16. (a) Setup for etching Au tips. 1. Cathode electrode. 2. Anode electrode. (b) Tip sharpening
during the etching process. Adapted from Ref.>

Mag= 106KX EHT=1000kV  Chamber=1.116-005 mbar 10 pm Mag= 693KX EHT=1000kV  Chamber=1.150-005 mbar SE1
IProbe= 100pA WD= 80mm e | e | IProbe= 100pA WD = 8.0mm e

Mag= 1.03KX EHT=10.00kV Chamber = 1.14e-005 mbar Mag= 1.17KX EHT = 500kV Chamber = 1.00e-005 mbar
IProbe= 100pA WD = 60mm St IProbe= 10pA WD= 55mm e

Figure 5.17. SEM images of electrochemically etched gold tips. (a-b) Tip with the desirable shape at two
different zoom. (c-d) Obtained tips with undesirable shapes. The drumstick shaped tips (d), eventually
obtained, reveal a failed etching process due to the immersion of a too long piece of wire into the etching
solution. Images courtesy of Beatriz L. Rodilla.
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Some scanning electron microscopy (SEM) pictures of the tips, collected in Figure 5.17,
allow a detailed characterization of the final shape of the tips. It also reveals that
undesirable tip shapes can also be obtained (Figure 5.17 c-d). We observed the drumstick
shape quite often, which has also been previously reported in literature,”®>’ not only for
gold, but also for tungsten and nickel tips, and seems to be related to having a too long
piece of the gold immersed in the liquid. As the length of the immersed wire increases,
the neck of the wire suffers a higher stress just before the drop-off, what can cause this

kind of rearrangement of the apex after the rupture.>>

Etching Ni tips: The methodology is quite similar to that used for Au etching,”® and

required the same kind of setup (Figure 5.18). In this case, the anode is a Ni wire, and the
electrochemical solution is a hydrochloric aqueous solution. For the etching, a constant 5
A current is applied, which drops to zero when the process finishes. The etching takes
about a minute. Finally, the etched tips are rinsed in distilled water in order to eliminate
any NiCl, deposited on the surface, and then in ethanol to remove possible organic
contaminants. The reaction occurring at the anode involves the formation of NiCl,, while

in the cathode H; is generated:
at the anode: Ni (solid) + 2 CI~ = 1e + NiCl, (precipitate)

at the cathode: 2H*"+2e = H(gas)

DC supplier

e
7% Hd

1. Ptring
2. Niwire

Figure 5.18. Setup for the electrochemical etching of Ni tips. The cathode electrode is a Pt ring (1), and the
Ni wire acts as anode (2).
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Insulting the tips: the most used coating for preparing tips for BJ experiments is apiezon

wax, which is solid at room temperature and electrochemically inert. The followed
procedure was based on those described in literature.? The setup is depicted in Figure
5.19a. It consists in a hairpin shaped soldering, held in a clamp stand, and a manual
micrometer to which the etched tip is assembled. The soldering is heated around 100 °C
and the apiezon applied to the hot surface. The soldering surface keeps covered by wax,
while the heat prevents the solidification. The tip is then coated by passing it several
times through the slit of the hairpin. The tip is removed and the wax allowed to cool
down to room temperature for some minutes. Surface tension prevents the molten wax
from entirely coating the sharp apex of the tip leaving a small metallic area exposed after
hardening. Although this general protocol seems to be employed for coating all kind of
tips, we found that the gold tips are easily fully coated. This means that no current was
recorded when they were assembled into the STM circuit. In order to avoid this
phenomenon, the gold tips were coated with the soldering vertically hold while the tip is
moved horizontally. This configuration avoided the coating of the very end apex of the
tip, as shown in Figure 5.19b-d, while enough surface was coated for reducing the

faradaic currents arriving to the tip.

a Apiezon wax

Etched
tip -

Soldering

Micromanipulator

Figure 5.19. (a) Setup for coating tips. (b-d) Pictures of the slightly modified process for coating gold tips,
which are not totally passed through the soldering. The red circle in (d) marks the apex of the tip, which is
not coated with wax. Note that in the pictures, the apiexon wax, which is black, has been substituted with

silicon for clarity.
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The tips prepared with the sequence etching-coating were found to be able to measure
tunneling currents as low as G= 10™ Gp with a bias voltage of 0.1 in optimal conditions,
which is the lower-limit value found in literature for the BJ experiments under
electrochemical conditions. However, generally only one of every three prepared tips was
good enough for performing this kind of experiments, being this rate of success in
agreement with the previous experience of other groups. Importantly, the time of
measurement with these tips, under electrochemical conditions, is shorter than for the
directly cut wires working in air. The repeated push and pull process can cause
deformation in the exposed metal apex, as well as certain damage in the coating,
involving a slow but noticeable increase in the conductance background, and hence, a
reduction of the conductance working window. Considering that this can leave out the
molecular signature, we considered that the electrochemical control limits the molecular

junctions that we can study to those with conductance values higher than G = 107 Go.

5.3.1.3.  The electric circuit

The electrochemical control requires the incorporation of two additional modules into
the STM circuit. Firstly, a second -V converted for the reading of the electrochemical
current, and secondly a bipotentiostat. As explained in the Section 5.1., the introduction
of the bipotentiostat approach was an important improvement, since it permits the
independent control of both tip and substrate potentials, with respect to the reference
electrode, and hence, to establish a controlled voltage decay between the tip and the
substrate. Therefore, a simple homemade bipotentiostat circuit, as well as a new /[-V

converted, similar to that reported in the literature,® were incorporated into the circuit.

The described configuration allows to record at the same time the tunneling current
(current at the tip of reduced area to make ionic/capacitive current minimal) and the
electrochemical current (current at the substrate of large area so that the ionic/capacitive
current dominates while the tunneling current is negligible). Using this configuration, we
could carry out simultaneously cyclic voltammetry of clean gold tip and substrate while
keeping a constant bias voltage between them, obtaining their corresponding

independent CVs, which are collected in Figure 5.20 b (experimental conditions detailed
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in the figure caption). In this case, as we do not want to record any tunneling current, we
adjust the amplification gain at the tip to be able to follow the low electrochemical
current also at the tip during the voltamogram. Note the significant difference in
magnitude of both currents due to their different exposed area, demonstrating the
effectiveness of the tip coating. In fact, we see that the exposed area at the tip is 1000

times smaller than that of the substrate.

The shape of the cycles is rather different, since it is well know, that, even in the same
conditions, the CV profile is dependent of the atomic order in the surface of the sample,
as well as the cleanliness of the electrolyte-sample interface.®®®! The oxidation peak is
more marked in the substrate cycle than in the tip cycle, while the reduction peak is in
both clearly noticeable. A slight shift toward higher positive potentials is also noticeable
for the reduction peak in the substrate cycle. This shift is due to the applied Vpigs (0.05 V)

between the electrodes.

3x1 0-4 T T T T | 1 1 3X10-7
—— V;;,= 0 grounded
2 2X1 0_4 B = Vsubstrate™ 0.05V ] 2X 1 077
o 1x10* H41x107
® <
> =
2L -ixio* H-1x107
-2x10 --2x1077
-3x1 0-4 L 1 1 1 1 1 1 1 1 1 L 1 1 1 1 _3X1 0-7
02 00 02 04 06 08 1.0
Vref (V)

Figure 5.20. (a) CV of gold tip and substrate, obtained in HCIO4 solution 0.01 M, using two Pt wires as
counter and reference electrodes. Note the independent current scale for each cycle, due to the different
exposed area, and the shift of the reduction peak in the substrate cycle toward higher positive potentials

due to the application of a 0.05 Vbjas.
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These results show that we have an experimental setup ready to study the properties of
molecular junctions under electrochemical control. Although some preliminary tests have
been performed, complete molecular studies with this setup have been left out of the

content of this thesis, and contemplated for a future work.

5.3.2. Experiments with ferromagnetic electrodes under electrochemical conditions at the
University of Bristol.

The experiments described in this section were conducted in the H.H. Wills Physics
Laboratory, at the University of Bristol, in collaboration with the group of Professor
Walther Schwarzacher, as part of a 3-month stay. This group has a wide experience in the
use of the STM under electrochemical control for both, imaging redox-active surfaces,®?
and conducting break-junctions experiments.4>43 Besides, they have previously used Ni
and Co electrodes for creating ferromagnetic contacts for single-molecule experiments, in
particular with the approach consisting in the application of an external magnetic field
during the experiments.”® Taking advantage of that, we planned a series of single
molecule experiments for measuring the conductance of Ni—BDT—Ni junctions under

electrochemical control, in order to provide a new perspective of this issue.

The setup, the electrode preparation and the functioning of the required electromagnet

are described in the next sections.

5.3.2.1.  University of Bristol setup

The experiments were performed using a commercial Agilent 5100 STM with a N9503A
scanner, customized with a multichannel /-V converter.”® The setup is allocated onto an
anti-vibration table, rather than being suspended from the ceiling through a pole-and-
rope system. The STM is controlled using the commercial PicoScan 5 software.
Equivalently to our cell described in section 6.3.1.1, the electrochemical cell, depicted in
Figure 5.21a, consists in a four-electrode configuration in which, the tip and the substrate
are both acting as working electrode. A 0.25 mm diameter Pt wire was used as the
counter electrode, and another Pt wire coated with PPy was used as reference. Ni tip and
substrate were used as working electrodes. The cell, particularly designed to fit within the
pole pieces of an electromagnet (Figure 5.21b), was made of politetrafluoroethylene

(PTFE), generally known as “teflon”, which is chemically resistant and can be easily
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cleaned by immersion on concentrated acids. Different holes into the walls of the cell
allow the convenient positioning of each electrode. The poles of the electromagnet are
separated by a 8 mm gap, which is a compromise between the ability to obtain large
magnetic fields and the space requirements for the STM-BJ experiments.”® Figure 5.21c
shows a real picture of the cell within the poles of the electromagnet, which has to be
very carefully positioned, since the magnet should not come into contact with the sample
plate or the electrochemical cell, as this may contribute to undesired vibrational noise in
the system. The positioning of the STM scanner has also to be done carefully, avoiding
the tip contacting the reference and counter electrodes, which is not trivial due to the

reduced size of the cell.

a Bipotentiostat I b :inln—: 5m
L 2 ¢
I I
Vbias
Electrolyte
ce_ |5t " :
RE Tip — 5 o
) «— Spring-loaded contact  |®
........ <
| &
<«—PTFEcell ... ! Lot &
Substrate {
100mm
C Electrolyte filled PTFE electrochemical cell

Ni WE

PPy RE
= Electromagnet
Pole pieces

Pt CE Spring-loaded WE contact

Figure 5.21. (a) Cell configuration for break-junction experiments with a STM under electrochemical
conditions. (b) Schematic diagram of the electromagnet designed to produce in-situ magnetizing fields
during the STM-BJ experiments in the plane of the substrate electrode. The experiment is performed
between the pole pieces of the magnet, which are separated by an 8 mm gap. (c) Real picture of the setup.
Reproduced from ref.>® Both the cell and the electromagnet were designed by Dr. Richard Brooke, and
manufactured by the University of Bristol workshop.
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During the calibration of the electromagnet, it was found that a current of up to 2.5 A
could be maintained continuously for up to 30 minutes without producing significant
heating. Nevertheless, applying higher currents and applying currents longer than 30
minutes produced a heating of the system giving rise to not reliable results; and even
being able to evaporate the electrolyte solution. Therefore, in order to collect the large
data sets required for a proper statistical analysis, several measurement rounds of 30

minutes each should be performed.

It is also important to highlight that in this configuration, the magnetic field can be only
applied in the plane of the substrate. In other words, perpendicular to the junction, as
illustrated in Figure 5.22a. Interestingly, previous efforts in the group were made for
developing another configuration for applying fields perpendicular to the substrate
(Figure 5.22b). Unfortunately, it was found that too large noise was introduced to the
current measured at the STM tip, due to the reduced dimensions of the hole for hosting

it.

a b  plate with the gap for ""c_'cati"g
3 mm o the tlp

. s o electrochemical cell — -—
possible magnetization direction )

with respect to the junction [—

NN perpendicular
to the junction
parallel
F YAV AN R .
to the junction

90 mm

20 mm

20 mm

90 mm

Figure 5.22. (a) Possible magnetization direction with respect to the junction. Adapted from ref.% (b)
Electromagnet designed for applying a parallel field to the junction. Note the small gaps for positioning the
plate with the electrochemical cell and the scanner with the tip. Adapted from ref.>®

5.3.2.2.  Electrode preparation
For the preparation of Ni tips, an alternative to that explained in section 5.3.1.2 was

employed. This method (Figure 5.23) consists in the formation of a meniscus into the Pt
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ring, when it is removed from the etching solution (KCI 2M). The Ni wire is introduced,
carefully in the centre of the ring in order to avoid the rupture of the meniscus. Using this
method, two completely functional tips can be etched since i) the piece of wire under the
meniscus is not into the solution and no additional loss of material is produced; and ii) Ni
is more resilient than gold, so the fall down does not cause any significant damage in the
apex of the tip. This methodology can be used for preparing both, Ni and Co tips. The
reaction occurring at the anode is the same that in the previous method, while the

reaction occurring at the cathode involves formation of OH™ ions that forms Ni(OH); salts.
at the anode: Ni (solid) + 2 CI~ = 1e™ + NiCl; (precipitate)
at the cathode: 2HO0+2e > Hy(gas)+20OH

Using this method a series of ten etched Ni tips were prepared and insulated with

apiezon wax.

5 DC supplier

KCl 2M

Cup to catch
the lower tip

Figure 5.23. Setup for the electrochemical etching of Ni tips. The cathode electrode is a Pt ring (1), and the
Ni wire acts as anode (2).

The preparation of Ni substrates were performed following a well-established protocol
based on electrochemical deposition.”® A three-electrode cell controlled by means of a
potentiostat (Autolab PGSTAT302) was used (Figure 5.24). The reference was a SCE
electrode, the counter a Pt foil, and an Au coated glass substrates was used as working

electrode. The electrolyte was an aqueous 0.2 M NiSO4 and 0.5 M H3BOs solution. The
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potential of the working electrode was set to —0.9 V versus the SCE reference.¢ This
potential is negative enough to promote the Ni deposition, but not negative enough to
cause damage on the film by excessive hydrogen evolution. The role of H3BOs is acting as
a pH buffer, preventing local changes in pH taking place close to the working electrode
where the consumption of protons by the hydrogen evolution reaction takes place. In this
way, it prevents the precipitation of Ni(OH). near to the working electrode, which would

have a negative impact on the film quality.

The Au substrates were cleaned immediately prior to electrodepositing Ni films by flame
annealing followed by immersion in concentrated H,SO,4 for 20 minutes. Good quality Ni
films were obtained using both, commercial gold-on-glass plates and produced in-house

gold substrates via Au evaporation onto glass microscope slides.

Obtaining a clean Au surface was important since it has a strong influence on the quality
of the final metal deposit, which should be bright silver, with a mirror-like reflectance.
Remarkably, when the electrodeposition was performed on Au surfaces not cleaned in

acid, poor quality films were obtained, presenting cloudy or dark appearance.

2 3 H 1. SCE as reference electrode
2. Pt foil as counter electrode
1 3. Ausubstrate as working electrode
4. Aqueous 0.2 M NiSO,and 0.5 M H;BO;
4 [ solution

Figure 5.24. Three-electrode cell configuration for the electrodeposition of Ni films.

¢ Interestingly, the same method can be used for fabricating Co electrodes, using CoSO4 instead NiSQa.
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5.3.2.3.  The experiments

Three different experiments were performed in order to become familiar with the setup

including both, electrochemical control and in-situ magnetization of the electrodes.®

- Firstly, Ni-Ni junctions without molecule neither magnetic field for ensuring a
good functioning of the electrochemical control.

- Secondly, break-junction experiments with 1,4-benzenedithiol (BDT) without
magnetic field, in order to ensure the detection of molecular signal.

- Finally, a third round of measurements applying the magnetic field, to be

compared of those obtained in absence of magnetic field.

For all of them, the electrolyte was a pH 3, 50 mM Na;SO4 aqueous solution, in which the

target molecule was found to be slightly soluble.

The electromagnet was typically powered by a Kepco BOP36-12D bipolar power supplier,
using a current of 2.3 A, which produced a magnetic field of 2 kOe during the STM-BJ
experiments. Nevertheless, several irregularities in its functioning forced a temporary
replacement during the time of my stay at the lab. A Keithley 2400 supplier was then
used, being 1 A the maximum current that it can provide. This meant a reduction in the
maximum magnetic field available, going from 2 kOe to 1 kOe, according to the

calibration of the electromagnet.
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Figure 5.25. (a) 1D histograms of Ni-Ni contacts in the absence of field (orange line), Ni—1,4-
benzenedithiol-Ni junctions in the absence of magnetic field (green line), and Ni—1,4-benzenedithiol—Ni
junctios at 1kOe magnetic field perpendicular to the junction (blue line). The histograms were built from

254, 56 and 86 traces, respectively, with rates of success of ~20%. (b) Individual G-z traces for the Ni-BDT—

Ni junction in the absence of magnetic field. The traces have been offset in x axis for clarity.

4 These experiments were performed in collaboration with Dr. Keisha Michael, and involve one of the
main chapters of her PhD, successfully defended in May, 2020.
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The 1D histograms obtained for the different experiments are collected in Figure 5.25a.
As expected, in absence of molecule (orange line), no peaks at G<Gp were detected. For
the Ni-BDT—Ni junctions (green line), two different molecular signals were distinguished,
at (6.4 £ 0.4) x 10 Gp and (2.5 + 0.3) x 1073 Go. These signals have been attributed to
different conformations of the molecule in the junction, since the length of plateaus is
quite similar for both sets of signals. Some individual G-z traces corresponding to Ni—
BDT—Ni junctions displaying plateaus at different conductance are shown in Figure 5.25b.
The 1D histogram corresponding to the junctions in presence of a magnetic field (blue
line), presented a broad signal between —2 and —3 Gy, instead of the well-defined peaks
previously observed. This phenomenon was attributed to the highly noisy data set
obtained for those measurements. Several contributions to this noise were detected, all
of them related with the functioning of the electromagnet. On the one hand, the noise
clearly increased when the electromagnet was switched on, giving rise to noisy plateaus.
On the other hand, as previously explained, the electromagnet promoted an increasing
heating of the system, which produced a slight variation of the electrolyte volume along
the measurement. This fact introduced certain instability on the electrochemical control
system, which could be also contributing to the noisy G-z traces. As mentioned above, as
consequence of such heating, the measurements in presence of magnetic field could be
only performed in 30 minutes time slots. Considering all these factors, not conclusive
results could be extracted concerning the Ni-BDT—Ni junctions, since more and cleaner

data sets are still needed.
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5.4. Conclusions

According to the conducted experimental tasks related with the electrochemical control
and the measurements with magnetic electrodes, the following conclusions can be

drawn:

- The elements needed for the implementation of the electrochemical control
system into our homebuilt STM were defined, and the new configuration
designed and implemented.

- The general protocol for preparing etched and electrochemically insulated Au, Ni
and Co tips were tuned up, being the prepared tips able to read a tunnelling
current as low as G =107 Go.

- Asecond /-V converter for the reading of the electrochemical current, as well as a
bipotentiostat for the independent control of the potentials of tip and substrate
was successfully built and assembled to the circuit.

- A preliminary round of single-molecule BDT experiments with Ni electrodes was
carried out, applying an external magnetic field during the break-junction
experiments. They revealed a series of practical difficulties, which makes this kind

of experiments not trivial.
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CHAPTER 6: GENERAL CONCLUSIONS

General conclusions

According to the experimental research carried out during this thesis and the obtained

results, the following conclusions can be drawn:

A new strategy for obtaining multi-conductance state molecules, having well-
defined and distinguishable states, has been developed. It consists on the
introduction of an in-backbone linker in an asymmetric position of the molecular
bridge, which opens two additional conduction channels to the end-to-end
pathway. As proof-of-concept, an oligo-para-phenyletinylene (p-OPE) derivative
incorporating a pyrimidine ring in an asymmetric position, was synthesized, as well
as the corresponding models for each proposed channel. Single-molecule
experiments revealed three different conductance values for this pyrimidine based-
OPE, which were in agreement with those of the model compounds. In this way,
the asymmetric position of the in-backbone linker has proved to be responsible for
easily distinguishable conductance values attributed to the three different
channels.

Single-molecule conductance of azaborine-acene derivatives was measured for the
first time. Using a strategic synthetic design, BN-anthracene- and BN-pentacene-
like derivatives were prepared, in which both, nitrogen and boron were forced to
be placed unambiguously along the electron conduction pathway. It was found that
the B-N substitution in the anthracene scaffold gives rise to slightly lower
conductance values, but still in the same order of magnitude, than that of the all-C
analogue. The lateral extension of the azaborine acene scaffolds, from anthracene
to pentacene, resulted in a shift of the conductance towards lower values.
Calculated aromaticity indexes related the decreases of conductance with the
lower aromaticity of the central rings from anthracene to the BN-anthracene
derivative, and from the latter to the BN-pentacene molecule.

The unimolecular conductance of negatively curved polycyclic aromatic
hydrocarbons (PAHs), incorporating 7-membered rings, was measured for the first
time. A synthetic strategy previously developed in the group, for the preparation of
heptagon-containing PAHs, was exploited in order to incorporate linker groups in

the edges of these structures. A collection of curved PAHs with different linkers was
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prepared and their conductance measured. The effect of the curvature on the
conductance was evaluated by comparing the conductance value obtained for a
curved PAHs having terminal acetylene groups as anchors, with that of its planar
counterpart. For that, an exhaustive analysis of the behavior of this anchor was
developed. The comparison revealed that the distortion does not involve a
guantitative change of conductance with respect to the planar structure. Further
comparison with the dendritic oligophenylene precursor of the curved PAH
demonstrated that the formation of five C—C bonds, which occurs during the
expansion of the aromatic surface, involves an increase in the conductance of more
than one order of magnitude.

The STM setup was redesigned in order to incorporate an electrochemical control
system. A four-electrode configuration was developed, including a counter and a
reference electrode, and considering both, STM tip and substrate, as working
electrodes. Other required changes consisted on the incorporation of a second /-V
converter-amplifier, for reading the electrochemical current flowing between the
substrate and the counter electrode, in addition to the electric STM current
between the tip and the substrate; and a bipotentiostat, for independently
controlling the potential of tip and substrate respect the reference electrode. The
general strategy for tips preparation was tuned up, achieving tips able to read
tunneling current as low as G = 10™ Go. Simultaneous and independent cyclic
voltammetry of both electrodes were recorded, demonstrating the adequate
functioning of the system.

Preliminary investigation for the break-junction experiments with magnetic
electrodes was developed. A series of break-junction experiments, performed
under electrochemical control and in-situ magnetization of the electrodes,
demonstrated that the presence of an electromagnet during the measures
introduces high levels of noise in the G-z traces. In order to overcome this
limitation, we proposed the combination of electrochemical control with the prior

magnetization of the electrodes as a future work.
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1. General information:

- Reagents and solvents: unless otherwise stated, all reagents and solvents were purchased

from commercial sources. Anhydrous and non-anhydrous solvents such as hexane, DCM,
EtOAc, toluene, iProNH and EtsN were used without further purification. Anhydrous THF
was an exception since it was freshly distilled over Na/benzophenone and cooled down to

room temperature under inert atmosphere.

- Flash column chromatography: For product purification, silica gel 60 (230-400 mesh,

Scharlab, Spain) or silica gel 40-63 um (230-400 mesh, SILICYCLE, Canada) was used as the

stationary phase.

- Thin layer chromatography: reactions were monitored by TLC, carried out on aluminium

sheets coated with silica gel with fluorescent indicator UV254 (purchased from Sigma-
Aldrich) and observed under UV light (254 or 365 nm) and/or stained with

phosphomolybdic acid (5% ethanol solution).

- Nuclear magnetic resonance spectroscopy: All *H and 3C NMR spectra were recorded on

Varian 300, 400 or 500 MHz spectrometers, at a constant temperature of 298 K. Chemical
shifts are reported in ppm and referenced to residual solvent. Coupling constants (J) are
reported in Hertz (Hz). Standard abbreviations indicating multiplicity were used as follows:
m = multiplet, quint. = quintet, g = quartet, t = triplet, d = doublet, s = singlet, b = broad.
Assignment of the 13C NMR multiplicities was accomplished by DEPT techniques if possible.

'H and 3C NMR spectra of molecules under study are collected in Annexe 1.

- Mass spectrometry: high resolution mass spectrometry measurements were performed

on a Bruker ULTRAFLEX Il spectrometer equipped with a matrix-assisted laser desorption
ionization source coupled with a time of flight spectrometer as detection system (MALDI-
TOF) or on a Waters XEVO GL-XS QTof mass spectrometer equipped with an electrospray

ionization source coupled with a time of flight spectrometer as detection system (ESI-TOF).
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2. Description of the main experimental setup: a home-built STM

The electron transport studies of this thesis have been conducted by means of the break
junction technique described in Chapter 1, using two different home-built STMs. One of
them is located in the Molecular Electronics Laboratory at IMDEA Nanociencia and the
other one in the Centro de Instrumentacion Cientifica of the Universidad de Granada. The
first one was running prior to the development of this thesis, while the second one was
successfully assembled and tuned up during this thesis. Both microscopes are practically
identical, except of small geometry changes, the corresponding piezo-tube calibration
parameters and the electronic parameters given by their specific electronic circuits (Figure

E.1a).

Tips employed in these STMs are freshly cut metallic wires, generally of gold (0.25 mm
diameter, 99.99% purity from Goodfellows). The wires are diagonally cut (= 45°) in order
to achieve a sharp apex and then, soldered to a tinny screw. This serves as a holder and is

fastened to a nut fixed at the end of a piezo-tube (Figure E.1c).

The substrates are commercial gold on quartz squares (Arrandee), which are cleaned with

ethanol and flame-annealed prior to be exposed to the molecules of interest.
Besides the electrodes, the following parts can be distinguished in our setup:

- A head containing the tip, the tip-holder and the piezo-tube, which includes the
electrical connection between the tip and the rest of the electric circuit (Figure
E.1lc).

- Abody, used to keep the head mechanically stable over the sample (Figure E.1a).

- Atable (Figure E.1d), where the sample is held and connected to the electric circuit
by means of a copper electrode. Three screws serve as support for the body and
the head over the sample. They can be controlled by means of three
micromanipulators, one of which is controlled by an electrical motor (Figure E.1a).
This configuration involves several advantages over the four screw configuration,
as i) it provides a more stable system and ii) a good control over the substrate-tip
distance (z axis), allowing a fine approach between the electrodes. We use these
screws for adjusting the distance within the displacement range that the

piezoelectric permits for the tip.
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- A made-in-house linear current-to-voltage (/-V) converter with two stages of
amplification, which transforms the tunnelling current through the sample-tip
junction to a voltage that can be read by a data acquisition system. This voltage (Vi)
follows the expression Vi= - Ax |, where A is the amplification gain of the device and
l'is the input current

- Aninsulating system for mechanical and electrical noise reduction, consisting in a
box hanged from the ceiling, where the STM table, head and circuit are assembled
during the measurements (Figure E.1e). This box acts as a Faraday cage, since its
metallic structure is grounded in order to isolate the STM from external

electromagnetic signals. Besides, the box is covered by sponges and held by a pulley

and elastic ropes that isolate the STM from mechanical vibrations.

Substrate

B~

ration *

—

Gold wire

. configu

Figure E.1. Elements of the home-built STM.
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The electronics of the STM is shown in Figure E.2. A FPGA (Field Programmable Gate Array)
card permits the communication between the STM and the computer, controlling the
voltages needed for changing the position of the tip, the bias voltage applied to the sample
and recording the tunneling current flowing between the tip and the substrate. Note that
this current crossing the sample-tip junction is amplified and converted to a voltage before
arriving to the FPGA card. The current-to-voltage amplifier circuit has an easily-
exchangeable resistance, which allows adjusting the range of recorded conductance values
depending on the experiment. This working window goes from conductance values higher
than Gy corresponding to tip-sample metallic contact® down to conductance values that
can reach down to 1078 Gp. This allows to explore a range in conductance G=//V up to 8
orders of magnitude. Importantly, a protector resistor is connected in series to the
substrate, in order to limit the current flowing through the circuit, avoiding that high
current levels cause damage on the circuit elements when the gap between the electrodes
is small or closed, also avoiding the saturation of our /-V converter at those stages.. This
resistor can also be varied according to the selected gain in the /-V converter.

The bias voltage, gain and resistor in-series used for each particular experiment have been

included in the corresponding chapters.

computer

high
voltage
amplifiers

PZT

tip = double-stage
current

— sample =  amplifier

V!;[u.s

Figure E.2. Schematic representation of electronics of the home-built STMs used. Reproduced from ref.!

2 As a reminder, atomic Au-Au contacts show a well-known conductance at Go=2e/h=77.5x107° S, which is
known as the quantum conductance, and which can be used as reference.
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For the data acquisition and STM control, a Labview program previously developed in the
group has been used, while the G-z and -V curves were analyzed using an equally
customized MATLAB program. The final data representation, shown along the thesis, has

been carried out using both MATLAB and Origin.

2.1. Experimental details about data analysis and electrode preparation

Algorithm for plateau-detection:

The total of G-z traces recorded for each compound has been submitted to an automatic
algorithm able to separate the traces displaying molecular signals, or plateau regions, from
those displaying an exponential conductance decay due to tunneling current. The criterion
for considering a trace containing plateau has been that a change in conductance of
Alog(G/Go) = x needs to be related with a displacement (Az) larger than y nm. Importantly,
the values of xand y have been modified according to the requirements of each compound.

Further details about this algorithm are reported in reference 2.

Plateau-length distributions:

For building the plateau-length distributions, the plateau length for each individual trace
was obtained as the distance from just after the gold contact breakage (in particular 0.5
Go). For the later, a reference conductance value was used, which was different for each
compound, since it is selected as a conductance value just below the plateau (after the

cloud in the 2D histograms).

Typical conductance value determination:

For extracting the experimental typical conductance value for the molecular junctions of
each compound, a Gaussian distribution has been fitted to the corresponding peaks in the
1D histograms. The main value of the curve is the most probable conductance value, while

the error is given as the half width at half maximum (HWHM) of the Gaussian fit.

Clustering-based analysis:

When a further analysis of the experimental data was needed, an additional unsupervised
k-means clustering subdivision has been used. We have employed an algorithm similar to

those described in literature,® using the 2D histograms of the individual G-z traces
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previously selected as displaying plateaus. During the analysis of each compound, different
numbers of blind subdivisions in the algorithm were explored, obtaining so many final
subdivision as the data required. This technique proved to be especially useful to separate

traces with plateaus of similar conductance and different profiles.

Fabrication of polypyrrole electrodes:

Polypyrrole (PPy) reference electrodes were fabricated for use in the STM-BJ experiments
by the electrochemically induced polymerisation of pyrrole following the procedure
previously reported in literature.* A 0.25 mm diameter Pt wire (Goodfellow, 99.99%) was
used as the working electrode in a three terminal electrochemical cell using a Pt foil counter
electrode and a saturated calomel reference electrode. The solution consisted of 0.01 M
pyrrole and 0.1 M tetrabutylammonium hexaflurophosphate using acetonitrile as the
solvent. The Pt wire was cleaned immediately prior to use by heating in a propane flame.
The polymerisation was carried out by performing cyclic voltammetry, sweeping the
potential of the Pt wire from -0.6 V to 1.1 V vs. SCE over 50 times. After these scans the
potential was held at 0.4 V for a few seconds in order to partially oxidize the film.

This process resulted in black slightly iridescent films.
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3. Synthesis and characterization of compounds of interest

Compounds prepared in Chapter 2.

Synthesis of compound 1:

/
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Scheme E1. (a) (i) Pd(CH3CN)2Cla, PtBus-HBF4, Cul, iPraNH/THF, rt, 16 h. (ii) BusNF, THF, rt, 2 h; (b)
Pd(PPh3)2Cly, Cul, EtsN/THF, rt, 16 h; (c) Pd(CH3CN)2Cl2, PtBus-HBF4, Cul, iPraNH/THF, rt, 16 h.

Trimethylsilyl acetylene (3.86 g, 40 mmol) dissolved in THF (10 mL) was added dropwise to
a carefully degassed solution of Pd(CH3CN),Cl (240 mg, 1 mmol), Cul (180 mg, 1 mmol),
PtBus-HBF4 (460 mg, 2 mmol) and 4-bromothioanisole (4 g, 20 mmol) in iProNH (30 mL).
Afterwards, the reaction was stirred at room temperature under Ar atmosphere during 24

h. The mixture was then diluted with EtOAc, washed with saturated NH4Cl (aq) solution,
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dried over anhydrous Na;SO4 and the solvent was removed under reduced pressure. The
residue was purified by flash chromatography (SiO,, Hexane) to give a yellow oil (4.16 g,
96%). It was disolved (4.16 g, 18.9 mmol) in THF (20 mL) with 4-5 drops of water and BusNF
(8.9 g, 28.3 mmol) was added. The mixture was stirred at room temperature until complete
consumption of the starting material (TLC, 1 h). The solution was then diluted with EtOAc,
washed with brine, dried over anhydrous Na;SQOg, filtered and the solvent was removed
under reduced pressure. The residue was purified by flash column chromatography (SiO5,
Hexane) to give 6 (2.27 g, 82%, global yield = 78%) as a yellow oil. *H NMR (400 MHz, CDCl3)
5 7.40 (d, J = 8.1 Hz, 2H), 7.18 (d, J = 8.1 Hz, 2H), 3.07 (s, 1H), 2.48 (s, 3H). 3C NMR (101
MHz, CDCls) & 140.2 (C), 132.5 (CH), 125.9 (CH), 118.5 (C), 83.6 (C), 77.3 (CH), 15.5 (CHs).
HRMS (El): m/z [M]* calcd for CoHgS: 148.0347; found: 148.0346.

Br{:)%@s/

A solution of 6 (258 mg, 1.75 mmol) in THF (8 mL) was added dropwise to a carefully
degassed solution of Pd(PPhs),Cl, (62 mg, 0.09 mmol), Cul (17 mg, 0.09 mmol) and 5-
bromo-2-iodopyrimidine (500 mg, 1.75 mmol) in EtsN (5 mL). Afterwards, the reaction was
stirred at room temperature under Ar atmosphere for 16 h. The mixture was then diluted
with EtOAc, washed with saturated NHCl (aqg) solution, dried over anhydrous Na»SOsg,
filtered and the solvent was removed under reduced pressure. The residue was purified by
flash column chromatography (SiO,, EtOAc:Hexane, 3:7) to give 7 (360 mg, 68%) as a yellow
solid. *H NMR (400 MHz, CDCls) 6 8.79 (s, 2H), 7.56 (d, J = 8.5 Hz, 2H), 7.22 (d, J = 8.5 Hz,
2H), 2.51 (s, 3H). 13C NMR (101 MHz, CDCl3) 6 158.2 (CH), 151.3 (C), 142.1 (C), 133.0 (CH),
125.7 (CH), 119.0 (C), 117.1 (C), 89.7 (C), 87.6 (C), 15.2 (CH3). HRMS (ESI): m/z [M+H]* calcd
for C13H10N2SBr: 304.9748; found: 304.9748.
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A solution of 6 (618 mg, 4.2 mmol) dissolved in THF (2 mL) was added dropwise during 1 h
to a carefully degassed solution of Pd(PPhs).Cl, (123 mg, 0.17 mmol), Cul (33 mg, 0.17
mmol) and 1-bromo-4-iodobenzene (1 g, 3.5 mmol) in EtsN (8 mL). Afterwards, the reaction
was stirred at room temperature under Ar atmosphere during 2 h. The mixture was then
diluted with EtOAc, washed with saturated NH4Cl (aq) solution, dried over anhydrous
NayS0O, filtered and the solvent was removed under reduced pressure. The residue was
purified by flash column chromatography (SiO2, Hexane) to give 8 (1.14 g, 99%) as a yellow
solid. *H NMR (400 MHz, CDClz) § 7.48 (d, J = 8.6 Hz, 2H), 7.43 (d, J = 8.6 Hz, 2H), 7.37 (d, J
= 8.5 Hz, 2H), 7.21 (d, J = 8.5 Hz, 2H), 2.50 (s, 3H). 3C NMR (101 MHz, CDCl3) & 139.5 (C),
132.8 (CH), 131.7 (CH), 131.4 (CH), 125.7 (CH), 122.2 (C), 122.1 (C), 119.0 (C), 90.2 (C), 88.2
(C), 15.2 (CH3). HRMS (El): m/z [M]* calcd for Ci5H11SBr: 301.9765; found: 301.9772.

Trimethylsilyl acetylene (721 mg, 7.36 mmol) was added dropwise to a carefully degassed
solution of Pd(CH3CN)2Cl; (48 mg, 0.18 mmol), Cul (35 mg, 0.18 mmol), PtBus-HBF4 (107
mg, 0.37 mmol) and 8 (1.11 g, 3.68 mmol) in iProNH (10 mL) and THF (15 mL). Afterwards,
the reaction was stirred at room temperature under Ar atmosphere during 24 h. The
mixture was then diluted with EtOAc, washed with saturated NH4Cl (aq) solution, dried over
anhydrous Na;SOs and the solvent was removed under reduced pressure. The residue was
purified by flash column chromatography (SiO;, Hexane) to give a yellow solid (1.44 g, 99%).
It was dissolved (920 mg, 2.87 mmol) in THF (10 mL) with 4-5 drops of water. BusNF (1.36
g, 4.3 mmol) was added and the mixture was stirred at room temperature until complete
consumption of the starting material (TLC, 1 h). The solution was then diluted with EtOAc,
washed with brine, dried over anhydrous Na;SQs, filtered and the solvent was removed
under reduced pressure. The residue was purified by flash column chromatography (SiO»,
Hexane) to give 9 (536 mg, 75%, global yield = 74%) as a yellow solid. *H NMR (400 MHz,
CDCl3) & 7.46 (s, 4H), 7.43 (d, J = 8.6 Hz, 2H), 7.21 (d, J = 8.6 Hz, 2H), 3.17 (s, 1H), 2.50 (s,
3H). 13C NMR (101 MHz, CDCls) & 139.9 (C), 132.2 (CH), 132.0 (CH), 131.5 (CH), 126.0 (CH),
124.0 (C), 121.9 (C), 119.3 (C), 91.4 (C), 89.1 (C), 83.4 (C), 79.0 (CH), 15.5 (CH3). HRMS (El):
m/z [M]* calcd for C17H12S: 248.0660; found: 248.0666.
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A solution of 9 (293 mg, 1.18 mmol) dissolved in THF (5 mL) was added dropwise to a
carefully degassed solution of Pd(CH3CN)2Clz (31 mg, 0.12 mmol), Cul (23 mg, 0.12 mmol),
PtBus-HBF4 (70 mg, 0.24 mmol) and 7 (360 mg, 1.18 mmol) in iProNH (4 mL). Afterwards,
the reaction was stirred at room temperature under Ar atmosphere during 24 h. The
mixture was then diluted with DCM, washed with saturated NH4Cl (aq) solution, dried over
anhydrous Na)SOg, filtered and the solvent was removed under reduced pressure. The
residue was purified by flash column chromatography (SiO,, EtOAc/Hexane 2:8) and then
DCM to give 1 (10 mg, 2%) as a light green solid. *H NMR (500 MHz, CD,Cly) & 8.84 (s, 2H),
7.56 (d, J = 3.2 Hz, 6H), 7.46 (d, J = 8.4 Hz, 2H), 7.26 (d, J = 8.5 Hz, 2H), 7.24 (d, J = 8.4 Hz,
2H), 2.52 (s, 3H), 2.51 (s, 3H). 23C NMR (126 MHz, CD2Cl2) § 159.5 (CH), 151.4 (C), 142.8 (C),
140.9 (C), 133.3 (CH), 132.4 (CH), 132.3 (CH), 132.1 (CH), 126.3 (CH), 126.1 (CH), 125.0 (C),
122.1(C), 119.4 (C), 118.2 (C), 117.6 (C), 97.6 (C), 92.3 (C), 90.1 (C), 89.3 (C), 87.3 (C), 85.1
(C), 15.6 (CH3), 15.4 (CH3s). HRMS (ESI): m/z [M+H]* calcd for C3oH21N»S2: 473.1146; found:
473.1133.

Synthesis of compound 2:

S \S
l I
Br 6
N)\N N” N

20%

Scheme E.2. (a) Pd(CH3CN)2Clz, PtBus-HBF4, Cul, iPraNH/THF, rt, 16 h.
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A solution of 6 (400 mg, 2.72 mmol), dissolved in THF (5 mL) was added dropwise to a
carefully degassed solution of Pd(CH3CN),Cl, (35 mg, 0.14 mmol), Cul (26 mg, 0.14 mmol),
PtBusz-HBF4 (79 mg, 0.27 mmol) and 2-bromopyrimidine (432 mg, 2.72 mmol) in iProNH (5
mL). Afterwards, the reaction was stirred at room temperature under Ar atmosphere
during 24 h. The mixture was then diluted with EtOAc, washed with NH4Cl (aq) (x2), dried
over anhydrous NaxSOy, filtered and the solvent was removed under reduced pressure. The
residue was purified by flash column chromatography (SiO2, EtOAc/Hexane 1:9) and then
EtOAc to give 2 (120 mg, 20%) as a yellow solid. *H NMR (400 MHz, CD,Cl2) 6 8.72 (d, /= 5.0
Hz, 2H), 7.56 (d, /= 8.5 Hz, 2H), 7.25 (d, /= 8.5 Hz, 2H), 7.23 (t, /= 5.0 Hz, 1H), 2.51 (s, 3H).
13C NMR (101 MHz, CDClp) 6 157.8 (CH), 153.8 (C), 142.4 (C), 133.2 (CH), 126.1 (CH), 120.2
(CH), 117.7 (C), 88.9 (C), 87.6 (C), 15.4 (CH3). HRMS (ESI): m/z [M+H]* calcd for C13H11N,S:
227.0643; found: 227.0641.

Synthesis of compound 3:
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Scheme E.3. (a) Pd(CH3sCN)2Cla, , PtBus-HBF4, Cul, iProNH/THF, rt, 16 h

A solution of 9 (408 mg, 1.64 mmol) dissolved in THF (6 mL) was added dropwise to a
carefully degassed solution of Pd(CH3CN)2Cl; (21 mg, 0.08 mmol), Cul (16 mg, 0.08 mmol),
PtBus-HBF4 (47 mg, 0.16 mmol) and 5-bromopyrimidine (261 mg, 1.64 mmol) in iProNH (5
mL). Afterwards, the reaction was stirred at room temperature under Ar atmosphere

during 24h. The mixture was then diluted with DCM, washed with NH4Cl (aq) (x2), dried
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over anhydrous NaxSOy, filtered and the solvent was removed under reduced pressure. The
residue was purified by flash column chromatography (SiO2, EtOAc/Hexane 1:9) to give 3
(250 mg, 47%) as a yellow solid. 1H NMR (400 MHz, CD,Clz) § 9.12 (s, 1H), 8.86 (s, 2H), 7.55
(d,J=2.0Hz, 4H), 7.46 (d, J = 8.4 Hz, 2H), 7.24 (d, J = 8.4 Hz, 2H), 2.51 (s, 3H). 33C NMR (101
MHz, CD2Cl2) 6 159.2 (CH), 157.4 (CH), 140.9 (C), 132.4 (CH), 132.3 (CH), 132.1 (CH), 126.3
(CH), 124.9 (C), 122.1 (C), 120.2 (C), 119.4 (C), 96.0 (C), 92.2 (C), 89.3 (C), 84.7 (C), 15.6
(CH3). HRMS (ESI): m/z [M+H]* calcd for C21H1sN2S: 327.0956; found: 327.0950.

Synthesis of compound 4:
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Scheme E.4. (a) Pd(PPhs).Cl,, Cul, DBU, H20, acetonitrile, 60 °C, 16 h. (b) Pd(CH3CN)2Clz, PtBus-HBF4, Cul,
iPraNH/THF, rt, 16 h;

10

1-bromo-4-iodobenzene (2 g, 7.1 mmol), Pd(PPhs),Cl; (300 mg, 0.43 mmol), Cul (132 mg,
0.71 mmol) are dissolved in acetonitrile (15 mL). Then, DBU (6.28 g, 43 mmol) and

trimethylsilyl acetylene (340 mg, 3.55 mmol) and 4 drops of water are added to the mixture
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and heat up at 60 °C. Afterwards, the reaction was stirred under Ar atmosphere for 4 hours.
The mixture was then diluted with diethylether, washed with HCl 10%, dried over
anhydrous NaxSOg, filtered and the solvent was removed under reduced pressure. The
residue was purified by flash column chromatography (SiO,, Hexane) to give 10 (692 mg,
58%) as a white solid. 'H NMR (400 MHz, CDClz) & 7.49 (d, J = 8.2 Hz, 4H), 7.38 (d, / = 8.2
Hz, 4H). 13C NMR (101 MHz, CDCls) & 133.1 (CH), 131.8 (CH), 122.9 (C), 122.0 (C), 89.6 (C).
HRMS (El): m/z [M]* calcd for C14HgBr2: 333.8993; found: 333.9006.

\ - -\ ./
S/_\:/_\:\/:\/S

A solution of 6 (700 mg, 4.76 mmol) dissolved in THF (5 mL) was added dropwise to a
carefully degassed solution of Pd(CH3CN),Cl; (31 mg, 0.12 mmol), Cul (23 mg, 0.12 mmol),
PtBusz-HBF4 (70 mg, 0.24 mmol) and 10 (360 mg, 1.18 mmol) in 5 mL of iPr,NH and 5 mL of
THF. Afterwards, the reaction was stirred at room temperature under Ar atmosphere for
16 h. The mixture was then diluted with DCM and washed with NH4Cl (aq) (x2). A grey solid
was obtained and washed with DCM, AcOEt, methanol, acetonitrile, diethylether, toluene,
cyclohexane, chloroform and THF. The washed solid was dispersed in DMF and heated at
reflux during 1 hour. The residue was filtered and washed with DCM to give 4 as a grey
insoluble solid (yield not determined). 'H NMR (400 MHz, CD,Cl,) 6§ 7.52 (d, J = 4.5 Hz, 8H),
7.46 (d,J = 8.2 Hz, 4H), 7.23 (d, J = 8.2 Hz, 4H), 2.51 (s, 6H). HRMS (APCI): m/z [M+H]* calcd
for C3aH23S,: 471.1236; found: 471.1238.
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Synthesis of compound 5:
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Scheme E.5. (a) Pd(PPhs)>Cla, Cul, EtsN/THF, rt, 16 h; (b) Pd(CH3CN)2Cls, PtBus-HBFa, Cul, iPrNH/THF, rt, 16
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A solution of 9 (254 mg, 1.02 mmol) in THF (3 mL) was added dropwise to a carefully
degassed solution of Pd(PPh3),Cl; (35 mg, 0.05 mmol), Cul (19 mg, 0.1 mmol) and 1-bromo-
4-iodo-2,5-dimethoxybenzene (318 mg, 3.5 mmol) in EtsN (4 mL). Afterwards, the reaction
was stirred at room temperature under Ar atmosphere for 16 h. The mixture was then
diluted with EtOAc, washed with saturated NHCl (aqg) solution, dried over anhydrous
Na,SOg, filtered and the solvent was removed under reduced pressure. The residue was
purified by flash column chromatography (SiO,, EtOAc:Hexane 1:9) to give 11 (202 mg,
47%) as a yellow solid. *H NMR (500 MHz, CDCls) & 7.53 (d, J = 8.5 Hz, 2H), 7.49 (d, /= 8.5
Hz, 2H), 7.44 (d, J = 8.5 Hz, 2H), 7.21 (d, J = 8.5 Hz, 2H), 7.12 (s, 1H), 7.03 (s, 1H), 3.88 (s,
6H), 2.50 (s, 3H). 13C NMR (126 MHz, CDCl3) & 154.7 (C), 150.0 (C), 139.8 (C), 132.0 (CH),
131.7 (CH), 131.6 (CH), 126.0 (CH), 123.4 (C), 123.0 (C), 119.4 (C), 116.7 (CH), 116.5 (CH),
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113.0(C), 112.0 (C), 94.1 (C), 91.4 (C), 89.4 (C), 87.1 (C), 57.0 (CH3), 56.8 (CH3), 15.5 (CH3).
HRMS (ESI): m/z [M+H]* calcd for CasH2002SBr: 465.0347; found: 465.0330.

/
O
s )= Q = )=+ )¢
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A solution of 6 (71 mg, 0.48 mmol) dissolved in THF (4 mL) was added dropwise to a
carefully degassed solution of Pd(CHsCN)2Cl; (10 mg, 0.04 mmol), Cul (10 mg, 0.05 mmol),
PtBus-HBF4 (20 mg, 0.07 mmol) and 11 (202 mg, 0.44 mmol) in iProNH (5 mL). Afterwards,
the reaction was stirred at room temperature under Ar atmosphere during 24 h. The
mixture was then diluted with EtOAc, washed with NH4Cl (aq) (x2), dried over anhydrous
NaySOg, filtered and the solvent was removed under reduced pressure. The residue was
purified by flash column chromatography (SiO,, EtOAc:Hexane 2:98) to give 5 (18 mg, 8%)
as a white solid. 'H NMR (500 MHz, CDCl3) & 7.54 (d, J = 8.5 Hz, 2H), 7.51-7.46 (m, 4H), 7.44
(d,J=8.5Hz, 2H), 7.21 (dd, J = 8.5, 2.2 Hz, 4H), 7.03 (s, 2H), 3.91 (s, 3H), 3.91 (s, 3H), 2.51
(s, 6H). 3C NMR (126 MHz, CDCls) 6 154.1 (C), 154.0 (C), 139.8 (C), 139.7 (C), 132.1 (CH),
132.0 (CH), 131.8 (CH), 131.6 (CH), 126.0 (CH), 125.9 (CH), 123.4 (C), 123.1 (C), 119.6 (C),
119.4(C), 115.7 (CH), 113.8 (C), 113.2(C), 95.2 (C),94.9(C), 91.4 (C), 89.4 (C), 87.7 (C), 85.9
(C), 56.6 (CH3), 15.5 (CHs). HRMS (ESI): m/z [M+H]* calcd for CasHa70,S2: 531.1452; found:
531.1442.

Compounds prepared in Chapter 3.

General protocol for Buchwald-Hartwig cross-coupling reactions (GP1).

An oven-dried Schlenk tube was charged with Pd(dba), (0.05 equiv), PtBus-HBF4 (0.1
equiv.), tBuONa (1.5 equiv). The flask was deoxygenated and filled with Ar. Degassed
toluene (0.5 M or 1 M) was added and then, the aniline derivative (1 equiv) and the
iodoarene (1.2 equiv.) were also added sequentially. The stirring mixture was heated at 80
°C for 16 h. The cooled mixture was partitioned between EtOAc and water. The organic
layer was separated and the aqueous layer was extracted with EtOAc (x2). The combined

organic layers were washed with brine (x2), dried over NaSOy, filtered and concentrated
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under reduced pressure. The crude was purified by flash column chromatography to give

the corresponding final products.

General protocol for the synthesis of azaborine derivatives (GP2):
Method A.

An oven-dried flask was charged with the triarylaniline precursor (1 equiv.) and
deoxygenated. Dry and degassed THF (0.45 M) was added and the solution was cooled to
—78 °C. n-Buli (2.5 M in hexane, 2.2 equiv.) was slowly added and the mixture was stirred
for 1 h at =78 °C. Then B(OMe)3 (1.5 equiv.) was added dropwise and the mixture stirred
for 1 h at =78 °C. Then the reaction was removed from the cooling bath and stirred for
further 2 h. This mixture was added dropwise over a Et;O:THF solution of the
corresponding organolithium (2 equiv.) at =70 °C. The reaction was stirred at this
temperature for 30 min, then cooling bath was removed and the mixture stirred for further
30 min. The reaction was passed through a short silica pad using DCM as eluent and solvent
was removed. The crude was purified by column chromatography to give the

corresponding final products.

Note: The organolithium was previously prepared by dissolving the corresponding aryl
halide (2.5 equiv.) in an Et,O:THF solution (3:1, 0.25 M) under Ar and adding n-Buli (2.5 M

in hexane, 2.0 equiv.) dropwise at =70 °C. After 1h the organolithium is generated.
Method B.

The corresponding triarylaniline precursor (1 equiv.) was dissolved in dry Et;0 or a 8:1
mixture of dry Et,O:THF (0.015 M) under Ar and the solution was cooled to —78 °C. n-BulLi
(2.5 M in hexane, 2.1 equiv.) was added dropwise and the mixture stirred for 2 h. Then the
boronic ester (1.1 equiv.) was added dropwise and the mixture stirred for further 3 h at —
78 °C. The cooling bath was removed and the mixture was allowed to reach room
temperature. The reaction was quenched with NH4Cl and the organic layer was separated.
Aqueous layer was extracted with Et;0 and combined organic layers were dried over

NaSQg, filtered and solvent removed under reduced pressure. The crude was dissolved in
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DCM and hexane resulting in a precipitate. The liquid supernatant was removed and the

solid was thoroughly washed with HPLC-grade hexane.

NOTE: The boronic ester was freshly prepared by mixing the corresponding boronic acid
and trimethylorthoformate (2.2 equiv.) under Ar and adding a few drops of trifluoroacetic
acid. After stirring for 1 h the mixture became homogeneous and volatiles were evaporated

under reduced pressure.

Synthesis of compound 12:

SMe
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Scheme E.6. (a) Pd(OAc)2, K2COs3, BusNBr, Toluene : H20 (1:1), 70 °C, 18 h.

A degassed solution of K,COsz (345 mg, 2.5 mmol) in H,O (20 mL) was added to a
deoxygenated mixture of 9,10-dibromoanthracene (167 mg, 0.5 mmol), (4-
(methylthio)phenyl)boronic acid (252 mg, 1.5 mmol), Pd(OAc), (6 mg, 0.05 mmol), and
BusNBr (321 mg, 1.0 mmol) in toluene (1.25 mL). The mixture was heated at 70 °C for 18
h. After cooling, phases were separated and aqueous phase extracted with EtOAc (x 2). The
combined organic phases were dried over Na;S0Oa, filtered and solvent was removed under
reduced pressure. The crude was re-dissolved in DCM and the resulting insoluble powder
was filtered, washed with DCM and collected. Compound 12 was isolated pure as a pale
yellow solid in 58% yield (123 mg, 0.29 mmol) .m.p. > 300 °C. IR Vmax (neat)/cm: 2962,
1494, 1394, 1089, 809, 772, 670, 520. *H NMR (500 MHz, CDCl3) & (ppm) 7.72 (dd, / = 6.8,
3.3 Hz, 4H), 7.49 (d, J = 8.3 Hz, 4H), 7.40 (d, J = 8.2 Hz, 4H), 7.34 (dd, J = 6.9, 3.2 Hz, 4H),
2.63 (s, 6H). 13C NMR (125 MHz, CDCl3) 6 (ppm) 137.8 (C), 136.5 (C), 135.6 (C), 131.8 (C),
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130.0 (CH), 126.9 (CH), 126.4 (CH), 125.1 (CH), 15.8 (CH3). HRMS (ESI) calc'd for CasH22S:
[M]* : 422.1163; found: 422.1166.

Synthesis of precursors 18 and 19:

Firstly, precursors 18 and 19 were prepared by Buchwald-Hartwig amination reaction as

shown in Scheme E.7.

SMe SMe

SMe

Br Br Br
_ > D —
NH; 87%, Ar=Ph Br 78%, Ar=Ph Br
65%, Ar=Naph 56%, Ar=Naph
16, Ar=Ph 18, Ar=Ph
17, Ar=Naph 19, Ar=Naph

Scheme E.7. (a) Dihaloarene, Pd(dba)z, PtBus.HBF4, tBuONa, 80 °C, 16 h..

SMe

HN
b
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Compound 16 was prepared following GP1 from 4-(methylthio)aniline (600 mg, 4.32 mmol)
and 1-bromo-2-iodobenzene (1830 mg, 6.47 mmol) using Pd(dba); (124 mg, 0.22 mmol),
PtBus-HBF4 (125 mg, 0.43 mmol) and tBuONa (622 mg, 6.47 mmol) in 4.4 mL of toluene.
After purification by flash column chromatography (SiO2, Hex: EtOAc, 95:5), compound 16
was obtained as a colourless oil (1110 mg, 87%). IR vmax (neat)/cm™: 3391, 2925, 1586,
1493, 1309, 741. *H NMR (400 MHz, CDCl3) & (ppm) 7.51 (dd, J=7.9, 1.2 Hz, 1H), 7.26 (d, J
= 8.6 Hz, 2H), 7.20-7.12 (m, 2H), 7.08 (d, / = 8.6 Hz, 2H), 6.72 (ddd, J = 8.0, 6.5, 2.3 Hz, 1H),
6.03 (bs, 1H), 2.47 (s, 3H). 3C NMR (100 MHz, CDCl3) 6 (ppm) 141.4 (C), 139.5 (C), 133.0
(CH), 131.5 (C), 129.2 (CH), 128.1 (CH), 121.1 (CH), 120.9 (CH), 115.7 (CH), 112.1 (C), 17.3
(CH3). HRMS (ESI) calc’d for C13H12BrNS [M]* : 292.9874; found: 292.9875.
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SMe
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Compound 17 was prepared following GP1 from 4-(methylthio)aniline (174 mg, 1.25 mmol)
and 2-bromo-3-iodonaphthalene” (500 mg, 1.50 mmol) using Pd(dba); (36 mg, 0.06 mmol),
PtBus-HBF4 (36 mg, 0.12 mmol) and tBuONa (180 mg, 1.88 mmol) in 2.5 mL of toluene.
After purification by flash column chromatography (SiO2, Hex: EtOAc, 95:5), compound 17
was obtained as a greenish solid (279 mg, 65%). m.p.: 94-96 °C. IR vmax (neat)/cm: 3395,
2961, 1260, 1092, 1018, 799. *H NMR (500 MHz, CDCl3) & (ppm) 8.07 (s, 1H), 7.65 (dd, J =
8.3, 1.1 Hz, 1H), 7.56 (dd, J = 8.2, 1.1 Hz, 1H), 7.48 (s, 1H), 7.39 (ddd, J = 8.2, 6.8, 1.2 Hz,
1H), 7.32 (d, /= 8.6 Hz, 2H), 7.29 (ddd, /=8.1, 6.7, 1.2 Hz, 1H), 7.22 (d, / = 8.6 Hz, 2H), 6.19
(s, 1H), 2.52 (s, 3H). 3C NMR (125 MHz, CDCls) § (ppm) 139.4 (C), 138.9 (C), 133.5 (C), 131.9
(CH), 129.2 (CH), 129.1 (C), 126.8 (CH), 126.7 (CH), 126.3 (CH), 123.9 (CH), 121.5 (CH), 114.2
(C), 109.8 (CH), 17.2 (CHs). HRMS (ESI) calc’'d for C17H1aNSBr [M]* : 343.0030; found:
343.0033.
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Compound 18 was prepared following GP1 from 16 (1100 mg, 3.77 mmol) and 1-bromo-2-
iodobenzene (1279 mg, 4.52 mmol) using Pd(dba), (108 mg, 0.19 mmol), PtBuz-HBF4 (109
mg, 0.38 mmol) and tBuONa (543 mg, 5.65 mmol) in 3.8 mL of toluene. After purification
by flash column chromatography (SiO,, Hexane:EtOAc, 95:5) followed by re-crystallization
(DCM/Hexane), compound 17 was obtained as colourless needles (1315 mg, 78%). m.p.:

108-109 °C. IR Vmax (neat)/cm™: 3020, 2970, 1739, 1465, 1366, 1219, 755, 543, 510. *H NMR
(400 MHz, CDCls) & (ppm) 7.61 (dd, /= 8.0, 1.5 Hz, 2H), 7.25 (ddd, / = 8.0, 7.3, 1.5 Hz, 2H),
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7.15(d,J=8.7 Hz, 2H), 7.11 (dd, J = 8.0, 1.6 Hz, 2H), 7.04 (ddd, J = 8.0, 7.3, 1.6 Hz, 2H), 6.65
(d,J=8.7 Hz, 2H), 2.45 (s, 3H). 13C NMR (100 MHz, CDCls) & (ppm) 145.4 (C), 145.3 (C), 134.6
(CH), 130.2 (C), 129.3 (CH), 128.6 (CH), 128.4 (CH), 126.5 (CH), 122.0 (C), 121.5 (CH), 17.1
(CHs). HRMS (ESI) calc’d for CigH1sNSBr [M]* : 446.9292; found: 446.9286.

SMe

Br

SO0

19

Compound 19 was prepared following GP1 from 17 (311 mg, 0.90 mmol) and 2-bromo-3-
iodonaphthalene (362 g, 1.09 mmol) using Pd(dba), (26 mg, 0.04 mmol), PtBus-HBF4 (26
mg, 0.08 mmol) and tBuONa (130 mg, 1.36 mmol) in 1.8 mL of toluene. After purification
by column chromatography (SiO;, Hexane:EtOAc, 95:5) followed by re-crystallization
(DCM/Hexane), compound 19 was obtained as a yellow-green solid (280 mg, 56%). m.p.:
179-180 °C. IR vmax (neat)/cm™: 2970, 1581, 1487, 1448, 1365, 1229, 1216, 749. 'H NMR
(500 MHz, CDCls) & (ppm) 8.17 (s, 2H), 7.81=7.72 (m, 2H), 7.68=7.61 (m, 2H), 7.54 (s, 2H),
7.50-7.45 (m, 4H), 7.20 (d, J = 8.8 Hz, 2H), 6.78 (d, J = 8.7 Hz, 2H), 2.48 (s, 3H). 13C NMR
(125 MHz, CDCls) 6 (ppm) 146.0 (C), 143.6 (C), 133.6 (CH), 133.1 (C), 132.1 (C), 128.3 (CH),
127.2 (CH), 126.7 (CH), 126.3 (CH), 122.5 (CH), 121.1 (C), 16.9 (CH3). HRMS (ESI) calc’d for
Ca7H20NSBr2 [M+H]* : 547.9683; found: 547.9659.
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Synthesis of compounds 13, 14 and 15:

Two different methods were developed for the synthesis of azaborines 13-15 (Scheme E.8).
Method A was successful for the preparation of 13 and 15, but it failed for the synthesis of

14. Method B was employed for the synthesis of 14 and it is also suitable for preparing 13.

SMe

Br
18, Ar=Ph Method B

19, Ar=Naph R’

45/47%,13, R" = SMe, Ar=Ph
30%, 14, R'= SMe, Ar=Naph
48%, 15, R'= Me, Ar=Ph

Scheme E.8. Method A: (i) n-Buli, (ii) B(OMe)s, (iii) lithiated arene; Method B: (i) n-Buli, (ii) dimethyl (4-
(methylthio)phenyl)boronate.

L0

SMe
13

Compound 13 was prepared following GP2-Method A from 18 (200 mg, 0.45 mmol) using
n-Buli (0.39 mL, 0.98 mmol), B(OMe)s (0.08 mL, 0.67 mmol) in THF (1.5 mL) and (4-
(methylthio)phenyl)lithium (0.89 mmol) in 3.7 mL of a 3:1 mixture Et;O:THF. After
purification by column chromatography (SiO,, Hex: DCM, 8:2) followed by precipitation in

HPLC-grade hexane, compound 13 was obtained as a white solid (85 mg, 45 %).

Alternatively, compound 13 was also prepared following GP1-Method B from 18 (150 mg,
0.33  mmol) using n-Buli (028 mL, 0.70 mmol) and dimethyl (4-
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(methylthio)phenyl)boronate (72 mg, 0.37 mmol) in Et,0 (23 ml). After purification,
compound 13 was obtained as a white solid (66 mg, 47%). m.p.: 221-222 °C. IR Vmax
(neat)/cm™: 1561, 1598, 1439, 1345, 1247, 1115, 1089, 804, 759, 619, 521. *H NMR (500
MHz, CD2Cl2) & (ppm) 8.16 (dd, J =7.7, 1.8 Hz, 2H), 7.69 (d, J = 8.2 Hz, 2H), 7.62 (d, J = 8.5
Hz, 2H), 7.57 (ddd, J = 8.7, 6.9, 1.8 Hz, 2H), 7.49 (d, J = 8.1 Hz, 2H), 7.33 (d, J = 8.4 Hz, 2H),
7.22 (ddd, J=7.7,6.8, 1.0 Hz, 2H), 6.96 (d, J = 8.7 Hz, 2H), 2.67 (s, 3H), 2.63 (s, 3H). 13C NMR
(125 MHz, CD2Cly) & (ppm) 147.2 (C), 140.2 (C), 138.3 (C), 137.8 (C), 137.0 (CH), 134.2 (CH),
132.6 (CH), 130.5 (CH), 128.2 (CH), 125.4 (CH), 119.7 (CH), 117.0 (CH), 15.4 (CH3). *B NMR
(128 MHz, CD2Clp) 6 50.4. HRMS (APCI) calc’d for CasH23BNS2 [M+H]*: 424.1359; found:
424.1362.

SMe

S9use

s

SMe
14

Compound 14 was prepared following GP2-Method B from 19 (70 mg, 0.12 mmol) using n-
BuLi (0.10 mL, 0.25 mmol) and dimethyl (4-(methylthio)phenyl)boronate (26 mg, 0.13
mmol) in a 8:1 mixture Et,O:THF (9 mL). After purification, compound 14 was obtained as
a bright red solid (20 mg, 30%). m.p. > 300 °C. IR vmax (neat)/cm™: 2920, 1622, 1585, 1488,
1279, 1094, 809, 746. *H NMR (500 MHz, CDCl3) 6 (ppm) 8.75 (s, 2H), 7.94 (d, J = 8.2 Hz,
2H), 7.83 (d, J=7.9 Hz, 2H), 7.69 (d, J = 8.4 Hz, 2H), 7.68 (d, / = 8.4 Hz, 2H), 7.58 (d, /= 7.9
Hz, 2H), 7.48 (td, J = 7.8, 0.8 Hz, 2H), 7.45 (d, J = 8.4 Hz, 2H), 7.34 (td, J = 7.8, 0.8 Hz, 2H),
7.11 (s, 2H), 2.73 (s, 3H), 2.70 (s, 3H). 13C NMR (125 MHz, CD2Cl2) 6 (ppm) 140.3 (CH), 129.0
(CH), 134.1 (CH), 128.7 (CH), 127.1 (CH), 125.6 (CH), 128.1 (CH), 130.9 (CH), 123.1 (CH),
111.2 (CH), 15.1 (CHs). Carbons were assigned from the HSQC (quaternary carbons are not
shown). HRMS (ESI) calc’d for C3aH26BNS; [M]* : 523.1600; found: 523.1606.
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QL0

15
Compound 15 was prepared following GP2-Method A from 18 (250 mg, 0.56 mmol) using
n-Buli (0.49 mL, 1.22 mL mmol), B(OMe)s (0.09 mL, 0.83 mmol) in THF (2 mL) and (4-
(methyl)phenyl)lithium (1.11 mmol) in 4 mL of a 3:1 mixture Et,O:THF. After purification by
column chromatography (SiO,, Hexane:DCM, 8:2) followed by precipitation in HPLC-grade
hexane, compound 15 was obtained as a white solid (105 mg, 48%).m.p.: 231-233 °C. IR
Vmax (neat)/cm™: 1563, 1598, 1440, 1346, 1250, 803, 758, 621, 523. H NMR (500 MHz,
CDCl3) 6 8.22 (dd, /=7.7, 1.7 Hz, 1H), 7.67 (d, J = 7.9 Hz, 1H), 7.59 (d, / = 8.5 Hz, 1H), 7.54
(ddd, /=8.7,6.9, 1.8 Hz, 1H), 7.41 (d, /= 7.5 Hz, 1H), 7.32 (d, J = 8.4 Hz, 1H), 7.20 (ddd, J =
7.8, 6.8, 0.8 Hz, 1H), 6.92 (d, J = 8.7 Hz, 1H), 2.66, (s, 3H), 2.53 (s, 3H). 13C NMR (125 MHz,
CDCl3) 6 147.2 (C), 140.0 (C), 138.5 (C), 137.4 (CH), 137.0 (C), 133.8 (CH), 132.6 (CH), 130.6
(CH), 128.3 (CH), 128.2 (CH), 119.7 (CH), 116.9 (CH), 21.6 (CH3), 15.6 (CH3). 1B NMR (128
MHz, CDCls) 6 51.4 (bs). HRMS (ESI) calc’d for C26H22BNS [M]*: 391.1566; found: 391.1579.
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Compounds prepared in Chapter 4.

Synthesis of compound 23:

SMe SMe SMe

. O O

; f f
Br OH Br Br O Br || (0]

o — ¢
B a 20 b 21 ¢ 22

83% 75% 70%

SMe SMe H o

I I . Mes O O O SMe
Q d

SO, ) O
22 23

Scheme E.9. (a) iPrMgCI-LiCl, THF, =78 °Cto rt, 16 h; (b) DMP, CH2Cly, rt, 16 h; (c) 6, PdCl2(CH3CN)2, Cul,
PtBus-HBF4, THF, iProNH, rt, 16 h; (d) Co2(CO)s, dioxane, 100 °C, 16 h.

Br OH Br

Procedure modified from literature.® To a stirring solution of 2-bromo-iodobenzene (3.67
mL, 29.27 mmol) in THF (80 mL) placed into an acetone bath at -15 °C was added
iPrMgCI-LiCl (1.3 M in THF, 25 mL, 32.5 mmol) and stirred for 30 min at =15 °C. The reaction
was cooled to =78 °C and 2-bromobenzaldehyde (4.17 mL, 36 mmol) was added dropwise.
The cold bath was kept and the reaction was allowed to slowly warm up to room
temperature for 16 h. The reaction mixture was quenched with HClI 2M (2 mL), diluted with
water (100 mL) and extracted twice with DCM (2 x 100mL). The combined organic phases

were dried with anhydrous Na>SOyg, filtered and concentrated under reduced pressure. The
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crude material was purified by flash column chromatography (SiO,, Hexane:DCM, 4:1)
affording compound 20 (8.31 g, 83%) as a colorless oil. *H NMR (300 MHz, CDCls): 6 = 7.58
(d, J/=7.9 Hz, 2H), 7.37—7.24 (m, 4H), 7.22=7.13 (m, 2H), 6.38 (d, J=3.8 Hz, 1H), 2.82 (d, J=4.0

Hz, 1H). Spectroscopic data are in accordance with those reported in literature.®

Compound 20 (4.20 g, 12.28 mmol) was dissolved in DCM (50 mL) and placed into an ice-
water bath, then Dess-Martin periodinane (6.76 g, 15.93 mmol) was added slowly under
vigorous stirring. The reaction mixture was allowed to warm to room temperature and
stirred for 16 h. The reaction mixture was diluted with DCM (50 mL) and washed twice with
Na»S;03 and NaHCOs (2 x 100 mL). The organic layer was dried over anhydrous Na;SOg,
filtered and the solvent removed under reduced pressure. The crude was purified by flash
column chromatography (SiO2, Hexane:DCM, 4:1) giving rise to compound 21 (3.13 g, 75%)
as a white solid. *H NMR (300 MHz, CDCls): & = 7.69-7.59 (m, 2H), 7.49-7.42 (m, 2H), 7.42—

7.30 (m, 4H). Spectroscopic data are in accordance with those reported in literature.’

In a oven-dried round-bottom flask, compound 21 (540 mg, 1.58 mmol), PdCl,(CHsCN), (60
mg, 0.24 mmol), Cul (45 mg, 0.24 mmol) and PtBus-HBF4 (140 mg, 0.47 mmol) were placed
and purged with Ar. The solids were suspended in THF (4 mL), iProNH (10 mL) was added
and the suspension bubbled with Ar. A solution of 6 (0.63 mL, 4.28 mmol) in THF (2 mL)
was added dropwise and the reaction mixture was stirred at room temperature for 3h. The

solvent was removed under reduced pressure, diluted with DCM (100 mL) and washed with
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saturated NH4Cl (aqg) solution (x2). The organic layer was dried over anhydrous Na;SOg,
filtered and the crude purified by flash column chromatography (SiO,, Hexane:EtOAc 49:1)
affording 22 (520 mg, 70%) as a yellow oil. tH NMR (300 MHz, CDCl3): 6 7.72 (dd, /= 7.4, 1.7
Hz, 4H), 7.61 (dd, /= 7.4, 1.6 Hz, 4H), 7.53-7.38 (m, 4H), 7.16—7.08 (m, 4H), 2.49 (s, 6H).

(0]
gty

23

In an ovendried round-bottom flask, compound 22 (100 mg, 0.2 mmol) and Co2(CO)s (95
mg, 0.27 mmol) were dissolved in dry dioxane (8 mL) under Ar atmosphere. The mixture
was heated at 100 °C and stirred for 30min. Then, diphenylacetylene (56 mg, 0.31 mmol)
was added during 30 min and finally the mixture was heated at 100 °C for 16 h. The solvent
was removed under reduced pressure and the crude material purified by flash column
chromatography (SiO;, Hexane:DCM, 6:4) affording a brown solid. The solid was
precipitated in HPLC-grade hexane (8 mL) obtaining 23 (85 mg, 56%) as a white solid. 'H
NMR (300 MHz, CDCl3): § 7.40 (d, J = 7.6 Hz, 2H), 7.32 (d, J = 7.8 Hz, 2H), 7.11 (t, J = 7.5 Hz,
2H), 7.05-6.94 (m, 6H), 6.90-6.77 (m, 6H), 6.69 (dd, J=9.9, 7.1 Hz, 4H), 6.41-6.34 (m, 4H),
2.31 (s, 6H).
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Synthesis of compound 26:

SMe SMe
o
(0]
Ny U O )
| Q)

25

Scheme 10. (a) PdClx(PPhs),, Cul, EtsN, THF, rt, 16 h; (b) Co2(CO)s, toluene, 110 °C, 16 h

2

25

Into a properly degassed and oven-dried round-bottom flask, PdClz(PPhs), (40 mg, 0.06
mmol) and Cul (40 mg, 0.20 mmol) were placed and purged with Ar. The solids were
suspended in a 1:2 mixture of THF and EtsN (9 mL) and bubbled with Ar. 4-tert-
butyliodobenzene (0.7 mL, 3.95 mmol) was added to the reaction mixture and then 4-tert-
butylphenylacetylene (0.9 mL, 7.55 mmol) was added dropwise. The reaction mixture was
stirred at room temperature for 16 h. The mixture was diluted with DCM (100 mL) and
washed with saturated NH4Cl (aqg) solution (x2). The organic layer was separated and dried
over anhydrous Na;SOs, filtered and the solvent removed under reduced pressure. The
crude was purified by flash column chromatography (SiO,, Hexane) giving rise to 25 (1.08
g, 94%) as a white solid. *H NMR (300 MHz, CDCl3): 6 = 7.48 (d, J = 8.1 Hz, 4H), 7.38 (d, J =
8.2 Hz, 4H), 1.34 (s, 18H). 3C NMR (125 MHz, CDCls): 6 = 152.0 (C), 131.8 (CH), 125.9 (CH),
120.9 (C), 89.4 (C), 35.2 (C), 31.5 (CH3).
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In an oven-dried round-bottom flask, compound 22 (140 mg, 0.3 mmol) and Co2(CO)s (100
mg, 0.3 mmol) were dissolved in dry toluene (8 mL) under Ar atmosphere. The mixture was
heated at 110 °C and stirred for 30 min. Then, a solution of 25 (128 mg, 0.45 mmol) in
degassed dry toluene (4 mL) was added during 30 min and finally the mixture was heated
at 110 °C for 16 h. The solvent was removed under reduced pressure and the crude
material purified by flash column chromatography (SiO;, Hexane:DCM, 6:4) affording a
brown solid. The solid was precipitated in HPLC-grade hexane (8 mL) obtaining 26 (150 mg,
65%) as a white solid. *H NMR (300 MHz, CDCl3): 6 7.43 (d, J = 7.6 Hz, 2H), 7.22 (d, / = 8.2
Hz, 2H), 7.17-6.99 (m, 10H), 6.93-6.84 (m, 4H), 6.75-6.67 (m, 2H), 6.41 (d, J = 8.3 Hz, 2H),
6.26 (d, /=8.1 Hz, 2H), 2.33 (s, 6H), 1.10 (s, 18H).

Synthesis of compound 32:

Br Br
. O 0D
T™MS TMS
o o e | - [
T =200 — OO0
_ = —_—
21 a 28 b 29

90% 67%

Br Br 0 0
) [ ()
I, — e O ——= )
(o] c d
SALEE () O DES
29
30 32

Scheme 11. (a) PdCl2(CHsCN)2, Cul, PtBus-HBFa4, iProNH/THF, rt, 16 h; (b) PdCl2(PPhs),, Cul, EtsN, DBU, THF,
H20, 70 °C, 16 h; (c) Co2(CO)s, toluene, 110 °C, 16 h; (d) (i) tbutyl carbamate, Pd(dba),, PtBus-HBF4, tBuONa,
toluene, 115 °C, 16 h; (ii) TFA, CH2Cl, 30 min.
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In a oven-dried round-bottom flask, compound 21 (500 mg, 1.47 mmol), PdCl,(CH3CN), (57
mg, 0.22 mmol), Cul (42 mg, 0.22 mmol) and PtBus-HBF4 (127 mg, 0.44 mmol) were placed
and purged with Ar. The solids were suspended in THF (4 mL), iProNH (10 mL) was added
and the suspension bubbled with Ar. Trimethylsilylacetylene (0.61 mL, 4.41 mmol) was
added dropwise and the reaction mixture was stirred at room temperature for 3h. The
solvent was removed under reduced pressure, diluted with DCM (100 mL) and washed with
saturated NHaCl (aq) solution (x2). The organic layer was dried over anhydrous NaSOsg,
filtered and the solvent removed under reduced pressure. The crude was purified by flash
column chromatography (SiO2, Hexane:EtOAc 49:1) affording 28 (497 mg, 90%) as a yellow
oil. IR vmax (neat)/cm*: 3069, 2964, 2155, 1667, 840 cm™*.H NMR (500 MHz, CDCl3): § = 7.56
(dd, J=7.6 Hz, 1.4, 2H), 7.51 (dd, J=7.6 Hz, 1.4, 2H), 7.43 (td, J=7.5 Hz, 1.6, 2H), 7.37 (td,
J=7.5 Hz, 1.6, 2H), 0.04 (s, 18H). 13C NMR (126 MHz, CDCl3): 6 = 196.9 (C), 141.9 (C), 133.9
(CH), 131.0 (CH), 129.9 (CH), 128.4(CH) , 122.7 (C), 102.5 (C), 100.9 (C), -0.1 (CHs). HRMS
(ESI): m/z calc. for Ca3H270Si, [M+H]*: 375.1600; found: 375.1604.

28, 1-bromo-4-iodobenzene (2.51 g, 8.86 mmol), PdCl,(PPhs); (141 mg, 0.20 mmol) and
Cul (77mg, 0.40 mmol) were placed in a round-bottom flask and purged with Ar. Then, THF
(32 mL), DBU (10 mL), EtsN (5mL) and H,0 (3 mL) were added, and the mixture was heated
at 70 °C under Ar atmosphere for 16 h. The mixture was diluted with EtOAc (120 mL) and

washed with saturated NH4Cl (aq) solution (x2) and brine, the organic layer was separated,
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dried over anhydrous Na;SO4and the solvent removed under reduced pressure. The crude
was purified by flash column chromatography (SiO,, Hexane:EtOAc 19:1) affording 29 (1.46
g, 67%) as an orange foam. IR Vmax (neat)/cm™: 3060, 2960, 2213, 1489, 822 cm™. 1H NMR
(500 MHz, CDCls): 6 =7.72 (d, J = 7.1 Hz, 2H), 7.62 (d, J = 7.1 Hz, 2H), 7.56-7.44 (m, 4H),
7.41 (d, J = 8.0 Hz, 4H), 7.09 (d, J = 8.0 Hz, 4H). *3C NMR (126 MHz, CDCl5): 6 = 196.7 (C),
141.1 (C), 133.3 (CH), 133. (CH), 131.4 (CH), 131.3 (CH), 130.1 (CH), 128.6 (CH), 122.8 (C),
122.4 (C), 121.7 (C), 94.3 (C), 88.7 (C). HR-MS (ESI): m/z calc. for CyoH170Br;
[M+H]*:538.9646; found: 538.9641;

O
30

Compound 29 (375 mg, 0.70 mmol) and Co2(CO)s (308 mg, 0.90 mmol) were dissolved in
dry toluene (7 mL) under Ar atmosphere. The mixture was heated at 110 °C and stirred for
30 min. Then, a solution of 25 (305 mg, 1.05 mmol) in degassed dry toluene (4 mL) was
added during 30 min and finally the mixture was heated at 110 °C for 16 h. The solvent was
removed under reduced pressure and the crude material purified by flash column
chromatography (SiO,, Hexane:DCM, 13:7) affording a brown solid. The solid was
precipitated in hexane (5mL) obtaining 30 (325 mg, 56%) as a white solid. IR vmax (neat)/cm"
1:3028, 2961, 1738, 758 cm™. 1H NMR (500 MHz, CDCl3): 6 = 7.44 (d, J = 7.6 Hz, 2H), 7.2—
7.1 (m, 4H), 7.06 (d, J = 7.9 Hz, 2H), 7.01 (dd, J = 8.4 Hz, 2.1, 4H), 6.98-6.83 (m, 6H), 6.71
(d,J = 8.1 Hz, 2H), 6.36 (d, J = 8.4 Hz, 2H), 6.24 (d, J = 8.1 Hz, 2H), 1.11 (s, 18H). 13C NMR
(126 MHz, CDCl3): § = 200.1 (C), 148.4 (C), 146.0 (C), 143.3 (C), 140.4 (C), 139.8 (C), 136.6
(C), 135.2 (C), 134.5 (C), 134.1 (CH), 133.1 (CH), 132.2 (CH), 131.2 (CH), 130.3 (CH), 129.7
(CH), 129.6 (CH), 128.9 (CH), 127.4 (CH), 124.4 (CH), 123.9 (CH), 122.8 (CH), 119.7 (C), 34.1
(C), 31.1 (CHs). HRMS (ESI): m/z calc. for Cs1Ha3Br,O [M+H]*: 851.1500; found: 851.1521.

338



EXPERIMENTAL SECTION

(0]
anates
32

An oven-dried Schlenk tube was charged with Pd(dba), (40 mg, 0.07 mmol), PtBus-HBF4 (25
mg, 0.12 mmol), NaOtBu (87 mg, 0.1 mmol), 30 (250 mg, 0.3 mmol) and tbutyl carbamate
(106 mg, 0.9 mmol). The flask was deoxygenated and filled with Ar. Degassed toluene (10
mL) was added and then, the mixture was heated at 115 °C and stirred for 16 h. The cooled
mixture was partitioned between EtOAc and water. The organic layer was separated and
the aqueous layer was extracted with EtOAc (x2). The combined organic layers were
washed with brine (x2), dried over Na;SOg, filtered and concentrated under reduced
pressure. The crude was purified by flash column chromatography (SiO,, Hexane:DCM,
6:4). Then it was dissolved in DCM (2mL) and the mixture deoxygenated. TFA (1 mL) was
then added dropwise to the stirring mixture. The reaction was followed by TLC until the
consumption of the starting material (30 min). The solvent was removed under reduced
pressure and the residue was precipitated in HPLC-grade hexane, obtaining 32 (80 mg,
38%) as a white solid. *H NMR (400 MHz, THF-dg) § 7.28 (d, J = 7.6 Hz, 4H), 7.22 (d, /= 8.0
Hz, 2H), 7.07-6.98 (m, 6H), 6.89 (d, J = 7.7 Hz, 2H), 6.83 (t, J = 7.6 Hz, 2H), 6.67 (d, / = 6.6
Hz, 2H), 6.29 (d, J = 7.0 Hz, 4H), 6.18-6.09 (m, 2H), 4.7—4.6 (s, 4H) 1.08 (s, 18H).

Synthesis of compound 33

Scheme 12. (a) DDQ, CF3SO3H, CH2Cl, 0 °C, 10 min; (b) (i) tbutyl carbamate, Pd(dba)2, PtBuz-HBF4 tBuONa,
toluene, 115 °C, 16 h; (ii) TFA, CH2Cl,, 30 min.
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In a round bottom flask, compound 30 (115 mg, 0.14 mmol) and DDQ (173 mg, 0.76 mmol)
were dissolved in dry DCM (5 mL) under Ar atmosphere. The mixture was cooled down to
0°C, then trifluoromethanesulfonic acid (0.25 mL) was added and the mixture stirred at O
°C for 10 min. The mixture was then diluted with DCM (10 mL) and silica gel was added.
The solvent was removed under reduced pressure and the crude material purified by flash
column chromatography (SiO2, DCM:Hexane, 6:4) affording 31 (59 mg, 52%) as a yellow
solid. IR Vmax (neat)/cm™: 3064, 2957, 1681, 1364, 759 cm™. *H NMR (400 MHz, CDCls): 6 =
9.06 (s, 2H), 8.47 (d, J = 8.0 Hz, 2H), 8.36 (s, 2H), 7.99 (t, J=7.7 Hz, 2H), 7.85— 7.67 (m, 6H),
1.91 (s, 18H). 3C NMR (101 MHz, CDCls): 6 = 202.0 (C), 149.9 (C), 141.7 (C), 130.8 (C), 129.4
(C), 129.0 (C), 128.9 (C), 128.3 (C), 127.4 (CH), 126.7 (CH), 125.0 (CH), 124.3 (CH), 122.8
(C), 122.4 (CH), 122.2 (C), 121.7 (C), 121.5 (C), 121.2 (C), 120.1 (C), 119.0 (CH), 118.9 (CH),
36.0 (C), 32.2 (CH3). HRMS (ESI): m/z calc. For Cs1H3,Br,ONa [M+Na]*: 843.0697; found:
843.0708.

An oven-dried Schlenk tube was charged with Pd(dba); (70 mg, 0.12 mmol), PtBus-HBF4 (36
mg, 0.18 mmol), NaOtBu (115 mg, 1.2 mmol), 31 (190 mg, 0.23 mmol) and tbutyl
carbamate (140 mg, 1.2 mmol). The flask was deoxygenated and filled with Ar. Degassed
toluene (15 mL) was added and then, the mixture was heated at 115 °C and stirred for 16

h. The cooled mixture was partitioned between EtOAc and water. The organic layer was
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separated and the aqueous layer was extracted with EtOAc (x2). The combined organic
layers were washed with brine (x2), dried over Na,SOs, filtered and concentrated under
reduced pressure. The crude was purified by flash column chromatography (SiO,
DCM:Hexane, 7:3). Then it was dissolved in DCM (4 mL) and the mixture deoxygenated.
TFA (1 mL) was then added dropwise to the stirring mixture. The reaction was followed by
TLC until the consumption of the starting material (30 min). The solvent was removed
under reduced pressure and the residue was precipitated in HPLC-grade Hexane, obtaining
20 mg of a white solid. This solid resulted highly sensitive to the presence of oxygen, being

impossible to carry out a proper confirmation of the structure by NMR.

Synthesis of compound 34:

Scheme 13. (a) 4-pyridine-boronic acid, K2COs, Pd(PPhs)s, toluene, H20, 100 °C, 16 h.

A round-bottom flask was charged with compound 31 (80 mg, 0.098 mmol), K,COs3 (135
mg, 0.98 mmol), 4-pyridine-boronic acid (60 mg, 0.49 mmol) and Pd(PPhs)s (45 mg, 0.04
mmol). The flask was sealed and purged with Ar. Anhydrous toluene (10 mL) was added
and the solution bubbled with Ar for 10 minutes. Then H,0 (3 mL) was added and the flask
heated at 100 °C for 16 h. The solution was allowed to reach room temperature and diluted
with DCM. The organic phase was washed with brine, dried over anhydrous Na;SOg, filtered
and the solvent was removed under reduced pressure. The residue was purified by flash
chromatography (SiO, Hexane:DCM, 6:4), to give compound 34 (10 mg, 12%). *H NMR (500
MHz, CDCl3) § 9.18 (s, 2H), 8.89 (s, 2H), 8.81 (s, 2H), 8.76-8.66 (m, 6H), 8.61 (s, 2H), 7.70
(s, 8H), 1.77 (s, 18H). Aromatic signals are not well-resolved. *3C NMR (126 MHz, CDCls) 6
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216.1 (C), 150.5 (CH), 142.2 (C), 137.5 (C), 137.1 (C), 136.9 (C), 136.5 (C), 131.1 (C), 130.6
(C), 130.0 (C), 129.7 (C), 129.3 (C), 127.7 (CH), 127.4 (C), 126.7 (CH), 125.3 (C), 124.8 (C),
124.6 (CH), 122.8 (C), 122.2 (CH), 121.6 (CH), 121.1 (C), 119.8 (CH), 119.4 (CH), 119.1 (CH),
35.9 (C), 32.1 (CH3). HRMS (ESI) calc’d for Ce1HaoN20 [M]* : 817.3200; found: 817.3204.

Synthesis of compound 35:

SMe

Scheme 14. (a) Pd(CH3CN)Cly, PtBus-HBF4, Cul, iPraNH, THF, 70 °C, 16 h.

An oven-dried round-bottom flask was charged with 31 (110 mg, 0.135 mmol),
Pd(CH3CN),Cl> (18 mg, 0.069 mmol), Cul (15 mg, 0.078 mmol) and PtBusz-HBF4 (20 mg, 0.068
mmol). The flask was sealed and purged with Ar. Freshly distilled THF (2 mL) and iPrNH (6
mL) were added and bubbled with Ar for 10 min. The reaction mixture was heated to 60°C
and a solution of 6 (99 mg, 0.669 mmol) in freshly distilled THF (1 mL) was then added
dropwise. The reaction mixture was stirred at 70 °C for 16 h. The mixture was then cooled
to room temperature, diluted with DCM and washed with saturated NH4Cl (aq) solution
(x2). The organic layer was separated, dried over anhydrous Na;SOs and filtered. The
solvent was removed under reduced pressure. The crude was purified by flash column
chromatography (SiO2, Hexane:DCM, 7:3), to give compound 35 (70 mg, 55%).*H NMR (500
MHz, CDCls) 6 9.02 (s, 2H), 8.74 (d, J = 8.1 Hz, 2H), 8.47 (s, 2H), 8.05 (t, /= 7.6 Hz, 2H), 7.99
(s, 2H), 7.93 (s, 2H), 7.82 (d, J = 8.5 Hz, 4H), 7.79 (d, J = 7.4 Hz, 2H), 7.45 (d, J = 8.8 Hz, 4H),
2.64(s, 6H), 1.91(s, 18H). 3C NMR (126 MHz, CDCls) & 202.40 (C), 149.49 (C), 141.85 (C),
140.04 (C), 132.06 (CH), 129.06 (C), 128.86 (C), 128.73 (C), 127.23 (CH), 126.25 (C), 124.76
(CH), 124.67 (CH), 121.53 (C), 121.46 (C), 121.15 (C), 119.64 (C), 118.75 (CH), 90.91 (C),
35.86 (C), 32.22 (CH3), 15.48 (CHs). HRMS (ESI) calc’d for CesHasONaS; [M+Na]*:977.2906;
found: 977.2888.
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Synthesis of compound 36

Scheme 15. (a) (i) PACl2(CH3CN)s, Cul, PtBus-HBFa, THF, iPraNH, rt, 16 h; (i) TBAF, THF, 2 h.

An oven-dried round-bottom flask was charged with compound 31 (50 mg, 0.061 mmol),
Pd(CH3CN),Cl> (2 mg, 0.092 mmol), Cul (2 mg, 0,011 mmol) and PtBus-HBF4 (5 mg, mmol).
The flask was sealed and purged. Freshly distilled THF (2mL) and iPr,NH (6mL) were added
to the flask. The solution was bubbled with Ar. Trimethylsilylacetilene (TMSA) (90 mg, 0.996
mmol) was added dropwise over the reaction mixture for 30 min. The solution was stirred
at room temperature for 16 h. Then, it was diluted with DCM and washed with saturated
NH4Cl (aqg) solution (x2). The organic layer was separated, dried over anhydrous Na;SOg,
filtered and the solvent removed under reduced pressure. The crude was purified by flash
column chromatography (SiO2, Hex:DCM, 2:8). The purified product was diluted in THF (20
ml) with 4-5 drops of water, and tetrabutylamonium fluoride (TBAF) (50 mg, 0.191 mmol)
was added. The reaction mixture was stirred and the alkyne deprotection followed by TLC
until the consumption of the starting material. The solution was then diluted with EtOAc,
washed with brine, dried over anhydrous Na;SQs, filtered and the solvent was removed
under reduced pressure. The residue was purified by flash chromatography (SiOy,
Hexane:DCM, 35:65), to give 36 (15 mg, 35%). 'H NMR (400 MHz, CDCl3) 6§ 9.03 (s, 2H), 8.57
(d, J = 8.4 Hz, 2H), 8.42 (s, 2H), 7.99 (t, J = 7.7 Hz, 2H), 7.84 (s, 2H), 7.83 (s, 2H), 7.78 (dd, J
= 7.3, 1.3 Hz, 2H), 3.56 (s, 2H), 1.90 (s, 18H). 3C NMR (101 MHz, CDCls) 6 202.3 (C), 149.8
(C), 141.8 (C), 129.9 (C), 129.02 (C), 128.97 (C), 128.7 (C), 127.5 (C), 127.4 (C), 126.73 (CH),
126.66 (C), 125.2 (CH), 124.9 (CH), 123.5 (C), 123.33 (CH), 123.28 (C), 121.5 (C), 120.1 (C),
119.9 (CH), 119.3 (C), 118.9 (CH), 85.2 (C), 78.8 (CH), 36.0 (C), 32.2 (CHs). HRMS (ESI) calc’d
for CssH34ONa [M+Na]*: 733.2499; found: 733.2507.

343



EXPERIMENTAL SECTION

Synthesis of compound 37:

SMe

Scheme 16. (a) Pd(CH3CN)2Cla, Cul, PtBuz-HBF4, iPraNH, THF, 70 °C, 16 h

An oven-dried round-bottom flask was charged with 30 (85 mg, 0.102 mmol),
Pd(CH3CN)Cl; (8 mg, 0.030 mmol), Cul (7 mg, 0.037 mmol) and PtBus-HBF4 (9 mg, 0.031
mmol). The flask was sealed and purged with Ar. Freshly distilled THF (2 mL) and iPr,NH (4
mL) were added and bubbled with Ar for 10 min. The reaction mixture was heated to 70 °C
and a solution of 6 (40 mg, 0,270 mmol) in freshly distilled THF (1 mL) was then added
dropwise. The reaction mixture was stirred at 70 °C for 16 h. The mixture was then cooled
to room temperature, diluted with DCM and washed with saturated NH4Cl (aq) solution
(x2). The organic layer was separated, dried over anhydrous Na,SOs and filtered. The
solvent was removed under reduced pressure. The crude was purified by flash column
chromatography (SiO,, Hexane:DCM, 8:2), to give compound 37 (30 mg, 31%).*H NMR (400
MHz, CDCls) § 7.42 (d, J = 7.7 Hz, 2H), 7.36 (d, J = 8.4 Hz, 4H), 7.20 (d, J = 8.2 Hz, 2H), 7.17
(d, J = 8.4 Hz, 4H), 7.15-7.08 (m, 6H), 7.02—6.94 (m, 6H), 6.88 (t, J = 7.6 Hz, 2H), 6.67 (d, J
= 8.1 Hz, 2H), 6.47 (d, J = 8.0 Hz, 2H), 6.24 (d, J = 8.1 Hz, 2H), 2.48 (s, 6H), 1.07 (s, 18H). 13C
NMR (101 MHz, CDCl3) 6 200.3 (C), 148.3 (C), 146.0 (C), 143.4 (C), 141.1 (C), 140.9 (C), 139.2
(C), 136.7 (C), 135.3 (C), 134.7 (C), 133.2 (CH), 132.5 (CH), 131.8 (CH), 131.3 (CH), 130.7
(CH), 130.5 (CH), 129.8 (CH), 129.7 (CH), 128.9 (CH), 127.3 (CH), 125.9 (CH), 124.3 (CH),
123.8 (CH), 122.8 (CH), 120.1 (C), 119.6 (C), 89.8 (C), 88.9 (C), 31.1 (CH3), 15.4 (CH3). HRMS
(ESI) calc’d for CeoHssONaS, [M+Na]*: 987.3698; found: 987.3670.
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Synthesis of compound 42:

Scheme 17. (a) KOH, EtOH, reflux, 15 min; (b) Ph20, reflux, 16 h; (c) PIFA, I2, CH2Cly, rt, 72 h; (d) FeCls,
CH2Clz, CH3NO2, 0 °Cto rt, 16 h; (e) (i) TMSA, Pd(PPhs)s, Cul, EtsN, THF, 16 h; (ii) TBAF, THF, 2 h.

aB Uy
38

Procedure modified from literature.® In a round bottom flask were placed 1,3-bis-phenyl-
2-propanone (290 mg, 1.39 mmol) and 1,2-bis-(p-tert-butyl)phenylethane-1,2-dione (450
mg, 1.39 mmol) and dissolved in EtOH absolute (10 mL). The reaction mixture was heated
to reflux and then a KOH 2 M solution in EtOH absolute (0.5 mL) was added. The reaction
mixture was refluxed for 15 min and then cooled to 0 °C. The solid was filtered affording
38 (600 mg, 85%) as a deep purple solid. 'TH NMR (400 MHz, CDCls) § 7.27-7.19 (m, 10H),
7.15 (d, J = 8.5 Hz, 4H), 6.82 (d, / = 8.5 Hz, 4H), 1.26 (s, 18H).The obtained spectroscopic

data were in accordance with those reported in literature.®
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39

An equimolar amount of 38 (120 mg, 0.24 mmol) and 25 (70 mg, 0.24 mmol) were placed
in a Schlenk tube, dissolved in diphenyl ether (2 mL) and bubbled with Ar. The reaction
mixture was placed in a sand bath and refluxed for 16 h. The crude material was allowed
to cool to room temperature and diluted with hexane (10 mL) and purified by flash column
chromatography (SiO,, Hexane) to afford 39 (146 mg, 77%) as a white solid. *H NMR (400
MHz, CDCls) & 6.82-6.78 (m, 18H), 6.65 (d, J = 8.3 Hz, 8H), 1.08 (s, 36H). The obtained

spectroscopic data were in accordance with those reported in literature.®

O~
40

Compound 39 (120 mg, 0.16 mmol) was dissolved in DCM (10 mL) and degassed with Ar.
PIFA (172 mg, 0.40 mmol) and iodine (102 mg, 0.40 mmol) were added and the mixture
was stirred for 72 h without light exposure. The reaction mixture was washed with 10%
NaS,03 solution (20 mL), dried over anhydrous Na;SOa4 and filtered. After removal of the
solvent, the residue was purified by flash column chromatography (SiO», Hexane) affording
40 (121 mg, 75%) as a white solid. *H NMR (400 MHz, CDCls) 6 7.15 (d, J = 8.4 Hz, 4H), 6.83
(d,J=8.4Hz, 8H),6.62 (d, /= 8.4 Hz, 8H), 6.55 (d, J = 8.4 Hz, 4H), 1,11 (s, 36H).The obtained

spectroscopic data were in accordance with those reported in literature.®
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Compound 40 (40 mg, 40 umol) was dissolved in DCM (20 mL) and degassed via bubbling
Ar through the solution for 15 min. A solution of anhydrous FeCls (206 mg, 1.27 mmol) in
CH3NO; (0.6 mL) was added and the Ar bubbling was maintained for further 30 min. The
reaction was stirred for 16 h at rt, quenched via the addition of MeOH (20mL) and the
solvent removed under reduced pressure. The residue was purified by flash column
chromatography (SiOz, Hexane:DCM, 8:2) giving rise to 41 (23 mg, 58%) as a pale yellow
solid. *H NMR (400 MHz, CDCl3) & 8.94 (s, 4H), 8.71 (s, 4H), 8.52 (s, 4H), 1.93 (s, 36 H). The

obtained spectroscopic data were in accordance with those reported in literature.?

An oven-dried round-bottom flask was charged with compound 41 (20 mg, 0.02 mmol),
Pd(PPhs)4 (2 mg, 0.092 mmol) and Cul (2 mg, 0.011 mmol). The flask was sealed and purged.
Freshly distilled toluene (2 mL) and EtsN (0.5 mL) were added to the flask and it was
bubbled with Ar. The mixture was heated to 60°C and TMSA (24 mg, 0.24 mmol) was added
dropwise for 30 min. The reaction mixture was stirred for 16 h at 60 °C. Then, it was diluted
with DCM and washed with saturated NHCl (ag) solution (x2). The organic layer was

separated, dried over anhydrous Na;SOg, filtered and the solvent removed under reduced
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pressure. The crude was purified by flash column chromatography (SiO,, Hexane:DCM,
1:1). The purified product was diluted in THF (20 mL) with 4-5 drops of water, and TBAF (50
mg, 0.191 mmol) was added. The reaction mixture was stirred and the alkyne deprotection
followed by TLC until completion of the reaction. The solution was then diluted with DCM,
washed with brine, dried over anhydrous Na;SQOg, filtered and the solvent was removed
under reduced pressure. The residue was purified by flash chromatography (SiOy,
Hexane:DCM, 7:3) to give compound 42 (11 mg, 70%). *H NMR (400 MHz, CDCl3) 6 8.96 (s,
4H), 8.62 (s, 4H), 8.57 (s, 4H), 3.67 (s, 2H), 1.94 (s, 36H). HRMS (ESI) calc’d for Ce2Hso [M]* :
795.3995; found: 795.3990
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1D
2D
3D
BJ
BPy
BSD
BDT
BTD
CDh
Cp
CNTs
cv
D-A
DC
DCM
DDQ
DFT
DMF
DNA
ECSTM
EDS

EEF

One-Dimension(al)
Two-Dimension(al)
Three-Dimension(al)

Break Junction

Bipyridine

Benzoselenadiazole
Benzenedithiol
Benzothiadiazole

Constrained Dihedral Angles
Cyclopentadienyl

Carbon Nanotubes

Cyclic Voltammetry
Donor-Acceptor

Direct current

Dicloromethane
2,3-Dichloro-5,6-dicyano-p-benzoquinone
Density Functional Theory
Dimethylformamide
Deoxyribonucleic Acid
Electrochemical Scanning Tunneling Microscope/Microscopy
Energy Dispersive Spectroscopy

External Electric Field
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FET

Fe-PP

FR

FVP

Go

GQpDs

GNRs

HBC

HOMO

HOPG

HR-ESI

LUMO

MCBIJ

Mii’

MRR

MSE

NEGF

NMR

OFETs

PAHs
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Fermi Energy

Field-Effect Transistors
Fe(Ill)-Protoporphyrin

Fully Relaxed
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Graphene Quantum Dots

Graphene Nanoribbons
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Highest Occupied Molecular Orbital
Highly ordered pyrolytic graphite
High-resolution Electrospray lonization
Intesity/Current

Lowest Unoccupied Molecular Orbital
Mechanically Controllable Break-Junction
Magic Integers

Magic Ratio Rule

Mercury Sulfate Electrode
Nonequilibrium Green’s Functions
Nuclear Magnetic Resonance

Organic Field-Effect Transistors

Polycyclic Aromatic Hydrocarbons



PEEK
PIFA
PmPV
PTCDI
p-OPE
PP

PPy

RR

SCE
SEM
sQuUID
STM
STMB!

T

TBAF

TFA

THF
TMSA
TMSCHN;
UHV

uv

Polyether Ether Ketone

Phenyliodine(lll) Bis(trifluoroacetate)
Poly(m-phenylene-co-2,5-dioctoxy-p-phenylenevinylene)
Perylene Tetracarboxylic Diimide
para-Olygophenylene Ethylene
Protoporphyrin

Polypyrrole

(Electrical) Resistance

Rectification Ratio

Seebeck Coefficient

Saturated Calomel Electrode

Scanning Electron Microscope/Microscopy
Superconductor Quantum Interference Device
Scanning Tunneling Microscope/Microscopy
Scanning Tunneling Microscope Break Junction
Transmission

Tetrabutylammonium Fluoride

Trifluoroacetic acid

Tetrahydrofuran

Trimethylsilylacetylene
Trimethylsilyldiazomethane

Ultra-High Vacuum

Ultraviolet
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UV-PES

UV-Vis

Vbias

Vgate
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UV-Photoelectron Spectroscopy-Mass Spectrometry
Ultraviolet-Visible

Voltage

Bias Voltage

Gate Voltage
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'H and *3C NMMR spectra






ANNEXES

Compound 1 (OPE4-pym).
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Compound 2 (OPE2/S-pym).
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Compound 3 (OPE3/S-pym).
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Compound 4 (OPE4).
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Compound 5 (OPE4/OMe):
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Compound 12 (CCA): SMe
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Figure 10.*H NMR (500 MHz, CDCls)
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Figure 11. 3C NMR (126 MHz, CDCl3)
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Compound 13 (BNA):
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Figure 12.'H NMR (500 MHz, CD,Cl,)
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Figure 13. 13C NMR (126 MHz, CD,Cl,)
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Compound 14 (BNP):
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Figure 14. H NMR (500 MHz, CDCl3)
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Compound 15 (BNA-1linker):
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Figure 15. *H NMR (500 MHz, CDCls)
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Figure 16. 13C NMR (126 MHz, CDCl3)
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Compound 34 (7-HBC-py):
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Figure 17.'H NMR (500 MHz, CDCls) spectrum
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Figure 18. *C NMR (126 MHz, CDCls) spectrum
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Compound 35 (7-HBC-SMe)
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Figure 19. *H NMR (500 MHz, CDCl3) spectrum
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Compound 36 (7-HBC-alk):
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Figure 20.*H NMR (500 MHz, CDClsz) spectrum
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Figure 21. 3C NMR (126 MHz, CDCls) spectrum
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Compound 37 (7-olyphe-SMe):
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Figure 22. *H NMR (500 MHz, CDCls) spectrum
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Figure 23. 13C NMR (126 MHz, CDCls) spectrum
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Compound 42 (HBC-alk)
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Figure 24. *H NMR (500 MHz, CDCls) spectrum
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