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1 

 

Capítulo 1 

 

Introducción  

 

En 1903 Charles H. Duell, comisionado de la oficina de patentes de Estados 

Unidos, tras ver el primer vuelo del avión fabricado por los hermanos Wright, 

pronunció la célebre frase “Everything that can be invented has been invented”. 

Charles H. Duell murió sin llegar a ver la invención de la televisión, la energía 

atómica, las microondas, la llegada del hombre a la Luna 66 años más tarde o la 

primera imagen de un átomo en 1982.  

Estos avances en la ciencia a pasos agigantados desde aquel primer vuelo por 

parte de dos fabricantes de bicicletas, nos permiten hoy en día llegar a ver cosas tan 

pequeñas con una resolución subatómica (10
-9

m). Esta escala es la escala 

nanométrica, y la Nanociencia, la ciencia que estudia el comportamiento de toda la 

material a este tamaño.  

Esta disciplina científica  que abarca cualquier campo de la ciencia, ya no es 

solo objeto de estudio de un único ámbito científico. La Nanociencia estudia las 

propiedades de la materia cuando reducimos al menos una de sus dimensiones a un 

tamaño inferior de 100 nanómetros. Biólogos, Físicos, Químicos, Ingenieros, incluso 

campos como arqueología y arte se encuentran en esta joven ciencia con menos de 



2                                                                                                             Capítulo 1. Introducción    

 

40 años de vida, para descubrir el por qué de muchas, hasta ahora dudas que gracias 

a las nuevos avances en esta disciplina han podido ser descubiertos. 

Permítanme que les plantee algunas de las preguntas gracias a las cuales 

considero que decantaron mi vida hacia el mundo de la ciencia. Todas ellas 

empiezan por un simple ¿por qué?, ¿por qué las espadas de los samuráis eran más 

duras que las espadas de los guerreros medievales?, ¿por qué unos metales son 

magnéticos y otros no? ¿Por qué los átomos se unen y prefieren estar juntos creando 

formas geométricas? ¿Por qué no puedo atravesar la pared?, ¿por qué? ¿Por qué? Y 

así un millar de por qués todo los días. Por suerte para nosotros, la ciencia ha dado 

con la solución a casi todas ellas, y seguimos avanzando para poder responder las 

que todavía no han podido ser respondidas. Hoy en día ya no importa tanto el por 

qué de las cosas sino el cómo poder desarrollar nuevos materiales, propiedades y 

efectos de la materia, usando como unidades básicas los átomos que se encuentran 

en la tabla periódica de los elementos y la Nanociencia como pegamento de unión, y 

crear nuevos materiales con propiedades hasta ahora nunca vistas. 

Para empezar a investigar en el Nanociencia, antes debemos olvidar todo lo 

que sabemos del macromundo en el que vivimos y empezar a pensar de nuevo en 

pequeño. Debemos tener en cuenta que este nuevo mundo tiene una relación 

volumen/superficie que puede hacer cambiar todas las propiedades mecánicas, 

eléctricas y magnéticas de estos nuevos materiales. Aparecen nuevos efectos, los 

llamados efectos quánticos que ya no pueden ser explicados por la Física Clásica 

pero si por la Física y Química Quántica. 

El primer problema que nos encontramos en este nanomundo, es la dificultad 

para poder ver este. Recordemos que estamos investigando materiales que son 
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inferiores a 100 nanómetros en alguna de sus tres dimensiones y la longitud de onda 

de la luz visible no llega más abajo de los 400 nanómetros. Para sortear este 

problema, se han desarrollado los microscopios electrónicos como el SEM 

(Scanning Electron Microscopy), TEM (Transmission Electron Microscopy) y los 

SPM (Scanning Probe Microscopy), este último es el que ha sido utilizado para el 

desarrollo de esta Tesis Doctoral. Estos microscopios no usan un haz de luz visible 

para obtener sus imágenes, en vez de ello, usan un haz de electrones, siendo este del 

mismo tamaño o inferior al objeto que se quiere visualizar. Evidentemente para que 

un electrón pueda visualizar una muestra, esta debe presentar algún tipo de 

comportamiento metálico, propiedad que carecen los materiales aislantes. Dentro de 

los SPM hay un microscopio que no usa electrones para visualizar las muestras, para 

ello utiliza fuerzas de Van de Waals, y es capaz de detectar esta fuerza débil de 

unión entre la materia para obtener imágenes de gran resolución de cualquier 

material. No solo se ha avanzado en el campo experimental, los científicos teóricos 

también han sido capaces de desarrollar nuevas teorías y nuevos programas 

informáticos, capaces de producir modelos teóricos de nuevos materiales y predecir 

sus propiedades, así como obtener explicaciones teóricas a las propiedades 

descubiertas por los científicos experimentales. Admitámoslo, lo micro ya no está de 

moda, eso quedo atrás en los años 80, ahora la moda es lo nano. 

Volvamos otra vez a 1969, al Apolo XI junto a Neil Armstrong, Edwing E. 

Aldrin y Michael Collins. El día que llegaron a la Luna, el ordenador que disponía la 

NASA para seguir el alunizaje, tenía un procesador de 1.024Hz, 2.048 palabras 

(RAM) y 36.864 (ROM). Cualquiera de los dispositivos móviles que llevamos 

cualquiera de nosotros ahora mismo en nuestro bolsillo, es 100.000 veces más 

potente que ese ordenador que se usó para llegar a la Luna. Para poder dar una 

explicación a esto, usamos la Ley de Moore Figura 1 (Gordon E. Moore). Esta ley 
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describe como el número de transistores integrados en un dispositivo electrónico 

varia con la formula exponencial 2
n
. Esto significa que cada vez que avanzamos, 

vamos duplicando las capacidades de nuestros dispositivos electrónicos. 

 

Figura 1: Grafico que muestra la exponencial de Moore y los avances 

alcanzados y por alcanzar de la ciencia. 

No solo debemos fijarnos en la Ley de Moore para identificar los avances 

gracias a la Nanociencia. Como ya hemos mencionado antes, la Nanociencia es un 

campo multidisciplinar donde todos los campos tienen cabida. La química juega un 

papel muy importante en esta ciencia, pudiendo sintetizar y mantener separadas 

nanopartículas, moléculas heterogéneas  que presentan propiedades per se hasta 

ahora solo observadas en materiales microscópicos. Un ejemplo de estas son las 

nanopartículas metálicas (clúster metálicos de unos cuantos átomos, estabilizados 

mediante un recubrimiento de carácter normalmente orgánico que impide que estas 
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se agreguen). Estas nanopartículas pueden contener distintos metales y presentar 

propiedades como puede ser magnetismo. 

Estas nuevas síntesis tienen un sin fin de aplicaciones, y estas no solo se 

aplican en el campo de la electrónica. Ingeniería aeroespacial, automovilística, civil, 

ciencias medioambientales, fotovoltaica e incluso medicina son algunos de los 

campos donde se encuentran presentes estas nanopartículas. 

 

Figura 2: Aplicación de nanopartículas magnéticas en tratamientos 

antitumorales. 

La Figura 2 muestra cómo pueden aplicarse nanopartículas para el 

tratamiento de tumores. Un nanocluster de magnetita recubierto de PLGA 

funcionalizado con 5-Fu (droga de anclaje al tumor) se puede inyectar en un ratón y 

usando un imán desde el exterior, pueden dirigirse hacia donde se encuentra el 

tumor. Una vez ancladas a este, mediante la aplicación de un campo magnético 
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alterno, se produce el calentamiento de los nanocluster produciendo la muerte 

celular del tumor (Calor Magnético). 

Como bien hemos mencionado antes, el futuro se centra en lo nano. La 

tecnología del futuro estará constituida por nanoresistencias, nanocondensadores, 

nanotransistores hasta llegar al punto de estar formados por un único átomo o una 

única molécula. Estas expectativas de futuro nos obligan a investigar en el 

comportamiento electrónico de la materia a este tamaño. No solo nos interesa 

estudiar su comportamiento sino que también necesitamos desarrollar nuevos 

métodos para manipular la materia a esa escala y métodos de medida de sus 

propiedades, donde los límites de detección de las técnicas hasta ahora conocidas 

son incapaces de llegar. Este trabajo de investigación se ha centrado en la medida de 

propiedades de la materia a escala nanométrica, manipulación de esta para la 

obtención de nanomateriales in situ  como la Figura 3 muestra y el desarrollo de 

nuevos métodos de medida de propiedades de la materia cuando únicamente 

tenemos unos cuantos centenares de moléculas de esta. 

 

Figura 3: Manipulación de la última capa de grafeno en una muestra de 

grafito altamente orientado, usando una punta de Pt/Ir del STM. 
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En esta introducción presentamos un breve resumen de cada uno de los 

capítulos que componen este manuscrito. El capítulo 2 explica todas aquellas 

técnicas y conceptos básicos que hemos tenido que usar, aprender y fabricar para el 

desarrollo de esta Tesis doctoral, como son la comprensión de las barreras túnel y 

sus distintos mecanismos y modelos para su entendimiento teórico y no solo 

experimental. Además describimos como hemos fabricado el microscopio de efecto 

túnel con el que se han desarrollado la mayoría del trabajo aquí presentado. También 

describimos las distintas técnicas espectrométricas y electroquímicas con las cuales 

se han analizado los datos obtenidos con el STM. Además explicamos las técnicas 

criogénicas y de alto vacío aplicadas al set up experimental durante el desarrollo de 

las medidas. 

El capítulo 3 está centrado en la medida de las propiedades electrónicas de 

los Polioxometalatos (POMS). En el explicamos cómo hemos preparado las 

muestras para poder depositar unos cuantos de estos clústeres metálicos, mediante 

técnicas  de autoensamblaje como Self Assembling Monolayers (SAM), Deep 

Coating and Drop Casting. También damos detalles de las distintas técnicas 

espectrométricas usadas para las medidas de su respuesta electrónica al aplicarles 

una rampa de voltajes. Estas son espectroscopia I/V, Current Image Tunnelling 

Spectroscopy (CITS). 

El capítulo 4 muestra como una única molécula puede tener un 

comportamiento de interruptor molecular. Aquí explicaremos como las propiedades 

electroquímicas de la materia juegan un rol muy importante  a la hora de determinar 

la conductancia a nivel moléculas. Mostraremos como podemos modular la 

conductividad de una molécula metal-orgánica con un centro Redox aplicando un 

potencial electroquímico a esta. Los resultados concluirán que podemos activar el 
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transporte electrónico a través de una molécula incrementando dos veces su valor 

más bajo, pudiendo así obtener un estado On y otro Off para esta molécula. 

El capítulo 5 desarrolla un nuevo método para la medida del band gap de 

polímeros y materiales orgánicos, hasta ahora solo medible mediante voltametría 

cíclica para aquellos materiales con algún centro Redox, y espectroscopia 

ultravioleta para los materiales que absorben la radiación comprendida en el espectro 

UV. Este nuevo método nos permite determinar el ancho de banda de un material 

puramente orgánico depositado sobre una lámina de oro en nuestro caso, formando 

una capa de tan solo unas decenas de moléculas de espesor. Este estudio habilita al 

STM como nueva técnica de determinación de band gaps, obteniendo una resolución 

superior a la de los actuales métodos, donde para alcanzar  los límites de detección 

se necesitan capas de varios cientos de nanómetros de grosor o unas decenas de 

miligramos de producto. 

El capítulo 6 estudia los efectos del disolvente en las medidas de 

conductancia molécula para una serie de moléculas orgánicas lineales altamente 

conjugadas. En este capítulo explicamos cómo se puede modular la conductividad 

de las oligoinas simplemente usando disolventes con diferente momento dipolar. 

Esta variación no solo cambia únicamente el valor de la conductancia de las 

moléculas sino que también varía el valor del factor de atenuación de estas. Los 

resultados mostrados en este capítulo han sido estudiados también mediante cálculos 

DFT que explican las variaciones en las curvas de transmisión después de añadir los 

distintos disolventes. 

El capítulo 7 explica cómo se puede utilizar el STM como nanomanipulador 

de un material o superficie para la generar grafeno sobre una superficie de grafito, 
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usando como material de partida el propio grafito de la muestra. Este novedoso 

método es capaz de manipular la última lámina de grafeno en una superficie de 

HOPG (High Organized Pyrolitic Graphite) despegándola, levantándola y 

doblándola como si de una hoja de papel se tratase, simplemente generando un 

pequeño campo eléctrico entre la punta del microscopio y la superficie de la 

muestra, evitando en todo momento el contacto con el grafeno. La singularidad de 

estos pliegues formados radica en la  geometría de sus bordes, pudiendo obtenerlos 

en las ambas de las dos posibles configuraciones geométricas ya sea Zig-Zag o Arm 

Chair, que permite la estructura del grafeno. Este método también permite la 

formación de distintos artefactos superficiales en una muestra de HOPG a voluntad, 

donde hasta ahora para poder estudiarlos se buscaban al azar en las superficies de 

estas muestras, llegando a tardarse varios días o incluso semanas.  

Con la conclusión de este trabajo, habremos demostrado la gran versatilidad 

y capacidad que tiene el STM. No solo como microscopio para obtener imágenes 

con resolución subatómica sino como su capacidad como espectrómetro y 

manipulación a escala nanométrica. Los avances experimentales en el campo de la 

nanoelectrónica molecular, obtenidos a la conclusión de este manuscrito, ayudaran 

en un futuro al desarrollo de nuevos dispositivos electrónicos más potentes que los 

actualmente conocidos, haciendo posible el cumplimiento de la Ley de Moore 

previamente mencionada al inicio de esta introducción. 
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Chapter 1 

 

Introduction  

 

In 1903 Charles H. Duel, Commissioner of the Patent Office of the United 

States, after presence the first plane flying by the Wright brothers, uttered the 

famous affirmation “ Everything that can be invented has been invented”. Charles H. 

Duell died without seeing the invention of television, atomic energy, the microwave, 

the first man walking on the Moon 66 years later and the first image of an atom in 

1982. 

 

These advances in Science by leaps and bounds since that first flight by two 

Bicycle builders, let us now get to see such small things with a subatomic resolution 

(10-9 m). This scale is called nano, and Nanosicence, the science which studies the 

behaviour of all material at this size. 

 

That scientific discipline with encompasses any field of science, is no longer 

just object of study of a single scientific field. Nanoscience studies the properties of 

matter when at least one of its dimensions is reduced to a size smaller than 100 

nanometers. Biologist, Physicists, Chemist, Engineers, including fields such as 

archaeology and arts are in this young science with less than 40 years, to discover 

what hitherto doubts were, thanks to new advances in this field have been 

discovered.   
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Let me raise you a few questions through which I consider my life decanted 

into the world of science. They all begin with a simple why?, why did samurai 

swords are harder than the medieval knight swords?, why do some metals are 

magnetic and others are not?, why do atoms bond together and create geometrical 

shapes? Why I can not go through the wall?, why?, why? And so on a thousands 

whys every day. Luckily for us, science has found the solution to most of them, and 

we are moving forward to answer the ones not answered yet. Nowadays the why of 

things does not matter however the know how of new material, properties and 

effects of matters does, using as basic units the atoms found in the periodic table of 

elements and Nanoscience as glue, creating new materials with properties hitherto 

unseen. 

 

To start researching in Nanoscience, before we should forget everything we 

know about the macroscopic world in which we live and start thinking small again. 

We should note that this new world has a volume/surface ratio which can change all 

the mechanical, electrical and magnetic properties of these new materials. New 

effects appear, called quantum effects that can no longer be explained by classical 

physics but by the Quantum Physics and Chemistry. 

 

The first problem we encountered in this nanoworld, is the difficulty to see 

this. You should remember that we are investigating materials which have less than 

100 nanometers in one of its three dimensions and the wavelength of visible light 

does not reach below 400 nanometers. To sort out this problem, we have developed 

electron microscopes such as SEM (Scanning Electron Microscopy), TEM 

(Transmission Electron Microscopy) and SPM (Scanning Probe Microscopy), the 

last one is the one that has been used for the development of this Doctoral Thesis. 
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These microscopes don’t use a visible beam to get your images, instead light, then 

use an electron beam, being this the same size or smaller than the object to be 

displayed. Obviously to see a sample with an electron, this should present some type 

of metallic behavior, property that insulator materials lack. Within the SPM there is 

a microscope that doesn’t use electrons to display samples, it uses Van de Waals 

forces, and is able to detect this weak bonding force between the materials to obtain 

high resolution images of any material. We don’t have only improved in the 

experimental field, theoretical scientists have also been able to develop new theories 

and new software, capable to produce theoretical models of new materials and 

predict their properties, and obtain theoretical explanations of the properties 

discovered by experimental scientists. We have to admit that the micro is no longer 

fashionable, that was left behind in the 80s, and the new fashion is nano. 

 

Let's go back again to 1969, the Apollo XI with Neil Armstrong, Edwin E. 

Aldrin and Michael Collins. The day we reached the moon, The computer that 

NASA had to follow the landing, had a processor 1.024Hz, 2,048 words (RAM) and 

36,864 (ROM). Any of the mobile devices that we carry right now in our pocket, is 

100,000 times more powerful than the computer that was used to reach the moon. To 

give an explanation to this, we use Moore's Law Figure 1 (Gordon Moore). This law 

describes how the number of transistors on an integrated electronic device varies 

with the exponential formula 2
n
. This means that every time we advance, we get 

twofold the capacity of our electronic devices. 
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Figure1. Sketch showing the advances of the Moore’s law. 

 

We shouldn’t only look at Moore's Law to identify the progress thanks to 

nanoscience. As mentioned before, Nanoscience is a multidisciplinary field where 

all fields have place. Chemistry plays a very important role in this science; it can 

synthesize and maintain separate nanoparticles, heterogeneous molecules which 

have per se properties only observed in microscopic materials so far. One example 

of these metal nanoparticles (metallic clusters of a few atoms, stabilized by an 

organic coating which prevents these to aggregate). These nanoparticles can contain 

different metals and show properties such magnetism. 

 

These new syntheses have endless applications, and these apply not only in 

the electronic fields. Aerospace, automotive, civil engineering, environmental 

sciences, photovoltaics and even medicine are some of the fields where these 

nanoparticles are present. 
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Figure 2. Application of magnetic nanoparticles in cancer research. 

 

Figure 2 shows how nanoparticles can be applied in anti-tumor treatment. A 

magnetite nanocluster coated with PLGA functionalized with 5-Fu (anchor drug to 

the tumor) can be injected into a mouse and using a magnet from the outside, they 

can be guided where the tumor is. Once anchored to this, by applying an alternating 

magnetic field, we can heat the nanocluster and thus causes the tumor cell death. 

(Magnetic Heat). 

 

As we have mentioned before, the future focuses on the nano. Future 

technology will consist on nanoresistors, nanocapacitors, nanotransistors until the 

moment of being formed by a single atom or a single molecule. These expectations 

of future force us to investigate the electronic behavior of the matter at this size. We 

are interested not only its behavior but also we need to develop new methods to 

manipulate the matter at this scale and methods to measure their properties, where 

the detection limits of the techniques known so far are unable to reach. This research 
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work is focused on the measurement of properties of matter at the nanoscale, 

manipulating this to obtain nanomaterials in situ as shown in Figure 3 and the 

development of new methods to measure properties of the matter when we have only 

a few hundred molecules. 

 

Figure 3. Upper HOPG graphene layer manipulation with a Pt/Ir STM tip. 

 

In this introduction we show a brief summary of each of the chapters of this 

manuscript. Chapter 2 explains all the techniques and basic concepts that we had to 

use, learn and build  to develop this doctoral thesis, such the understanding of the 

tunnel barriers and its various mechanisms and models for theoretical understanding 

and not just experimental. We also describe how we have built the scanning 

tunneling microscope with which have developed most of the work here presented. 

We also describe the various spectrometric and electrochemical techniques with 

which we analyzed the data obtained with the STM. Moreover we explain cryogenic 

and high vacuum techniques and the experimental set up used during the 

measurements. 
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Chapter 3 is focused on measuring the electronic properties of the 

polyoxometalates (POMS).  In that chapter we explain how we have prepared 

samples to place a few of these metal clusters, using self-assembly techniques such 

as Self Assembling Monolayers (SAM), Deep Coating and Drop Casting. We also 

explain the details of the different spectrometric techniques used to measure the 

electronic response after applying a voltage ramp. These are spectroscopic I / V, and 

Current Image Tunneling Spectroscopy (CITS). 

 

Chapter 4 shows how a single molecule can show molecular switch behavior. 

Here we will explain how the electrochemical properties of matter play a very 

important role in determining the conductance at the molecular level. We show how 

we can modulate the conductivity of an organic molecule with a redox metal center 

by applying an electrochemical potential. The results conclude that we can activate 

the electronic transport through a molecule increasing twice its lowest value, 

allowing us get an On and Off state for this molecule. 

 

In Chapter 5 we develop a new method to measure the band gap of polymers 

and organic materials, only measurable by cyclic voltammetry until now for 

materials with a Redox center, and ultraviolet spectroscopy for materials which 

absorb radiation in the UV spectrum. This new method allows us to determine the 

bandwidth of a purely organic material deposited on a gold surface in our case, 

forming a layer of only a few dozens of molecules thick. This study sets the STM as 

a new technique to determine band gaps, and obtain a higher resolution than current 

methods, which need layers of a few hundred nanometers thick and dozens of 

milligrams of product to achieve the detection limits.   
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Chapter 6 studies the solvent effects on molecular conductance measurements 

for a series of highly conjugated linear organic molecules. In this chapter we explain 

how can modulate the conductivity of oligoynes by simply using different solvents 

with different dipolar moment. This variation not only changes the value of the 

conductance of the molecules but also varies the value of the attenuation factor of 

these. The results shown in this chapter have also been studied by DFT calculations 

that explain variations in the transmission curves after adding different solvents. 

 

Chapter 7 explains how you can use the STM as nanomanipulator of a 

material or surface to generate graphene on a graphite surface, using as starting 

material a graphite sample itself. This new method is able to manipulate the last 

layer of graphene on a HOPG surface (High Organized Pyrolitic Graphite) by 

peeling, lifting and bending as if it were a sheet of paper, simply by generating a 

small electric field between the tip of the microscope and the surface of the sample, 

avoiding any contact with the graphene. The uniqueness of these folds formed lies in 

the geometry of its edges, they can obtain in both of the two possible geometric 

configurations either Zigzag or Chair Arm, which the structure of graphene allows. 

This method also allows the formation of different surface artifacts in a sample of 

HOPG at will, which until now we has sought to study them randomly on the 

surfaces of these samples, this normally takes several days or even weeks. 

 

With this work, we will show the versatility and ability of the STM. Not only 

as a microscope to produce images with subatomic resolution but as its capacity as a 

spectrometer and manipulation at the nanoscale. The experimental advances in the 

field of molecular nanoelectronics, obtained after the conclusion of this manuscript, 
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help in the future to develop new and more powerful electronic devices, enabling to 

satisfy the Moore's Law previously mentioned at the beginning of this introduction. 
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Chapter 2    

 

Scanning Tunnelling Microscopy  

 

Experimental Sciences have always found a difficult problem, such as the 

limitations of the chosen method. Experimental noise and technique resolution 

limited in the laboratory the experimental results obtained during measurements. 

 

           Combining different experimental techniques, we can improve the results and 

enhance the resolution of the experimental method up to subatomic levels. Joining 

microscopy tunnel technique with low temperatures and high vacuum, we can 

measure Physical and Chemical properties of matter at the Nano scale. 

 

           This chapter is focused on the description of different experimental methods 

and theories that have been applied in the course of this thesis, to perform various 

experimental set ups. We explain the tunnel effect, piezoelectric effect and how their 

combination enables to build the tunnel effect microscope. Also explain low 

temperature and high vacuum methods. 

 

2.1 Quantum Tunnelling Effect 

 

Tunnelling effect is a quantum mechanical phenomenon that occurs at the 

Nano scale. This effect breaks the classical mechanics and gives to a particle the 
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nonzero possibility to cross through a high potential barrier that classically couldn’t 

overpass. 

    

 

Figure 2.1.  Schematic representation of a) Classical physics and b) Quantum 

physics tunnelling effect. 

      

To understand this phenomenon that was explained by John Bardeen [1] we 

should study the movement of a particle in a 1D box. The particle with mass m and 

energy E, goes to a potential barrier with a V0 high (Figure 2.1) and E ˂ V0. In the 

classical physics (Figure 2.1. a)) the particle is forbidden to exist in the barrier In 

Quantum physics (Figure 2.2. b)), the particle has an opportunity of break through 

the potential barrier as describes the equation (2.1). 

 

     

 
 

 
                         

  

 
                         

                     
  

 
   

 

 
                          

              
 

 
                                                            

 

 

 (2.1) 
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Where kI=√2mE/ħ and KII = √2m(V0-E)/ħ, A, B, C, D and E are the wave 

function amplitudes, and ħ = (h/2π) where h is the Planck constant. Assuming 

continuous the wave function and its derivative, E parameter provides the 

Transmission coefficient T, where T=│E│
2
, defined as the probability of a particle 

with energy E to cross through a potential barrier and its decay is exponentially with 

the barrier width. Its approximation could be written as: 

 

 

T ≈ 16 ((E(V0-E))/V0
2
) e

-ikIIa
                                      (2.2)                                  

 

Considering now a conductive tip and a conductive sample, when the tip is 

really close to the surface, a wave functions overlapping occurs between both parts. 

Due  this overlapping, electrons can flow from one side to other through the vacuum 

barrier by the tunnelling effect. That electronic movement is called Tunnelling 

Current and can be calculated with the expression: 

 

 

     
   

 
                                     
  

  
                   (2.3)     

 

Where e is the electron charge, ħ is the Planck constant, │T│ is the 

transmission probability, N is the density of states (sample s, tip t) and f(E)  is the 

Fermi distribution function for a given temperature and energy. This expression 

doesn’t depend on the direction of the electron flow. The total current that flows in 

the system could be calculated with the expression: 

  
   

 
                                                     
  

  
                                                                                                        

(2.4)  
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Assuming an elastic tunnel process, we can consider that Es and Et have the 

same energy level. Figure 2.2 a) shows the equilibrium system where the net current 

is zero. Applying to the sample a Vbias (eV) voltage, electrons start to move from 

the tip to the sample generating a tunnelling current Figure 2.2 b).  

                                                                                                                                         

 

Figure 2.2. a) density of states of tip and sample in equilibrium separated by 

a potential barrier. b) Tunnel process between tip and sample through a potential 

barrier. Voltage eV applied to the sample. With this configuration, electrons flow 

from the tip to the sample.  

 

Due to the elastic tunnel assumption, Et and Es should describe levels with 

the same energy, but writing these energies respect to the Fermi energy of each 

level, considering this value as 0 and separated a voltage value (eV). This voltage 

raises the Fermi level of the sample respect to the tip, and then empty states 

available for tunnelling into are available. With this scenario the energies of sample 

and tip could be written as ES=E-eV and Et=E (Figure 2.2b)) and the Tunnelling 

Current expression changes to: 
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         (2.5) 

 

To simplify equation 2.5, we can consider that the tunnelling current depends 

on the tip and sample density of states convolution and the transmission coefficient 

depends on the wave function of the occupied states of the tip and the empty states 

of the sample Ψt and Ψs. A simple model of a one-dimensional potential barrier with 

a d width, the wave function decay inside the barrier could be written: 

 

 

     
   

                             

    
         

                                       (2.6) 

  

ɸ is the tip-sample work function average value, m is the electron mass. 

Knowing these values and using equation 2.6, equation 2.5 could be simplified to: 

 

 

   I α e 
-2kd

                               (2.7) 

 

Tunnelling current decays exponentially as a function of the distance in 

between tip and sample. For a typical value of the work function ɸ 5 eV for a metal, 

the tunnelling current reduces by a factor 10 for every 0.1nm increase in d. This 

means that over a typical atomic diameter of 0.3nm, the tunnelling current changes 

by a factor 1000. This is what makes the STM so sensitive. 
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2.2 Transports through Molecular Junctions 

 

Molecular junctions can be formed by contacting a single molecule between 

two metal electrodes forming a metal/molecule/metal junction. The interphases 

formed are characterized by their energy barriers. The energy barriers in the 

electrodes can be explained by the formation of density of states, which are occupied 

up to the Fermi level. Molecule energy barriers can not be explained by density of 

states due to its size, these barriers can be though as a discrete set of energy levels 

formed by the molecular orbitals, which can vary depending on the atoms forming 

the molecule, the length, the anchor groups and the redox properties. In these set of 

levels we can focus in the more important two of them which are the Highest 

occupied molecular orbital (HOMO) and the Lowest occupied molecular orbital 

(LUMO). The coupling between these orbitals and the Fermi levels of the metal 

electrodes determines the electron transport mechanism of the system. 

 

 

2.2.1 Coherent and Non-Coherent Transport 

 

Coherent transport refers to the transport when the electron resides on the 

molecule for a short period of time where there is no time to interact inelastically 

with any particles within the molecule. That way the electron flows through the 

molecules without exchanging energy. Figure 2.3 shows the possible coherent and 

non-coherent electron transfer mechanisms. 

 



Scanning Tunneling Microscopy                                                                                               27 

 

 

 

 

 

Figure 2.3. Possible Conductance mechanism. a) Direct tunnelling. b) 

Fowler-Nordheim mechanism. c) Tunnelling Hopping. d) Thermionic emission.  

 

Simmons approximation [2][3] is the simplest way to model the tunnelling of 

a molecular junction with a tunnel barrier. 

 

  
  

       
    

  

 
      

      

 
   

  

 
     

  

 
      

      

 
   

  

 
   

 (2.8) 

Where d is the barrier width, ɸ is the barrier height, A is the junction area, me 

is the electron mass and e is the electron charge. We can consider the molecular 
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length as the barrier width and the gap between the molecule and the electrode 

Fermi levels could be considered as the barrier height. 

 

Direct tunnelling mechanism will occur when the bias voltage is smaller than 

the barrier height and no molecular orbitals are accessible in that energy range[2][4]. 

Within these conditions Simmons model can be simplified to: 

 

   
       

   
        

          

 
                (2.9) 

  

This equation can be simplified into the equation (2.7) but changing 2K for 

the decay constant β: 

 

I α e 
-βd

                   (2.10) 

 

Fowler-Nordheim tunnelling conduction mechanism [5-7] can be considered 

when the bias voltage applied is larger than the barrier height and now there are 

molecular energy levels accessible in the energy range. In that particular case, 

Simmons model equation can be approximated: 

 

   
    

  
 
  
      

      

    
  
 

                 (2.11) 

 

That also can be rewritten in the form: 

   I α V
2
e 

–βFNd
                                 (2.12) 
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Hopping mechanism is one of the non-coherent transport electron transfer 

mechanism. In that particular case the electron moves from one electrode to other by 

residing on localized areas or fragments of the molecular bridge [8-10]. This 

mechanism has a multistep nature that involves a lower length dependence than the 

explained for direct tunnelling or Fowler-Nordheim tunnelling mechanisms. In the 

hopping mechanism the electron travels through the molecular wire taking times 

longer that the time it takes for inelastic scattering to occur. In contrast to the 

coherent mechanisms, hopping is thermally activated and this thermal dependence 

behaves in an exponential way. 

 

    I α Ve 
–ɸ/(KT)

               (2.13)  

 

Another thermally activated charge transfer mechanism is thermionic 

emission [11][12][24]. This mechanism consists on thermal activation of a charge 

giving it enough energy to go over the tunnel barrier instead through it. Thermionic 

emission can be modelled with 2.14 equation [12]. 

 

         
  

  

    

  
                       (2.14) 

 

Using this equation where ɛ is the insulator permittivity, the tunnelling 

current depends on the bias voltage and is related to the temperature. 

 

  The different coherent ad non-coherent mechanisms can be investigated 

using temperature and voltages dependencies on a molecular system. Temperature 

dependencies provide insights of the mechanism of charge transport. Coherent 
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transport doesn’t exhibit any temperature dependency. In these cases, the transport 

mechanism can be elucidated by analysis of the current-voltage behaviour. 

 

2.2.2 Kuznetsov-Ulstrup electron transfer model 

 

In order to understand better the electron transfer in molecular switches, we 

need to explain the resonant tunnelling model Kuznetsov-Ulstrup. This may also 

involve a vibrational relaxation of the orbital which aids the electron tunnelling [13-

18]. The first step involves the electron tunnelling from the tip (assuming a positive 

sample bias) to the unoccupied molecular orbital. Due to solvent fluctuations, the 

LUMO may move closer to the Fermi level of the tip, which initiates the first 

electron transfer [19]. How the second step proceeds depends on the strength of the 

electronic coupling between the redox centre and the electrodes (tip and substrate). 

For strong electronic coupling, once the electron is present on the LUMO of the 

redox centre, this orbital then undergoes a partial vibrational relaxation, as the 

Kuznetsov-Ulstrup (KU) model suggests [19-23][15]. In this scenario, the electron 

tunnels via the LUMO of the molecular wire. The presence of the electron on the 

LUMO causes it to undergo a partial vibrational relaxation. The electron is then 

transferred to the second electrode before the vibrational relaxation is complete; 

before the LUMO relaxes below the Fermi level of the second electrode. This 

process may be repeated, as once the LUMO is vacated; it then relaxes towards 

higher energies, towards the Fermi level of the first electrode, resulting in a “boost” 

of the current. This is known as the adiabatic regime. The equation describing the 

adiabatic KU model of electron transfer is shown below in equation 2.15. 
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        (2.15) 

Where I  is the enhanced current, κ is the electronic transmission coefficient, 

which is assumed to be 1 in the adiabatic regime, ρ is the density of electronic states 

in the electrodes near the Fermi level, ω is the characteristic nuclear vibration 

frequency, Vbias is the bias potential, λreorg is the reorganisation energy, η is the over-

potential applied to the substrate, and ξ and γ are modelling parameters relating to 

the proportion of electrochemical potential and the bias potential respectively, that 

affect the redox moiety. Equation 2.15 can be simplified when the same values of κ 

and ρ are assumed for both electron transfer steps and using the approximation 

κρωe2/4π = 9.1x10-7 C
2
eV

-1
s

-1
. 

 

                   
    

      
                  

 
 

     
    

      
                  

 
  

  

 

(2.16) 

Assuming η and Vbias are lower than λreorg the above equation can be 

simplified to equation 2.17. 

  

  
                                  

                          
    (2.17) 
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For weak electronic coupling, the reduced molecular orbital fully relaxes so 

its energy is below that of the Fermi level of the second electrode. This means the 

electron has to overcome an energy barrier to reach the second electrode. This is 

known as the adiabatic regime and results in a smaller boost to the current than the 

adiabatic regime. 

 

 

Figure 2.4. Adiabatic two-step electron transfer with partial vibrational 

relaxation.  

 

 

2.3 Piezoelectric Effect 

 

Piezoelectric effect is a property of certain solid materials that could be 

deformed applying an electric field. This effect is reversible and reciprocal, which 

means, the materials generates electricity when a mechanical force is applied. Using 
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this property piezoelectric materials could be deform in the Nano scale applying a 

voltage, allowing us to move a few Amstrongs the tip or the sample with the 

electrical field applied. Piezoelectric material could be synthetized in different 

shapes and geometries depending of the purpose are required. That allows us to 

displace the STM tip in a lateral movement (X, Y) or displace the tip in a vertical 

movement (Z). 

  

In our case, one of the used materials is a piezotube Figure 2.5 this tube 

allows us to move the STM tip in three dimensions over the sample (X, Y, Z). The 

tube configuration consist on two electrodes, one in the inside surface and another 

one in the outside surface. The exterior surface is divided on four regions or areas 

well isolated each one, however the inside side is kept as a whole electrode.  

 

 

Figure 2.5. Piezoelectric displacement system. a) Shape of the piezoelectric 

material. b) Electrodes configuration of the piezotube. c) Lateral displacement of the 

piezotube. d) Vertical displacement of the piezotube.  

 

Each exterior region is considered as X or Y in an alternated mode (+x, +y, -

x,   -y) whilst the interior area is considered Z. applying correctly a voltage in each 



34                                                                             Chapter 2. Scanning Tunneling Microscopy 

area, the piezotube is able to move in 3D motion scanning a surface at the Nano 

scale. The displacement that a piezotube could move is well defined by different 

properties of the material, length (l), diameter (dm) and thickness (t) are related in 

this system [25]: 

 

    

                                (2.18) 

 

     

                                (2.19) 

 

 

CPE is the piezoelectric coefficient that quantifies the volume change when a 

piezoelectric material is subject to an electric field. 

 

Piezotube has a smooth movement so that is used to scan the sample and get 

images and spectroscopy of a sample, so then to approach the tip in the piezotube to 

the sample we need another piezoelectric material with different shape, which 

allows us to move the piezotube wide distances. Figure 2.6 shows the piezoelectric 

system and the electrical field applied to get the proper deformation of the material 

to move the tip. 
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Figure2. 6. Piezoelectric system to move the piezotube. 

 

Applying a voltage between the upper face electrode and the bottom face 

electrode, the material changes its shape, applying the same voltage with different 

sign we can obtain the same deformation in the opposite direction. This 

configuration allows moving the tip a range near a few centimetres. 

 

2.4 Scanning Tunnelling Microscope STM 

 

Scanning Tunnelling Microscopy (STM) was invented at the beginning of the 

eighties by G. Binning and H. Rohrer in the IBM labs [26-30]. That discovery 

revolutionized the Science allowing us to obtain resolutions never achieved before. 

Combining the Tunnel effect and the piezoelectric effect we can obtain a powerful 

Tool which we can obtain the atomic Topography of conductive materials and the 

electronic properties of a sample near the Fermi Level due the Tunnel Spectroscopy. 

Piezoelectric effect is essential for the STM Tip positioning, thanks to that effect we 

can sop the tip and control the movement very close to the sample surface with a 

precision of a few picometers, allowing us to achieve resolutions never obtained 

before. All this is achieved thanks to an electronic system, the control unit, that 
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checks every time the tunnelling current and contrast it with a reference value in 

order to keep the tip a specific distance from the surface. This Feedback system has 

a PID control (Proportional, Integrator, and Differential) [31]. Depending on the 

values of these parameters, the control unit sends a voltage to the piezotube in order 

to keep constant the current and with the same value as the reference. Besides the 

control unit and the STM, we need a current amplifier to convert the tunnelling 

current to a voltage and computer with specific software to manage the whole 

system. In figure 2.7 is shown a set-up of a common STM. In this thesis we have use 

a Dulcinea control unit and the WSxM software [32] develop by Nanotec 

Electronica S.L. and a Variable Gain High Speed Current Amplifier DHPCA-100 

develops by Femto.  

             

 

Figure 2.7. Scheme of the different components that set up a Scanning 

Tunnelling Microscope. 

 

STM has different working modes, depending on the parameter that we 

would control, we can choose between two different set ups:   constant current 

imaging, the tunnel current is fixed and the piezosystem varies the Z signal which 
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controls the tip movement, approaching and withdrawing that to the surface in order 

to keep the current constant. That way, the tip movement is registered creating a 

Topographic image of the sample. A second working, option consists on fix the 

distance between tip and surface varying the tunnel current. The topographic image 

is built due to the variation on the current registered by the Unit Control System. 

This second working mode is used when the surface sample is really flat and 

smooth. 

 

In the LT-Nanolab we have develop a homemade STM head useful from 

room temperature until 1.5K and variable atmosphere including high vacuum. This 

STM head  contains three piezoelectric systems, two inertial setups, one that 

approach the tip to the sample and another one that moves the sample in order to 

increase the scanning area or even switch between two samples in the same 

experiment. The third piezoelectric system is the piezotube that holds the tip as is 

used to scan the different samples. Figure 2.8 shows a scheme and a real picture of a 

LT-Nanolab STM. 
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Figure 2.8. Scheme and real LT-Nanolab STM head. 

 

This STM head can achieve atomic resolution being capable to measure 

distance of a few picometres. Figure 2.9 shows two atomic resolution of a Highly 

Ordered Pyrolytic Graphite (HOPG).  

 

Figure 2.9. STM current images of a HOPG sample. a) Graphene. b) 

Graphite. 
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The a) image corresponds to a grapheme surface, the carbon atoms could be 

distinguished perfectly and we can measure the C-C bond distance and calibrate the 

piezoelectric system. The b) image shows a graphite surface, we can observe the A 

and B carbon atoms corresponding to the Bernal stacking. Both images have a lattice 

drawn on top of the atoms.   

 

2.5 Scanning Tunnelling Spectroscopy STS 

 

Scanning tunnelling spectroscopy (STS) is a powerful tool consisting on the 

study of variation of the tunnelling current as a function of the Bias voltage with a 

constant distance between tip and surface. During this technic the feedback response 

is switch off but in some occasions we can keep on the feedback in order to obtain a 

desirable result as we will discuss in the following chapters. The STS technic allows 

us to obtain information about the electronic structure of the sample. STS can be 

conducted in several ways, we can perform single point spectroscopy where the tip 

stops in a selected point of the sample and the bias voltage starts to vary recording 

the current that flows between tip and point and getting the I\V curve. After the 

spectra acquisition, the bias voltage is returned to the scanning value. Another way 

to perform the STS is the Current Imaging Tunnelling Spectroscopy (CITS), where 

we combine the I\V spectra obtaining with the image recording. With this CITS 

technique we can scan the surface of a sample and at the same time perform a I\V in 

each point of the image, that way we can obtain different images at different bias 

voltage of the same area of the sample. Of course before perform any type of 

spectroscopy, we should choose all the main parameters required to get the I\V 

curve or the CITS data correctly. STS can be performed on single molecules, 

terraces borders, folded edges, etc… Figure 2.10 shows in a) a typical spectroscopy 
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plot obtained in a semiconductor sample, and b) shows a CITS topography image at 

a bias voltage value of molecules on a HOPG surface, with the WSxM software we 

can obtain an I\V spectrum in each point of the image. 

 

Figure 2.10. a) I\V spectrum of a semiconductor behaviour sample. b) CITS 

Topography image of molecules on a HOPG surface. 

 

The shape of the tip has critical importance for a good reliability of STS 

information. Density of states of the tip affects to the information obtained with this 

method due to the I\V curves or CITS obtained are the convolution of the electronic 

structure of the sample and the tip. So that a clean tip with a well know geometry 

and a good metallic character are fully appreciated. The different types of I\V curves 

that are generally obtained using STS are shown in figure 2.11. Metallic behaviour 

shows linear I\V spectra while semiconductor materials show, generally, a linear 

regime at low bias voltage followed by a change in the slope at large biases. 

 



Scanning Tunneling Microscopy                                                                                               41 

 

 

 

 

Figure 2.11. Schematic representation of the I\V curves. a) Metallic 

behaviour. b) Semiconductor behaviour. 

 

2.6 Variable low temperature system 

 

Low temperatures technics allow us to observe different phenomena that take 

place only when the temperature of the system is close to 0K, furthermore low 

temperatures provides a cryogenic vacuum that enhance the spectroscopy. Liquid 

nitrogen (77K) and liquid helium (4.2K) are the most common cryoliquids that we 

use at the LT-Nanolab. To contain these liquids and crate a cryogenic bath we can 

use a cryostat   and an insert system to set up the STM and cold it down. Figure 2.12 

shows a LT-Nanolab insert and cryostat used during this thesis.    
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Figure 2.12 Low temperature insert a cryostat of the LT-Nanolab. Illustration 

partially from Giovann Sáenz [22]. 

 

The cryostat is a 1.7m high hollow cylinder and with 0.3m of external 

diameter and 0.15m of internal diameter. The cryostat has a vacuum chamber to 

keep the cryogenics liquids as long as possible. The insert is made of stainless steel 

and has at the upper side a connectors head and a vacuum valve at the bottom side, 

the insert has a cooper pot wherein the STM head is connected as shown in the 

figure 2.12. Inside this insert we can connect some thermometers in different places 

to check that all the system is tempered. There is also a 1K pot with which applying 

vacuum to the Liquid Helium (4.2K) we can achieve temperatures of 1.5K.  Before 

adding any cryogenic liquid we have to apply vacuum to the entire system and after 

reach 1*10
-8

 mbar (high vacuum conditions) we can start to use the cryoliquids. 
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2.7 Single Molecule Conductance, The I(s) Technique 

 

Different STM techniques have been develop to measure single molecule 

conductance. STM-BJ, I(t) technique and I(s) technique are three of them. Although 

any of these techniques are suitable to measure Single Molecular Conductance 

(SMC) in our case we chose I(s) technique for the measurement performed in this 

manuscript. 

 

The I(s) technique developed by Haiss et. al. in 2003 [34] measures the 

current as a function of distance [35-38]. A low coverage self-assembled molecules 

on a surface is required. That sample can be prepared immersing during a few 

minutes, a flat gold surface into a low concentration solution of molecules. The tip is 

located to a specific distance above the surface, by selecting a tunnelling current or 

set point. The molecules on the surface can bind to the tip closing the tip-substrate 

gap, forming a metal-molecule-metal junction. Once the molecule is forming a 

bridge, the tip is withdrawn and this movement pulls the molecule up until achieve 

the molecular length where the junction breaks Fig 2.16. 
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           Figure 2.16. Snapshot of the I(s) Technique sequence. The Tip caught the 

molecule on the surface (a) and pulls it up (b) after achieve the molecular length (c) 

where the junction breaks (d) 

 

When a molecule is attached between the Tip and the surface a plateau is 

obtained. That plateau gives a constant current value whilst the molecule in bonded 

to both electrodes and means the electrons flowing through the molecular orbitals. 

Once the junction is broken there is an abrupt decay in the current value. That 

breaking point is called Break-off distance and is considered as the measured 

molecular length. Although we can use can use that value to compare with the 

theoretical molecular length, we should consider the length of the two molecule-gold 

bonds included. However, if there is no molecule attached between the two 

electrodes, the I(s) scan obtained doesn’t show any plateau and an exponential decay 

is observed Fig 2.17.   
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Figure 2.17. STM-I(s) technique scans showing the exponential decay and 

plateau formation with and without a molecule in the gap. 

 

The conductance of a molecule can be calculated after getting a large number 

of I(s) scans and plotting them into a histogram. This statiscal method gives peaks at 

the characteristic value of the average plateau. 

 

This Technique also gives us the value of the molecular length. Comparing 

the break-off distance (ΔS)  obtained from the I(s) technique and adding to it the 

inicitial Tip-Sample distance (S0), we can confirm experimentally the measured 

molecular length with the theoretical calculated. 

 

   STotal= S0 + ΔS    (2.20)  
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In order to determine the initial distance S0, we need to calibrate the STM 

recording several I(s) scans without any evidence of a molecular bridge in it [39]. 

 

2.8 Electrochemical Methods 

 

Electrochemistry is becoming an important property in molecular electronics 

due to the ability of manipulate the RedOx state of a molecule creating a molecular 

switch due to the changes in the conductance [40-43].  

 

2.8.1 Ciclic Voltametry 

 

Ciclic Voltametry is one of the most common electrochemical technic used to 

study the composition of a solution due to the dependence between the applied 

potential and measured current. That polarograhic technique involves the application 

of a linear potential sweeps between two potential values, initial potential and final 

being possible to change the ramp speed. 

 

According with the voltammograms morphology, we can determine the 

characteristics of the electrochemical process that is taking place in our experiment. 

Diffusion-controlled processes, the current intensity increases to a maximum, from 

which decreases slightly to a value that remains constant during a range of potential 

due to the diffusion of the oxidized or reduced species to the interphase. A process 

where the oxidized or reduced compound is adsorbed on the electrode surface gives 

a bell-shaped curve due to the non-contribution to the conductivity when the 

electroactive species don’t diffuse to the interphase. 



Scanning Tunneling Microscopy                                                                                               47 

 

 

 

 

 

Figure 2.18. a) Example of a voltammogram showing the anodic and 

cathodic peaks potentials and peaks currents b) example of a cyclic voltammogram 

of the redox reaction of an ideal species adsorbed on the working electrode. 

 

The scan rate and the concentration of the electro-active specie influence the 

intensity of the peak, whilst the performance of linear or cyclic potential sweeps-

intensity scans. That will take place during measurements in solutions where 

diffusion of electro-active species elapses in absence of stirring. Information of the 

electrode processes can be obtained from the difference between peaks potentials. 

Reversible electrode reaction, the anodic and cathodic potential peak, is separated by 

an increase in potential which follows the Randles-Sevcik equation [44][45]: 

 

  Ip = (2.69 x 10
5
) n

3/2 
A D

1/2 
C v

1/2
   (2.21) 

 

Where v is the sweep rate (Vs
-1

), C is the bulk concentration (mol cm
-3

) D is 

the diffusion coefficient of the solution redox species (cm
2
 s

-1
), A is the surface area 

of the electrode (cm
2
) and n is the number of electrons transferred in the reaction. 



48                                                                             Chapter 2. Scanning Tunneling Microscopy 

Reversible processes show an independent Ep from v, Ip a proportional dependence 

with v
1/2

, an Ip
A
/Ip

c
 one ratio and a semi-potential value of 59/n mV quasi-reversible 

processes show a bigger gap between peaks and in irreversible processes some of the 

peaks can be missed.   

 

2.8.2 Electrodic Interphase  

 

Electronic properties close to the electrode behave in a different way than in 

the bulk solution. That effect occurs due to the increase of the electrolytes 

concentration in the interphase generating a new phase, within the formation of 

electric charges in the area, favoring the reorganization of charges achieving the 

equilibrium between phases. The electrode allows the ions and water molecules 

adopt a quasi-equilibrium arrangement which differs with the distribution in the bulk 

solution. That new interphase is characterized according the distribution of ions and 

molecules in there. 

 

The name double layer is used to describe the charges and dipoles 

arrangement oriented creating the new interphase region in the electrolyte limits. 
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Figure 2.19. Scheme of an interphase structure. Positive ions in the metal 

surface attract negative ions from the bulk solution.   

 

As shown in the figure 2.19, a metal surface contains positive charges or free 

electrons from the crystal lattice. When the metal is charged with a charge excess, 

positive or negative according with the charge carrier presence in the metal, 

comprises ions adsorbed onto the metal due to chemical interactions. A second layer 

is created and it composes of ions attracted to the surface charge via coulomb forces, 

electrically screening the first layer. This second layer is loosely associated with the 

object and it is made of free ions that move in the fluid under the influence of 

electric attraction and thermal motion rather than being firmly anchored. It is thus 

called the diffuse layer.  As a consequence of the layer formation, the potential in the 

system drops dramatically while getting measurements in that region. Different 

models of double layer have been study to explain the electrostatic interactions in 

the area close to the electrode (100 nm approximately) with an ion excess.  

 

http://en.wikipedia.org/wiki/Adsorbed
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The double layer effect behaves as a capacitor, changing the electrostatic 

potential close to the surface due to the different charged layers separated a distance 

of a molecular length, the potential decays in an exponential way in that region. 

 

 

Figure 2.20. a) and b), Double layer model showing the exponential decay 

with the distance.  

 

Several theories of the way in which charge is arranged at the interphase have 

been proposed. In the Helmholtz model of the double layer the solvated ions arrange 

themselves along the surface of the electrode but are held away from it by their 

solvation spheres. This layer of charge, which exists as a plane of charge running 

along the solvated ions, is known as the Outer Helmholtz Plane (OHP) and consists 

of ions also opposite in charge to the surface. Ions can also exist closer to the 

surface, but these are considered chemically bound and form the inner Helmholtz 

plane (IHP). This model considers the ionic structure at the surface as being rigid 

and thermal motions, which tend to break up the structure, are ignored. The potential 

drop across the interface occurs completely in the region between the electrode 
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surface and the Outer Helmholtz Plane (OHP), which is the radius of the counter-

ions. In the Gouy-Chapman model the disordering effect of thermal motion is taking 

into account resulting in the picture of a diffuse double layer. Ions of opposite 

charge congregate close to the electrode whilst ions of the same charge are repelled 

from it. In this case the potential drop is mainly in the region closest to the electrode 

surface but some charge is now further away from the electrode than the OHP. 

 

 Neither model is a perfect representation of the double layer interphase. The 

former overemphasizes the rigidity of the system, whilst the latter underestimates its 

structure. The Stern model develops both models into a more complete theory by 

combining aspects of the two together. In the Stern model the ions closest to the 

electrode are constrained into a rigid Helmholtz plane while outside this plane the 

ions are dispersed as in the Gouy-Chapman model, having a minimum distance of 

approach (OHP).  

 

2.8.3  Three electrode Cell  

 

Electrochemical set ups need almost two electrodes and electrolyte to take 

place the redox reaction. The working electrode is where the reaction takes place 

and controls the charge transfer. The counter electrode completes the circuit and 

counteracts the charge applying or consuming electrons in the reaction depending on 

the working electrode demand. Using two electrodes cells entails the difficult 

problem on keep constant the potential whilst the current flows through the working 

electrode. 
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Three electrodes cells avoid the problem described before adding one more 

electrode to the system. The new electrode is call reference electrode and measures 

the redox potential and plays the reference role, no current flows through this 

electrode. The reference electrode must have a known and stable redox potential 

independent of the ion concentration in the solution. The current flows through the 

counter electrode to counterbalance the current in the working electrode, that way 

the counter electrode is changing its potential to keep the reaction going. There are 

many different reference electrodes available and each has its own potential which is 

referenced back to the standard hydrogen electrode (SHE). 

 

 

Figure 2.21. Simple 3-electrode electrochemical cell. 

  

The Potentiostat is the electronic device which controls and measures the 

current and applies the potential. The system works detecting the fluctuation of the 

resistance in a solution, varying the current in the system according the Ohm Law. 

 

     
 

 
     (2.22) 
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The systems keeps the resistance R and the potential E constant varying the 

current I, that follows inversely dependence to the solution resistance. 

 

 

Figure 2.22. Potentiostat circuit diagram. 

 

2.8.4 Electrochemical STM 

 

The electrochemical scanning tunnelling microscopy (ECSTM) is an 

extended technique performed using a basic STM to study electrode-electrode 

interphases. The studies performed in this manuscript use the ECSTM to measure 

the redox-active properties of molecular wires due to the interest on switching 

behaviour when the electrode potential changes [46-49]. The set up can be described 

as a three electrode electrochemical cell in which the sample or substrate is used as a 

working electrode, and a reference and a counter electrode complete the 

electrochemical cell. To achieve the system to work as a STM and an 

electrochemical cell a bipotentiostat interfaced with the STM controller and the 

electrochemical cell. This set up allows changing independently the potential of the 

sample or the tip respect to the reference electrode, while maintaining a constant 

bias. ECSTM allows us perform in situ cyclic voltammetry of the sample using the 
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bipotentiostat. The holder with the sample is set up with a working (sample), 

reference and counter electrode. The tip plays the role of 4
th

 electrode and the bias is 

normal applied between the tip and sample. Metal wires are normally used as 

counter and reference electrodes, platinum and gold wires are the most common 

used. The electrochemical cell needs an electrolyte in order to carry the charges 

between electrodes [50]. Depending of the characteristics of the solvent and 

electrolyte, Faradaic currents can flow through the tip and substrate. Faradaic 

currents are directly proportional to the exposes area of the electrode, coating the tip 

with a protective wax (apiezon wax) except for the very apex allowing the tunnelling 

current to flow and minimizing those capacitive currents. 

 

Figure 2.23. In Situ electrochemical STM cell illustration. 
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Chapter 3  

 

Arrangement and properties of 

polyoxometalates on HOPG 

 

Inorganic and organic molecules play an important role in nanotechnology 

and in the development of new science. Using the different atoms that form the 

periodic table like bricks and combining the properties of its chemistry can connect 

them with different bonds and create new molecules which show the same properties 

like a bulk material such as magnetism, conductivity, even can behave as a nanocars 

moving on surfaces using molecular orbitals as tyres [1]. Scanning Tunnelling 

Microscope (STM) and scanning Tunnelling spectroscopy (STS) techniques have 

been used to study the Preyssler type Polyoxometalate K12[DyP5W30O110] molecules 

deposited on Highly Oriented Pyrolytic Graphite surface (HOPG). Chainlike 

arrangements of clusters containing one or two molecules, as well as different 

cluster sizes are observed.   As many structural artifacts are present on the graphite 

surface, like Moiré patterns, that could look like the molecular deposits, we have 

studied their STS and size to ensure the presence of the POM molecules on the 

surface. 
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3.1 Polyoxometalates 

Polyoxometalates (POMs)as well called Polyoxoanions are a transition metal 

oxygen anion clusters [9] forming high symmetry structures which have extensive 

applications in diverse fields such as industry, medicine, biology, new materials 

development, catalysis and science research and design and study of magnetic 

cluster [10-12][18]. Due to the electronic transfer processes and magnetic exchange 

interactions, POMs exhibit a wide diversity of molecular architecture, density of 

states, electronic and magnetic properties, as a result of the transition metal which is 

incorporated into the cluster. POMs constitute a varied sort of molecular metallic 

oxides with rich diversity of structures so shape and size as well. Figure 3.1 shows 

most of the common polyoxometalates compounds synthetized in chemistry 

laboratories. It is common to represent the structures of these compounds by 

polyhedrons, understanding that the atom of the transition element is located in the 

center of this and the oxygen atoms are at the vertices. Generally, polyoxometalates 

are octahedral, tetrahedral or square-based pyramids.  

 

 Figure 3.1. Most common Polyoxometalates structures and shapes. 
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Two types of polyoxoanions are known depending on the element which set 

it up. In the Figure 3.2 we can see the different elements of the periodic table that 

can synthetize POMs. 

1. Polyoxoanions represented by silicates and oxoanions of semimetallic 

and non-metallic elements: B, P, S, Ge, As, Se, Sb, Te, I. 

2. Polyoxoanions represented by transition metals of the 5
Th

 and 6
Th

 

group: V, Nb, Ta, Cr, Mo, W. 

Rare earths elements are very interesting to develop new nanostructure 

devices and nano-circuits. The Dysprosium polyoxometalate K12[DyP5W30O110] 

exhibits quantum effects on its specific magnetic properties, the presence of a high-

spin ground state and an easy axis of magnetization for the individual molecules, can 

be considered as a single molecular magnet (SMM) [13-15]. These properties make 

of that molecule as a good candidate to develop new devices as quantum computing 

elements or magnetic storage memories. In order to study the individual properties 

of such molecules and their possibilities to turn into devices, the Scanning 

Tunnelling Microscope (STM) and low temperatures are the tools to be used. 

 

Figure 3.2. d elements which can constitute Polyoxometalates. 
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Scanning tunnelling microscopy has demonstrated to be an extraordinary 

technique for the characterization of conductive surfaces and for the analysis of 

objects on a nanometric scale [1]. This powerful and successful technique allows 

understanding and measuring of chemical and Physical behaviour of single 

molecules addressed on a well know surface [2-4]. Since STM image contains 

electronic and geometric information of the sample it can be very difficult to 

distinguish in between adsorbed molecules and artefacts due to the HOPG surface 

[5] with similar sizes and shapes. Electrical behaviour and tunnel spectroscopy have 

then a main roll to clarify if we are measuring an artefact or an absorbed molecule 

[6]. It is well know that POMs could induce defects on the HOPG [7] and create 

Moiré patterns on the surface. This induces charge defects on the surfaces that can 

induce a preferential absorption of molecules on low electron density places, like 

Moiré pattern edges and two sub-layers union.  With this study we demonstrate that 

POMs deposited on HOPG surface form well-ordered one-dimensional array [8] 

with characteristic dI/dV behaviour different to the one of the HOPG substrate. 

 

3.2 Coulomb Blockade   

Coulomb Blockade is defined such an increase of the resistance at small bias 

voltages of an electronic device comprising at least one low-capacitance tunnel 

junction [19]. When electrons are confined to a spatial region so small that when an 

electron enters the area, inhibits the entry of others. This phenomenon is due to the 

interaction between electrons. However, the number of electrons confined can be 

changed. 
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We have learned that, in order to observe the Coulomb Blockade and the 

stairs cases, two necessary conditions have to be satisfied. The first condition is the 

charge energy (3.1), where the capacitance of the molecule and the electron energy 

determines the value of the charge energy. That energy must exceed the thermal 

energy (3.2). If the thermal energy of the electron is bigger than the charge energy, 

electrons will flow through the Coulomb barrier; this condition can be achieved 

using low temperatures. The second condition is the electric contacts between the 

molecules and the surface should have tunnelling resistance bigger than the quantum 

resistance, so as to avoid quantum fluctuations of the electron charge. 

   
  

 
     (3.1) 

            (3.2) 

So that, only nanoparticles and molecules with a capacitance lower than        

10 
-18

F satisfies these conditions and so that, Coulomb Blockade can be measured at 

room temperatures.  

The Scanning Tunnelling Microscope is the perfect tool to prepare and 

measure single electron tunnelling devices [20-23]. In our scenario (Figure 3.3), 

molecules on the surface and the STM tip, can be modelled as a double barrier 

tunnelling junction and using current/voltage spectroscopy (I/V), we can measure 

Coulomb Blockade and observe Coulomb Staircases. 
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Figure 3.3. Illustration model of the double barrier tunnelling junction 

formed by the STM tip and the molecule with the associated equivalence circuit. 

3.3 Sample preparation and deposition  

In this research, we chose two sorts of Polyoxometalates .Preyssler type 

Dysprosium Polyoxometalate K12[DyP5W30O110]  and Keggin type K10 

[Co4(H2O)2(PW9O34)2], were prepared by E. Coronado group in the ICMOL institute 

in Valencia.  

The shape and structure of these compounds are well known (figure 3.4) 
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Figure 3.4. Structure of the POMs studied. 

The samples used in our STM studies were POM molecules deposited on a 

HOPG substrate. This was prepared in an aqueous solution with a concentration 

approximately of 1.1x10
-4

M, dissolving 10mg of K12[DyP5W30O110] and K10 

[Co4(H2O)2(PW9O34)2], powder in 10ml of miliQ water. Freshly cleaved HOPG 

10X10X1mm SPI-1 grade is immersed into the molecules solution during 72 hours. 

Drop Casting and Spin Coating samples were prepared as well with successfully 

results but only immersing the HOPG we got easy and reproducible deposits onto 

the surface.  After 72h the sample was extracted from the POMs solution and dried 

during 30 minutes in a desiccator to avoid ambient pollution. STM images and STS 

were obtained at room conditions and at 77K.  

The STM images and STS were taken using  a Homemade STM with a 

scanning piezotube develop at the LT-Nanolab in the University of Alicante, using a 
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Pt/Ir (90/10) 0,25mm diameter tip, mechanically sharp and with a  Nanotec Dulcinea 

Control Unit. Images and STS were analysed with WSxM 5.0 Develop 4.1 software 

[16]. 

 

3.4  K10[Co4 (H2O)2(PW9O34)2] Polyoxometalate 

Firstly we studied a kegging type polyoxometalate molecule. That molecule 

is not really relevant for its properties; due that the magnetic blockade temperature 

for this compound is below 1K. With the equipment that we have in the LT-Nanolab 

at the University of Alicante, we cannot measure the single molecular magnet 

behavior of the CoPOM. The structure and shape as shown in figure 3.5 c), is 

Kegging type and that is the main point of this molecule, its peculiar shape allows us 

to find it on the surface after the deposition and the different conformations that can 

attach to the HOPG. 

 

Figure 3.5. a) and b) Deposits of the Co POMs on the HOPG surface. c) 

Kegging structure of the Co Polyoxometalate. 
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With this particular molecular shape we can easily find the molecule on the 

surface and identify the different geometrical configurations that it could address on 

the surface. The peanut shape showed in fig. 3.5 c)  was easily found on the edge of 

a Moire pattern as shown in Fig. 3.5 a) and two different ways of attaching were 

discovered. The molecule can attach upright on the surface or lying on one of its 

sides as checked in Fig. 3.5 b). 

 

3.5  K12[DyP5W30O110] Polyoxometalate 

The structure of this molecule is known as Preyssler type and has the 

common structure Fig. 3.6.        

As the structure of the molecule is well known, we can study the deposition 

of the POM on a HOPG surface and determine the way it attach to the surface and 

the electronic properties of one single molecule.  

 

Figure 3.6. Preyssler type structure of dysprosium polyoxometalate. 
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3.6 Results and discussion 

Samples were firstly measured at room conditions with STM.  We can find 

different POMs deposits on the sample surface with different sizes and randomly 

ordered. One of the most common deposits found is a one-dimensional arrays 

structure onto the HOPG surface (Figure 3.6 a)) with nearly one micron length. Most 

likely this molecular order is controlled due an electrostatic interaction between low 

electron density areas in the substrate surface, so deposits of POMs molecules are 

expected on such places. The diluted solution and 72 hours of graphite immersion 

give to the molecules time enough to get trapped along the charge defective regions. 

The STM images reveal the well-ordered chainlike structure of K12[DyP5W30O110]. 

Cross-section measure (Figure 3.6 b)) of one of the deposit reveals the size (width 

and height) of the bead that is consistent with the data of the molecular diameter for 

this compound. Periodicity in the structure is about 2.5 nm that is near to the 

molecular diameter. As shown in Figure 3.6, deposits are reveals bright dots and 

dark dots, both with similar size and without periodicity relationship. This strange 

electronic behavior could be due a different spin-state of the complexes as 

previously reported by Mohammad S. Alam et al. where polyoxoanions ordered on a 

HOPG surface as seen in figure 3.6, due a delicate balance between intermolecular 

forces and molecule-substrate interactions [6]. 



Arrangement and properties of polyoxometalates on HOPG                                                  71 

 

 

 

 

Figure 3.6. a) Constant current STM topography image of a chainlike 

structure of the Preyssler type POM K12[DyP5W30O110] on a HOPG surface at room 

temperature. Set point current was 0.57nA and Bias voltage was 857 mV. b) 

Topography cross-section of a POM ball.  

STS was measured on K12[DyP5W30O110] to obtain a better understanding of 

the electronic structure of the deposits. I/V spectroscopy were performed and dI/dV 

was obtained numerically (Figure 3.7). 

Results at room temperature show differences between electrical behavior of 

HOPG surface and POM deposits. Spectroscopy of HOPG surface and artifacts 

differs of the spectroscopy of POM, dI/dV of HOPG shows the characteristic “v” 

shape curve of the graphite meanwhile deposits´spectroscopy shows significant 

differences and reveals the typical signature of a Coulomb blockade. Although is not 

normal obrserv Coulomb Blockade at room temperature in that case it appears in the 

depposited molecules, demostrating that the molecules are coupled to the HOPG by 

tunnelling barriers. The spectroscopy possibilities of the STM, such a current 
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imaging tunnel spectroscopy (CITS), allow us to achieve a better understandind of 

this different behaviour. 

 

Figure 3.7. a) I/V characteristic recorded in two different positions, red line 

HOPG surface, black line POM deposit. b) Numeric normalized dI/dV of the I/V, 

red line HOPG surface, black line POM deposit. 

The I/V curve recorded on the POMS reveals a significant difference from 

the I/V on the HOPG and shows the typical shape of a Coulomb Blockade with a 

threshold value of 0.275V. With this obtained value we can calculate the total 

tunneling capacitance Ct= e
2
/2Ec [23] giving a value of 0.29aF. The theoretical 

capacitance could be calculated as Ct=2πdɛoɛ, where d is the molecular diameter 

(1.5nm) and ɛ is the dielectric constant of the molecule. Unfortunately we haven’t 

measured ɛ in this experiment and there is no information of our particular POM in 

the literature but a value of ɛ=4 is common for polyoxoanions [24]. This 

approximation yields to Ct=0.35aF, which is in the same order of magnitude as 

obtained from the Ec energy measured experimentally in the I/V curves. 
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The measurements carried out in the current imaging tunneling spectroscopy 

mode CITS we record an I/V at each pixel of the topography image is measured. 

That technique we can obtain an exact correlation between the I/V curves and the 

sample location, moreover we can obtain the current image and a 3D image 

containing current, Bias voltage and topography information. This method allows 

obtaining more information of the electronic behavior and reveals the different bias 

value which the molecule is more active. We also obtain with this method spatially 

resolved energy spectroscopy [17]. 

           Figure 3.8. a) -573mV, b) 222mV, c) 546mV 3D CITS images of the same 

scan at different Bias voltage value. Active regions of the molecule can be 

distinguish on the surface looking at the bright sharp pics. 

As shown in figure 3.8, we can observe sharp picks in the current in the CITS 

image, that reveals the active centers of one molecule of the chainlike structure on 

the graphite surface.  The current contrast changes significantly whe  at certain bias 

voltages new olecular energy levels come into play, thus enhancing the information 

obtained from topography alone. Thefore we can oberve that below and over  a 

certain threshold of approximately ±0.26V the tunnelling current at cetain points in 

the molecular structure increases drastically. 
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More deposits of molecules were found onto the flat HOPG surface  without 

a dimensional arrangement. Shape and size of POMs agrees with the previous  

deposits obtained (Figure 3.9). As we mentioned before, the molecular ordering on a 

surface is controlled by a delicate balance between intermolecular forces and 

molecule-substrate interactions. As the bonding of the complex molecules to the 

substrate is weak, diffusion is possible along the surface. The mobility is reduced at 

defects. Thus, an aggregation of molecules and randomly single molecules are to be 

expected on the surface when we scan it looking for our well-orderded in linear-

fashion deposits. 

 

Figure 3.9.  a) Random deposits of POMs on the graphite surface. b) Height 

and width is in according with the chainlike arrays. 

3.6.1 Low temperatures experiment 

Results at room temperature shown significally differences between electrical 

behavior of graphite and deposits. To confirm that results the sample  was placed on 

a Low temperatures set up. High vacuum was applied to the system (≈1x10
-7

 Pa) and 

the STM was inmersed into a Liquid Nitrogen bath (77K). Same deposits were 

found at low temperatures as at room conditons (Figure 3.10). The images reveal the 
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well-ordered distribution of K12[DyP5W30O110]  at liquid nitrogen temperature. The 

molecules shown a double linear superstructure aligned along the graphite surface in 

a linear fashion. Individual molecules were clearly distinguished and mapped. 

Figure 3.10 shows a linear molecule arrangement with the double superstructure. 

The periodicity of the molecules is about 1nm, which is close to the molecular 

diameter of 1.5 nm. The size of a single molecule in the STM images is in 

accordance with the molecular diameter of approximately 1.5nm and the molecular 

height 1nm. 

 

Figure 3.10. a) Constant current STM topography image of a chainlike 

structure of the Preyssler type POMs on a HOPG surface at 77K. b) Topography 

cross-section of a POM cluster.  

Low temperatures and vacuum enhanced the spectroscopic results of the 

deposited POM. We performed spatially resolved CITS on the polyanion deposits. 

The obtained results are similar with the ones measured at room temperature. 

Conductivity of the molecules varies on steps. Discrete values of conductance can be 

observed due to the different channels activation voltage. 
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           Figure 3.11.  a) I/V characteristic recorded in two different positions at 77K, 

red line HOPG surface, black line POMS deposit. b) Numeric normalized dI/dV at 

77K of the I/V, red line HOPG surface, black line POMS deposit. 

The Coulomb blockade staircase I-V curve is not perfectly appreciable in the 

chart, we can see small jumps in the current while changing the voltage but we can 

see better the blockade effect from the dI/dV curves. We can obtain the threshold 

values from the saddle points in the dI/dV curve and calculate the total capacitance 

of the double tunnelling barrier junction with the formula shown before Ct= e
2
/2Ec  

(Table 1). 

Ec (V) Ct (aF) 

0.379 0.337 

0.770 0.166 

1.281 0.0999 

1.960 0.0653 

Table 1. Coulomb blockade threshold values and total capacitance for the 

double tunnelling barrier junction at 77K. 
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We can observe from the different values obtained for the total capacitance of 

the junction that these values vary in an integer values of the first Ct measured being 

Ct=nCto with n=1, 2, 3and 5 respectively for each jump.  

We have also investigated the dark and bright molecules observed in Figure 

3.6 and 3.10 in order to understand the possible Spin-crossover (SCO) effect in the 

polyoxoanions. This SCO states are influenced strongly by intermolecular 

interactions, such as hydrogen bonding or π-π stacking, so that we studied with the 

STM images and the STS-CITS the spin state at the single molecule level. The 

linear fashion aggregation register with the STM leads to suggest that the observed 

deposits are due to the π-π interaction with the HOPG.  

 Figure 3.12 shows a topography image of both deposits. The image has two 

different features within. On the top of the image we can see dark spots in the line of 

molecules where the tunnelling current is somehow supressed. This change in the 

tunnelling conductivity is spread over many dark molecules in the chainlike fashion 

deposit. We can also see bright spots from the middle to bottom of the image were 

the tunnelling current increases. 
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            Figure 3.12. a) Constant current STM topography image of a chainlike 

structure of the molecules on a HOPG surface at 77K showing the bright and dark 

POMS. b) I/V characteristic recorded in three different positions at 77K, red line 

HOPG surface, black line corresponds to bright POMS and blue line to dark POMS. 

This behaviour showed in figure 3.12 could be associated to changes in the 

spin states as reported by Mohammad S. Alam et al.[8] where different spin states 

for transition metal complexes were found on the HOPG surface as the same way we 

found the POMs deposits. Dysprosium belongs to the “f” series of transition metals 

(Lanthanides) with an electronic last layer configuration of 6s
2
4f

10
, it form stable 

oxides changing it electronic oxidation state to Dy
+3

 this leads to a 4f
7
 orbitals that 

can configure High Spin (HS) and Low Spin (LS) states. Unfortunately we don’t 

have any X-ray crystallographic measurements of the geometrical changes in the 

different spin configurations of the molecule. We don’t have any experimental 

evidence to determine with one the spin configurations corresponds to the dark and 

bright dots in our deposits but as the current images were recorded at constant bias 

voltage, a smaller conductance translates into a darker feature showing that either 

HS or LS configuration is low conductive. 



Arrangement and properties of polyoxometalates on HOPG                                                  79 

 

 

 

We measured repeatedly the same area and it did not show any change in 

spectroscopy or topography-current images so that we can confirm that the spin 

states of single isolated molecules are pinned by the substrate and are thermally 

stable. We also notice that only statistically distributed sequences of dark and bright 

spots can be observed along single molecular chains, indicating that there is no 

cooperativeness of the spin states in the chainlike fashion arrangement.   

 

3.7 Conclusions 

Images, CITS and measurements obtained with the STM at room conditions 

and at liquid nitrogen  temperature (77K) of the K12[DyP5W30O110] polyoxometalate 

on a HOPG surface, reveals a one dimensional reproducible chainlike arrangement 

as single molecules and these have significantly different electrical behavior with the 

graphite one. The POMS show a room temperature Coulomb Blockade that shows 

the typical staircase model when the system is cold down to the liquid nitrogen 

temperature. CITS shows the main conductance channels of the molecule and 

comparing the 3D image obtained and a theoretical molecule structure, we can point 

these channels in the representation. We can also measure the High Spin and Low 

Spin electronic configuration for the polyoxoanions and confirm that it is pinned by 

the substrate and thermally stable. 
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Chapter 4   

 

Molecular Electronics and Molecular 

Switches  

 

Molecular electronics is a new multidisciplinary field in development due to 

the capability of design new molecules with specific electronic properties; 

furthermore there is a great interest in measuring and controlling electrical current 

through single molecules that are wired to two electrodes [1-2]. These molecules can 

behave as electronic devices at the nanoscale. Molecular toolbox is almost infinite, 

that makes this field an amazing playground for scientist which can design and study 

different molecules with different electronic properties.  

 

To design a proper molecule to that purpose, first we have to take a look of 

the different elements that we can find in an electronic device and then develop a 

molecule to mimic that behaviour. The most interesting properties in molecular 

electronics are: 

 

Insulators: molecules with high resistivity. 

 

Storage elements: molecules with magnetic properties and long 

demagnetization times. 

 

Diodes: molecules with rectifier behaviour. 
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Conducting wires: molecules with low resistance and low current decay. 

Switches: molecules with an on/off behaviour and a low leak current value. 

 

Although the electronic properties are one of the most important things in 

order to design the molecule, the anchoring group is another essential point. The 

anchoring group is the contact between the molecule and the electrode, so this group 

should be able to attach stably the molecule between junctions and transmit 

efficiently the electron to the system. 

 

This potential reservoir of future gadgets needs an atomic resolution tool to 

measure and study its electronic properties with a metal/molecule/metal junction. 

 

Scanning Tunnelling Microscope and Scanning Tunnelling Spectroscopy 

(STM/STS) have been used to contact and measure the electronic transport 

properties of metallic nanoscale structures [SABATER], molecular monolayers and 

single organic and inorganic molecules. Commonly, those measurements are taken 

at low temperatures and high vacuum. Here we show a single molecule measured at 

room conditions with a redox active transition metal (Ru(II)/Ru(III)) connected to 

the tip and the surface and measured in an electrochemical STM. This molecule 

could be used as a molecular switch due to its On/Off states that can be tuned using 

a Redox potential.  
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4.1 Ruthenium OPE as molecular Switch 

 

Electrical properties of single molecules are in currently intense interest due 

to their potential use as active elements in nano-circuits. The electrical properties of 

molecules can be controlled by the number of electrons occupying the energy levels 

in the molecule.  Our molecule is based on a class of transition metal complex with 

Ruthenium as a central ion, forming an organometallic OPE derivate Fig. 4.1. That 

focus molecule exhibits a reversible redox reaction and due to the stability of this 

redox state and the highly delocalised π-d-π electronic structure which spans the 

length of the molecular backbone [3] make such an attractive system to study.  

 

 

Figure 4.1. a) Ruthenium Olygopolyethilene molecule structure. b) 

Schematics of the RuOPE STM I(s) measurement. 
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The OPE molecule is inserted between the substrate and tip in a three 

electrode electrochemical scanning tunnelling microscope (EC-STM)[4-6]. 

Changing the potential at the redox site can move the redox levels of the molecule 

into range of the Fermi levels of the tip and substrate [7][8]. The amplification of the 

current measured through redox active molecules is dependent on the electron 

transfer mechanism. The two main classes of electron transfer mechanism are the 

resonant tunnelling mechanism, as initially outlined by Schmickler [9] and the 2-

step electron transfer mechanism, which is a hopping type mechanism. The Ru 

redox centre and OPE type backbone of this molecule is of interest. OPE molecules, 

in particular, cause a reduced β-value due to their relatively small HOMO-LUMO 

gap [10] and the delocalization of electrons across the OPE backbone [11]. The β-

value of OPE is further reduced in mixed OPE-Ru compounds. The low β-value of 

these compounds is reflected in the similar conductance of molecules composed of 

multiple Ru units. The low β-value implies that in these molecules the frontier 

orbitals have a similar energy to the Au Fermi level allowing for the improved 

conductance [12]. The low β-value achieved using the mixed OPE-Ru molecules is 

of interest because it indicates a high transmission efficiency over longer distances, 

and is a direct reflection of the electrical properties of the junction [13]. While 

relatively low β-values can be achieved using simple OPE molecules, the use of Ru 

containing molecules allows functionalities not possible with standard OPE 

molecules. By using Ru containing molecules the molecular redox state can be 

controlled, permitting the molecular redox switching to be investigated. Aside from 

the control of redox state, Ru also presents opportunities for control of its spin state, 

which opens up these molecules to spintronic investigations. 

 



Molecular Electronics and Molecular Switches                                                                     87 

The molecule is chemically robust in two redox states (Ru
2+

 and Ru
3+)

 and the 

metal centre is ligated  with two 1,2-Bis(diphenylphosphino)ethane 

(C6H5)2PCH2CH2P(C6H5)2 (dppe)  and using as anchor group to connect with the 

electrodes trimethylsilylacetylene  CCSi(CH3)3 (TMS). That anchor group creates 

only one type of connection with the gold giving a characteristically conductance 

peak in the histograms [14]. 

 

The atomically planar Au(111) substrate, the gold tip and the platinum 

reference electrode are equivalent to the source, drain and gate electrode in solid-

state molecular transistors. Tunnelling current/over-potential relations correspond to 

transistor-like current/gate voltage relations. While the current/bias voltage relations 

are equivalent in the two configurations.  

 

Cyclic voltammetry on RuOPE in organic solution were performed Fig. 4.2. 

which clearly showed the redox transition from RuOPE
2+

 to RuOPE
3+

. A Blank 

solution (0.1 M TBAPF6 in N2 dried DMF) with ferrocene (Fc
/
Fc

+
)

 
was use as 

internal quasi reference electrode, in that case ideal for non-aqueous work [15]. 

Table 1 shows the redox potential for the couple Ru
2+

/Ru
3+

 and Fc/Fc
+
. The potential 

scale can be calibrated with the E1/2 value for the ferrocene.  



88                                                   Chapter 4. Molecular Electronics and Molecular Switches 

 

 

 

Figure 4.2. Cyclic voltammetry of Ruthenium Olygopolyethilene (red), 

Ferrocene (blue) and Blank solution (Black) on Au (111) in an electrolyte of 0.1 M 

TBAPF6 in N2 dried DMF. Scan rate= 100mVs
-1

. 

 

Scan Rate Ferrocene 

V vs Pt quasi 

ΔEp/V          E1/2/V 

Redox RuOPE 

V vs Pt quasi 

ΔEp/V                 E1/2/V 

100 mVs
-1

 0.103           0.485 0.115                   0.644 

 

Table 1. The difference between the anodic and cathodic potential ΔEp, and 

the redox potential E1/2, given as the midpoint of the anodic and cathodic peak. The 

ferrocene E1/2 value is used to calibrate the potential scale. 

 

RuOPE shows a clear electrochemistry compared with the blank solution, 

exhibiting one redox wave at 0.70 and 0.59 V vs Pt quasi-reference.  

 

 



Molecular Electronics and Molecular Switches                                                                     89 

4.2 Sample preparation and measurements 

 

All the electrochemistry experiments were performed on Ecochemie Autolab 

potentiostat PGSTAT 30 model and the corresponding Autolab GPES software. A 

three-electrode set-up was utilised and unless otherwise specified, used a Au(111) 

working electrode (WE), Pt mesh counter electrode (CE) and a Pt mesh as reference 

electrode (RE) in a glass cell. The glass cell was cleaned in a 1:1 mixture of H2SO4 

and HNO3 prior to use, rinsed several times in MilliQ® water and overnight into an 

oven at 125ºC. The CE, RE and WE were flame annealed prior to use. The 

electrolyte was bubbled with N2 gas for approximately 20 minutes prior to use, to 

remove any O2 present in the solution which may be reduced at the WE. A range of 

scan rates were used. To convert the potential scale to Fc/Fc
+
, ferrocene was added 

to the 0.1 M TBAPF6 in N2 dried DMF solutions after the cyclic voltammetry was 

recorded. This was then repeated at the same scan rates. E1/2 was measured and this 

was set as zero on the potential scale.  

 

The EC-STM experiments were performed using an Agilent 5500 STM 

controller in conjunction with the Agilent Picoscan 5.3.3 software. Due to the 

sensitivity of the RuOPE to air/water, an environmental chamber was fitted to the 

STM head, to maintain a dry, inert N2 atmosphere. The environmental chamber also 

contained a small amount of silica desiccant. Au STM tips were prepared using 0.25 

mm Au wires (99.99%, Goodfellows) which were electrochemically etched in a 1:1 

solution of HCl and ethanol at approximately +7.0 V. The Au tips were then coated 

with a layer of Apiezon® wax, ensuring that only the very end of the tip was 

exposed. Commercial gold-on-glass substrates (Arrandee®) were flame annealed for 

approximately 5 minutes prior to use. RuOPE was provided by the group of 
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Professor Paul Low of the University Of Durham. Low coverage samples were 

formed on the gold-on-glass substrate by immersing the substrate in a 1*10
-4

 M 

solution of RuOPE in a 0.1M TBAPF6 in DMF for approximately 1 minute. This 

was then rinsed with ethanol and blown dry using N2. In order to perform STM 

under electrochemical potential control, a Teflon cell was used in the STM setup and 

a Pt quasi reference and counter electrode system was employed. Once TBAPF6 in 

DMF had been added to the STM cell, the environmental chamber was purged with 

dry N2 for approximately 12 hours prior to measurements being taken.  

 

The STM I(s) technique was employed in these measurements with a setpoint 

current (I0) of 10nA and a sample bias voltage (Vbias) of +0.6V. The tip was 

withdrawn by 4 nm relative to the setpoint current and the scan duration was 0.1 

seconds. The resulting current-distance scans were plotted into a histogram, which 

was used to calculate the molecular conductance. The sample potential was varied 

between 0.4V and 0.8V with respect to the Pt quasi.  

 

After preparing a RuOPE on gold sample, STM image was performed for a 

few samples Fig 4.3. 
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Figure 4.3. STM images of RuOPE on Au(111) obtained with a Vbias 0.6V 

and a 0.1nA set point current. 

 

Figure 4.3 shows the coverage of the organometallic Ruthenium complex 

after de deposition methods. As seen in the images the Au(111) surface is almost 

fully covered with the RuOPE but the gold terraces are still noticeable, allowing us 

to perform the electrochemical STM method for the conductance measurements. 

   

4.3 Results and discussion 

 

The I(s) technique was used to determine the single molecule conductance of 

RuOPE at various sample potentials, in the DMF-TBAPF6. The I(s) measurements 
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were performed in an environmental chamber purged with dry N2 gas and I(s) scans 

were recorded by setting the current setpoint and bias voltage, and then rapidly 

retracting the Au tip at a rate of 40 nm s-1. Approximately 2% of the I(s) scans 

contained a current plateau indicative of molecules bridging the gap between the Au 

tip and gold-on-glass substrate Fig 4.4. 

 

Figure 4.4. Examples of I(s) scans of RuOPE in TBAPF6-DMF. 

 

Every I(s) scan which contained a plateau was used in the histogram analysis. 

The histograms for sample potentials of 0.4, 0.45, 0.5, 0.55, 0.6, 0.64, 0.7, 0.75, 0.8, 

0.85 and 0.9V vs Pt quasi reference contained at least 500 scans. In each histogram, 

a clear peak is present and can be used to calculate the conductance of the molecule 

Fig 4.5a-c. 
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Figure 4.5a. Conductance histograms of RuOPE using sample potentials of 

a) 0.4V, b) 0.45V, c) 0.5V, d) 0.55V sample measured on air. All of them obtained 

using the I(s) method: Vbias=0.6V; Io=10nA and more than 500 scans were analysed 

for each histogram. Sample potentials are with respect to the Pt quasi reference. 
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Figure 4.5b. Conductance histograms of RuOPE using sample potentials of 

e) 0.6V, f) 0.645V, g) 0.7V and h) 0.75V sample measured on air. All of them 

obtained using the I(s) method: Vbias=0.6V; Io=10nA and more than 500 scans were 

analysed for each histogram. Sample potentials are with respect to the Pt quasi 

reference. 
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Figure 4.5c. Conductance histograms of RuOPE using sample potentials of i) 

0.8V, j) 0.85V, k) 0.9V and l) 0.6V, sample measured on air. All of them obtained 

using the I(s) method: Vbias=0.6V; Io=10nA and more than 500 scans were analysed 

for each histogram. Sample potentials are with respect to the Pt quasi reference. 

 

The resulting 1D histograms of these measurements shown in Fig 4.5a-c, 

were analysed using the statistical analysis program Origin pro 9 and all the curves 

were fitted with a Gauss fit and these values are shown in table 2. 

 

All the data obtained concerning the conductance of the RuOPE are plotted in 

Fig 4.6 and shows the conductance of the ruthenium molecule versus the 

electrochemical sample potential. The potential scale is versus the Pt quasi 
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reference. The cyclic voltammetry is plotted in the same figure without y scale to 

clear the effect of the on-off switching with conductance increasing from 1.2*10
-5

Go 

to 3.3*10
-5

Go.      

 

Sample potential / V vs Pt quasi Conductance / 105Go 

                400 mV                  1.20 ± 0.30 

                450 mV                  1.30 ± 0.60 

                500 mV                  1.40 ± 0.50 

                550 mV                  2.30 ± 0.80 

                600 mV                  3.10 ± 0.90 

                645 mV                  3.30 ± 1.10 

                700 mV                  2.50 ± 1.20 

                750 mV                  1.80 ± 0.80 

                800 mV                  1.80 ± 0.90 

                850 mV                  1.20 ± 0.60 

                900 mV                  1.20 ± 1.10 

              RuOPE on air                  1.20 ± 0.70 

 

Table 2. The conductance estimated for RuOPE at the sample potentials 

measured. The sample potentials given are with respect to the Pt quasi reference. 
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Figure 4. 6. Plot of conductance of RuOPE against the sample potential with 

an overlaid cyclic voltammogram (red line) of RuOPE. The point of maximum 

conductance corresponds with the redox potential of the transition of Ru
2+

/Ru
3+

.  

 

The conductance maximum occurs at the redox potential of the ruthenium-

ope, which is indicative of the Kuznetsov-Ulstrup[16-20] mechanism rather than 

resonant electron transfer. The noticeable change in the conductance with potential 

change means the electron transfer occurs in the adiabatic region. The strong 

coupling between the molecule redox state and the electrodes allows an electron to 

transfer from the tip to the molecular redox level, and reduce the trication, as the tip 

Fermi level and RuOPE molecular energy level move into resonance. The molecular 

redox level then relaxes towards the Fermi level of the substrate, although before 

this relaxation is complete the electron transfer from the molecule onto the substrate, 

causing the molecule to re-oxidize. The relaxation of the molecular energy level 
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back up to the oxidised state allows another electron to transfer and the cycle to 

repeat. This cycle repeats many times in one process causing the increase in the 

conductance seen.   

 

The conductance data shown above were modelled using the Kuznetsov-

Ulstrup model of 2-step electron transfer. The Kuznetsov-Ultsrup model was 

previously described in the chapter two of this thesis. This mechanism can be 

modelled numerically with the simplified equation 2.17. 

 

  
                                  

                          
            (2.17) 

 

Where Vbias is the bias potential, λreorg is the reorganisation energy, η is the 

over-potential applied to the substrate, and ξ and γ are modelling parameters relating 

to the proportion of electrochemical potential and the bias potential respectively. ξ is 

a parameter between 0 and 1 related to the effective electrode potential at the redox 

centre with changing over-potential. γ is a modelling parameter between 0 and 1 

related to the effect of the bias voltage on the effective electrode potential of the 

redox centre. The equation shows the maximum tunnelling current occurs at the 

equilibrium redox potential of the molecule. This characteristically effect 

distinguishes the 2-step hopping model from the resonant tunnelling model, where 

the maximum tunnelling current is offset from the redox potential.  
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Figure 4.7. conductance-sample potential relationship of RuOPE in the 

TBAPF6-DMF. The red dots show the KU simplified model and the black dots the 

experimental values obtained. For the redox transition the KU fits the experimental 

data well. 

 

The experimental data and the KU model were plotted in Fig 4.7. and the  

λreorg, ξ, and γ values used in the modelling of the redox transition of RuOPE are 

shown in table 3. 

 Simplified KU 

λreorg -0.047 eV 

γ 0.5 

ξ 0.35 

   

Table 3. values of the  λreorg, ξ, and γ used in the simplified KU model. 
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The values of the λreorg, ξ, and γ are altered in the KU model to achieve the 

best fit. γ has an optimum value of 0.5 for a symmetrical molecule such a RuOPE. A 

γ value of 0.5 indeed gave the best fitting for the RuOPE for the redox transition. 

The proportion of the electrochemical potential ξ which can have values ranging 

between 0 and 1. Although the ideal ξ value is 1, changing the value alters the width 

of the peak. Lower values of ξ form a wide peak. These fitting parameters are 

independent from one another; changing one does not affect another. The negative 

λreorg value of could be explained due to the stability of the Ru
2+

/Ru
3+

 in the solution. 

After switching the solvent coordination doesn’t change significantly and there isn’t 

any significant reorganization process around the RuOPE complex. The negative 

value of λreorg could be understood as an extra stabilization of the compound after the 

oxidation process. The addition of Ruthenium to pure organic molecules forming 

organometallic compounds affects to the stability of the system into an 

electrochemical scenario [21-23], so that the λreorg doesn’t change as the normal 

values obtained for pure organic molecules under electrochemical gating [24-26].   

 

The break-off distance of RuOPE was plotted and estimated using the 

method described in Chapter 2, Fig 4.8a-c for each sample potential. This was then 

compared to the length of a single molecule of RuOPE which was estimated using 

Spartan14® as approximately 2.4 nm. A number of the break-off distances estimated 

were slightly lower than expected considering that this break-off distance includes 

the two gold-molecule bonds. A possible explanation for this is that the structure of 

the tip at the nanoscale is not known and the TMSE anchor group geometry in the 

contact couldn’t be considered as tripod geometry contacting the gold and silicon 

atom on aside, which would result in a lower break-off. Although the breakoff 

distance provides a reasonable means of confirming the measurement of one single 
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molecule, it is by no means absolute proof. The break-off distances estimated are 

given below in table 4. 

 

Sample potential / V vs Pt quasi Break-off distance / nm 

400 mV 2.49 ± 0.35 

450 mV 2.32 ± 0.18 

500 mV 2.31 ± 0.20 

550 mV 2.40 ± 0.15 

600 mV 2.28 ± 0.13 

645 mV 2.27 ± 0.18 

700 mV 2.31 ± 0.40 

750 mV 2.48 ± 0.28 

800 mV 2.43 ± 0.31 

850 mV 2.58 ± 0.29 

900 mV 2.53 ± 0.25 

RuOPE on air 2.34 ± 0.26 

 

Table 4. The break-off distance estimated for RuOPE at the sample 

potentials measured. The sample potentials given are with respect to the Pt quasi 

reference.  
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Figure 4. 8a. 2D histograms of RuOPE using sample potentials of a) 0.4V, b) 

0.45V, and c) 0.5V sample measured on air. All of them obtained using the I(s) 

method. Sample potentials are with respect to the Pt quasi reference. 
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Figure 4. 8b. 2D histograms of RuOPE using sample potentials of e) 0.6V, f) 

0.645V, g) 0.7V and h) 0.75V sample measured on air. All of them obtained using 

the I(s) method. Sample potentials are with respect to the Pt quasi reference. 
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Figure 4. 8c. 2D histograms of RuOPE using sample potentials of i) 0.8V, j) 

0.85V, k) 0.9V and l) sample measured on air. All of them obtained using the I(s) 

method. Sample potentials are with respect to the Pt quasi reference. 

 

4.4 Conclusions 

 

The use of redox active molecules in single molecule junctions provides an 

interesting avenue for molecular electronics investigations. When using redox active 

wires as archetypical molecular switches care is necessary as the success of such 

measurements is dependent on many factors. A viable electrochemical molecular 

switch must have robust electrochemistry in solution before its conductance is even 

investigated. When the electrochemistry is robust, and the molecule is able to form 
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metal/molecule/metal junctions, straightforward conductance switching may occur. 

The organometallic Ruthenium complex investigated here, for instance, showed 

enhanced effects from the redox activity of its anchor group on its ability to act as a 

straight forward redox switch. The solvent of the investigation is also important, 

taking advantage of the wider potential window available to DMF-TBAPF6 over 

conventional aqueous electrolytes, the redox transition of RuOPE was observed 

using  cyclic voltammetry and STM I(s) measurements. When the system is 

carefully chosen, single molecule conductance switching can be reliably observed 

and significantly investigated. This is facilitating detailed study of charge transport 

across single molecules in electrochemical environments. This work shows some of 

the advantages of using organometallic complexes as molecular switches.  
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Chapter 5  

 

Comparing the distribution of the electronic 

gap of an organic molecule with its 

photoluminescence spectrum 

 
The electronic gap structure of the organic molecule N,N’-diphenyl-N,N’-

bis(3-methylphenyl)-(1,1’-biphenyl)-4,4’-diamine, also known as TPD, has been 

studied by means of a Scanning Tunnelling Microscope (STM) and by 

Photoluminescence (PL) analysis. Hundreds of current-voltage characteristics 

measured at different spots of the sample show the typical behaviour of a 

semiconductor. The analysis of the curves allows constructing a gap distribution 

histogram which reassembles the PL spectrum of this compound. This analysis 

demonstrates that STM can give relevant information, not only related to the 

expected value of a semiconductor gap but also on its distribution which affects its 

physical properties such as its PL. 

 

Local variations of the Density of States (DOS) of a material can give rise to 

small changes of its physical properties which turn into a macroscopical uncertainty 

when averaged. This study drove Binning and Rohrer to develop a new tool to make 

electronic spectroscopy at the local scale which became the basis of a new 

microscope, the Scanning Tunnelling Microscope (STM). [1][2] Different spatially 

resolved spectroscopic methods were implemented to this technique, generically 
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known as Scanning Tunnelling Spectroscopy (STS), [3-6] through the analysis of 

the differential conductivity, providing the possibility of measuring the surface local 

DOS (LDOS). Over the two last decades, different groups have studied through STS 

different materials to characterize the electronic properties of surfaces and adsorbed 

molecules starting from the early measurements on semiconducting surfaces, [3] 

molecular materials, [7] or even for the case of single molecules [8] where the effect 

of the local environment has been demonstrated through the analysis of its vibronic 

states [9]. It was in the study of the spectroscopy of semiconductors where a 

drawback of this technique was also noticed, as the band gap was showed to be often 

misestimated due to band bending effects present in these materials[3][10] and 

different normalization procedures [3][11-13] have to be used in order to obtain 

useful information. 

 

A general procedure in STS measurements on molecular films is to average 

curves obtained over large areas in order to minimize effects on the LDOS due to 

local differences in morphology [14]. As a result, in most of the studies, a 

representative current-voltage (I–V) curve is obtained, which gives information on 

the gap structure or on the different molecular levels of the molecular assembly, 

while the deviations from this value, which can be observed from the individual 

spectroscopic curves, are neglected. However, these deviations, which are reflected 

in other spectroscopic techniques as in the case of the Photoluminescence (PL) 

characteristics, can give us information on the distribution of the LDOS, which 

deviates from its ideal one due to the local environment, impurities, or 

defects[9][15]. It is interesting to notice that even in experiments combining both 

techniques, the STS used for comparing the PL comes from just a single I–
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V[16][17]. In this chapter, we address this issue by comparing the gap distribution 

obtained by STS on a molecular material to its PL spectrum.  

 

5.1 TPD compound as photoluminescence molecule 

In order to make our study, we have chosen the extensively studied organic 

molecule N,N’-diphenyl-N,N’-bis(3-methylphenyl)-(1,1’-biphenyl)-4,4’-diamine 

(Figure 1), or TPD, which is a prototypical organic compound used in multilayer 

emitting devices as a hole conductive material[15][18]. An interesting characteristic 

of this chromophore material that have attracted attention is its large Stokes shift of 

about 0.5 eV, due to a conformational change, which gives TPD a high transparency 

to its PL making it a good candidate for laser applications[19]. On the other hand, 

the intermolecular distances in its crystalline phase are rather large [20] and 

therefore the intermolecular interactions should play a minor role for the photo 

physics [21]. 

 

 
 

Figure 1. Chemical structure of TPD.  

To gain a deeper insight into the role of the optical properties of the 

molecule, we turned to computational modeling to get the electronic configuration 

for the TPD, HOMO and LUMO energy values and electronic density for the ground 

state of the TPD and its first excited state. All molecules were initially geometrically 
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relaxed in isolation to yield the geometries using Spartan ’14 (DFT, EDF2, 6-31G*) 

shown in Figure 2. This figure shows that the HOMO is extended across the 

backbone of molecule, showing large contributions from the phenyl rings of the 

diphenyl-diamine and the biphenyl core. 

 

Figure 2. Electronic density distribution for the TPD HOMO orbital in the 

ground state  

The LUMO has lower contributions from the diphenyl-diamine rings as 

shown in figure 3 and the electronic density is mainly localized on the central 

backbone containing the biphenyl core. 

 

Figure 3. Electronic density distribution for the TPD LUMO orbital in the 

ground state  
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The energies of HOMO and LUMO in the ground state geometry are 

EHOMO=-4.5eV and ELUMO=-0.7eV. The HOMO–LUMO gap corresponds to the 

optical absorbance could be calculated as the difference between HOMO-LUMO 

energies, ELUMO-EHOMO= 3.8eV. 

We have also calculated the first excited geometry and the HOMO and 

LUMO electronic configuration. In figure 4 we show the density distribution for the 

TPD HOMO orbital in the first excited state. The two nitrogen atoms increase their 

contribution to the central biphenyl core.   

 

Figure 4. Electronic density distribution for the TPD HOMO orbital in the 

first excited state.  

The first excited LUMO has lower contributions from the diphenyl-diamine 

rings and the electronic density decreases in the molecular core as shown in figure 5. 

By the other hand the electronic density increases in the methylphenyl rings. 
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Figure 5. Electronic density distribution for the TPD LUMO orbital in the 

first excited state.  

The energies of HOMO and LUMO in the first excited geometry are EHOMO= 

-4.2eV and ELUMO= -1eV. The HOMO–LUMO gap corresponds to the 

photoluminescence could be calculated as the difference between HOMO-LUMO 

energies at the first excited geometry, ELUMO-EHOMO= 3.2eV. The relative Stokes 

Shift could be calculated as the HOMO shift and the LUMO shift that are 0.3eV and 

0.3eV respectively. The total shift of 0.6eV gives a close value to the experimental 

one obtained in this study (0.5eV) and indicates a strong exciton-phonon coupling. 

Since DFT does not usually predict the correct value of the Fermi energy, the 

position of the HOMO and LUMO energies values may not be correct but in our 

case is the gap between orbitals the value we require and DFT calculations can 

estimate it with high accuracy.  
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5.2 Sample preparation and measurements 
 

 

For our experiments, 500 nm thick TPD films were evaporated 

simultaneously on 2.5X2.5 cm fused silica substrates and on flame-annealed gold 

(111) deposited on glass. The fused silica substrates were used to obtain the 

absorption and PL spectra of the compound. Absorption was measured in a Jasco V-

650 spectrophotometer and the PL in a Jasco FP-6500/6600 fluorimeter, with the 

samples excited at 355 nm (3.49 eV), i.e., at the maximum energy of the lowest 

absorption band. For the electronic characterization of the sample surface, we have 

used a homemade STM, built in the LT-Nanolab at the University of Alicante with a 

Pt/Ir tip, controlled with a Dulcinea Unit from Nanotec and the WSXM5.0.22. All 

experiments were done under ambient conditions. For the analysis of the curves, 

including gap value and Fermi energy, we have used the WSXM5.0 and the shared-

free program HiTim [23]. 

 

An example of the obtained STM images is shown in Figure 6. These were 

performed on the TPD films using a positive bias voltage at the tip of about 3 V 

above the expected energy gap of the TPD and low currents (~1-5x10
-10

A). It has to 

be noticed that when a small bias voltage was used (100 mV) we could resolve, in 

most of the cases, the Au (111) surface as the TPD present there was not conducting 

(shown in the lower part of Figure 6). The STM images show large areas of an 

homogenous flat film with height differences of no more than 5 nm, separated by a 

sort of grain boundaries and other topographic details coming from the substrate 

topography. In general, the TPD film smooths the roughness of the substrate. On 

these conditions, I–V curves can be taken at different randomly distributed spots on 
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the sample. We have performed these measurements over three different samples 

showing similar results. 

 

Figure 6. Typical STM image on the TPD films using a tunnelling current of 

10
-10

A. The upper half of the image has been acquired using a positive bias voltage 

to the tip of 3 V while for the lower part 100 mV have been used. In the low-bias 

case, the Au (111) substrate is imaged and the atomic terraces of gold are clearly 

seen since on these conditions TPD is nonconductive. In between the two halves of 

the image, an offset corresponding to the width of the TPD film had to be corrected. 

 

A typical I–V curve is shown in Figure 7 as obtained from our STM. It is 

possible to get information on the LDOS from the derivative of the I–V curve. In our 
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case, we have numerically differentiated the curves and used the normalization 

procedure by Stroscio et al., [3] where the differential conductance is divided by the 

conductance (dI/dV)/(I/V). It is important to stress here that special care had to be 

taken in order to reduce the zero current point and the electrical noise to a level that 

would not influence the position of the spectroscopic peaks. Two consecutive curves 

were taken at the different spots to check that no artificial artifacts were considered 

coming from environmental noise or thermal drift effects. In our case, by this simple 

normalization procedure, three strong peaks are obtained which are labelled 1–3 in 

Figure 7. In order to minimize band-bending effects, we have tried to perform the 

curves with the tip as far from the sample as possible, by using low tunnel currents 

of about ~5x10
-10

A. We have also checked the evolution of these peaks, as we 

increased the tunnel current for more than one order of magnitude, finding no 

significant variations (<2%). 

 
Figure 7.  The electronic transport characterization of the sample shows a 

typical I-V curve taken with the STM starting at a current of 0.7 nA and its 

normalized derivative where three main peaks characterizing the electronic 

properties of TPD are labelled.  
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The three peaks observed in the normalized derivative in Figure 7 correspond 

to the maximum of the LDOS coming from the molecular bands of the TPD. The 

first peak (1) is related to the top of the valence band coming from the highest 

occupied molecular orbital (HOMO) levels, being the closest to the Fermi energy 

thus confirming the n character of the semiconductor. The other two peaks, at 

positive voltage values, are related to two electronic levels at the lowest unoccupied 

molecular orbital (LUMO) levels (2 and 3) which are at the same energy as the 

bottom of the conduction band of the ground (3) and excited (2) states of the 

molecules [21]. The levels above define the two possible electronic gaps of the 

molecules. In this way, the mean distance between peaks (1) and (2) is of 2.9±0.2 V 

and between peaks (1) and (3) of 3.3±0.2 eV defining, respectively, the main 

emitting and absorption peaks in the PL curve of the TPD. 

 

The “characteristic curve” of the TPD described above, however, shows 

slight shifts when taken at different spots of the sample. In Figure 8, we have 

plotted, for the case of one of the samples, over 200 I–V curves together in a density 

plot with the current in logarithmic scale to visualize the emission gap. A dispersion 

of the values at which the electrical current becomes negligible is clearly seen 

around the average value which defines the average gap (in dark). In this case, we 

already can see in this plot that most of the uncertainty comes from the position of 

the LUMO levels which show a Gaussian distribution centred at 1.9±0.2 eV [24], 

while the HOMO is pined around 1.15±0.09 eV, below the Fermi energy. This 

difference in the uncertainty of the two levels may come from the fact that the 

HOMO level is mostly localized on the central part of the molecule and is thus 

hardly sensitive to ring twists on the periphery of the molecule [25]. Furthermore, 
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the strongest dependence of the LUMO levels to the dihedral angle of the molecule 

[21] could make these more sensitive to its environment. 

 

Figure 8. Density plot in logarithmic scale of over 20 I-V curves taken at 

different spots of one of the samples. A difference can be noticed in the distribution 

of the curves for positive and negative bias voltages. 

 

 

In order to quantify the distribution of the gap through the sample, we have 

made a histogram out of the values obtained from the I–V curves as shown in Figure 

9. Remarkably, the measured electronic gap corresponds to the PL curve of the 

sample with about the same uncertainty. Moreover, when the gap is defined by the 

HOMO and the second LUMO peak is plotted, its histogram reassembles the 

absorption curve of the molecular material. 
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Figure 9. Distribution of the gap obtained from the analysis of 530 I-V 

curves and the absorption and PL spectra of the sample. 

 

 

The slight shift of the gap distribution with respect the PL (less than a 5%) 

may come from small deviations in the determination of the gap, coming from band 

bending effects. It is also very interesting to note that occasionally we noticed a 

proportion of I–V curves giving band gap values well above the PL peak. This may 

be related to areas of the surface where the TPD molecules are not able to change 

their conformation and are not contributing to the Photo-analysis. In this aspect, the 

STM analyses give us some extra information on the molecules, not given by other 

techniques and here the study of the whole gap distribution is essential to get this 

kind of information. The results above were reproduced for the three samples and 
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STM-tips used in our studies. However, we could notice slight variations in the 

position of the HOMO and LUMO peaks or in their distributions but not in the gap 

defined by these. These variations could be attributed to differences in the tip that 

should be further studied. All the above shows that the STM characterization of the 

molecular film is not only telling which are the main electronic levels responsible, in 

this case, for the PL and absorption characteristics but one also can learn from its 

distribution: first, about the levels which are most affected by the environment or 

configuration of the molecules and second, about the influence on the width of the 

luminescent characteristics of the material. 

 

 

5.3 Conclusions 

 

We have shown that the characterization of the gap distribution, neglected up 

to now, of an organic semiconductor by STM can provide useful information that 

can help understanding the results provided by other physical measurements, such as 

PL. In the case of our analysis of TPD films, we have fully characterized its 

electronic DOS around the gap by using a STM. The position with respect to the 

Fermi energy of the valence and conduction bands coming from the HOMO and 

LUMO levels of the molecules have been studied through our samples and the levels 

responsible for the PL and absorption have been identified. We show that there is a 

source of uncertainty of the gap which comes mainly from a distribution in the 

LUMO levels of the molecular semiconductor, while the HOMO levels are shown to 

get a more defined value. This source of uncertainty described in this work can 

complement the ones reported by other authors [21], providing a more complete 

picture of this effect and the possibility of better controlling it. 
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Chapter 6 

 

Solvent Dependence of the Single Molecule 

Conductance of Oligoyne-Based Molecular 

Wires 

 
The conductance, and the decay of conductance, as a function of molecular 

length within a homologous series of oligoynes, Me3Si-(CC)n-SiMe3 (n = 2, 3, 4, 5) 

is shown to depend strongly on the solvent medium. Single-molecule-junction 

conductance measurements have been made with the I(s) method for each member 

of the series Me3Si-(CC)n-SiMe3 (n = 2, 3, 4 and 5) in  mesitylene, 1,2,4-

trichlorobenzene and propylene carbonate. In mesitylene, a lower conductance is 

obtained across the whole series with a higher length decay (β ≈ 1 nm
-1

). In contrast, 

measurements in 1,2,4 trichlorobenzene and propylene carbonate give higher 

conductance values with lower length decay (β ≈ 0.1 nm
-1

, β ≈ 0.5 nm
-1

 respectively 

). This behavior is rationalized through theoretical and computational investigations, 

where β values are found to be higher when the contact Fermi energies are close to 

the middle of the HOMO-LUMO gap, but decrease as the Fermi energies approach 

resonance with either the occupied or unoccupied frontier orbitals.  The different 

conductance and β values between mesitylene, PC and TCB have been further 

explored using DFT-based models of the molecular junction, which include solvent 

molecules interacting with the oligoyne backbone. Good agreement between the 

experimental results and these ‘solvated’ junction models is achieved, giving new 
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insights into how solvent can influence charge transport in oligoyne-based single 

molecule junctions. 

 

6.1 Oligoynes compounds as one-dimensional molecular wires 

 
Oligoynes hold particular interest in molecular electronics as the ultimate 

one-dimensional molecular wires formed from simple linear strings of sp-hybridized 

carbon atoms [1-6]. In contrast to an infinite one-dimensional carbon string, 

oligoynes are terminated at either end by protons (H), organic, inorganic or 

organometallic moieties, and can be represented by the general formula R-(C≡C)n-R. 

The terminating groups, R, can be chosen to aid the formation of metal-molecule-

metal junctions, with examples including pyridyl, cyano, dihydrobenzo[b] thienyl 

and other anchoring groups [3][4][7][8]. Oligoynes feature extensive electron 

delocalization along the sp-hybridized carbon backbone, with appreciable bond 

length alternation evidenced in structural studies [9]. The presence of delocalized 

states makes oligoynes attractive targets for both theoretical and experimental 

studies of ultra-thin wires for molecular electronics. Single molecule wires of 

oligoynes have been experimentally investigated up to octa-1,3,5,7-tetraynes (n = 

4)[3][4],  while theoretical evaluations have been made for hypothetical infinitely 

long chains as well as finite chains[1]. However, it would be wrong to assume that 

oligoynes offer rigid-rod linear geometries; on the contrary they can be considerably 

curved and flexible offering a surprising low bending force [9]. Nevertheless, this 

structural flexibility does not detract from the impressive electronic properties of 

oligoynes, which offer considerable interest for their electronic, opto-electronic and 

electrical charge transport properties [10]. More direct assessment of the electrical 

properties of oligoynes can be achieved by wiring them into electrical junctions with 

metal contacts.[4],[20] 
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Here we report conductance measurements of novel molecular wires Me3Si-

(C≡C)n-SiMe3 (n = 2, 3, 4, 5; Scheme 1), using STM-based techniques. In particular 

the influence of the solvent on conductance and β-values has been investigated, and 

complemented by DFT computations of charge transport through the molecular 

bridge. Using density functional theory (DFT) calculations, changes in the 

conductance and β values in response to the solvent medium are explained by shifts 

in the Fermi energy of the contact, which impacts on both the transmission 

coefficient of the systems and the β-value. 

 

 

Scheme 1. The molecules studied in this work 

 

The trimethylsilyl moiety –SiMe3 (TMS) was chosen as the oligoyne end-cap 

and contacting group to the gold surfaces (substrate and STM tip) for a number of 

reasons. The synthesis of oligoynes with TMS terminal groups is relatively 

uncomplicated and leads to stable analogues, which is not necessarily expected to be 

the case for some other contacting groups such as thiols. In addition, molecular 

wires with trimethylsilylethynyl (-CCSiMe3 or TMSE) groups have shown a single 

low conductance peak in conductance histograms, which has been attributed to its 

steric bulk, which limits the range of accessible surface binding sites [15][16]. The 

resulting narrow and sharp conductance peaks allow us to measure the shift of the 

conductance values with greater certainty. Also in the case of other more polar 

surface contacting groups, such as thiols, solvation of the contacting group has been 
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proposed to have a major effect on conductance [17]. Furthermore, it is expected 

that the relatively large footprint of the TMSE linker will inhibit stacking and close 

approach of neighboring molecules. This is an important consideration as for certain 

classes of -conjugated molecules, for instance oligo(phenylene)ethynylene (OPE) 

derivatives, it has been shown that proximal molecular bridges can π-stack in 

molecular electrical junctions and can, on occasions, give rise to additional 

complications in the conductance signatures of such compounds[11][18].  

 

6.2 Study of PC as solvent in molecular electronics experiments 

and study of the amount of water present in the solvents 

 
Propylene carbonate is not a common solvent for molecular electronics 

experiments, due to the polarity of this solvent; we checked the capacitive and 

faradaic background currents [20]. 

 

Gold on glass substrates (Arrandee, Schröer, Germany) were rinsed with 

acetone and then flame-annealed with a butane torch until the slide glowed with a 

very slight orange hue. The slide was retained in this state for about 20 seconds 

during which time the torch was kept in motion across the sample to avoid 

deleterious overheating. This procedure was performed three times to generate 

extended Au (111) terraces, as seen from subsequent STM imaging (Figure 1). 
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Figure 1. STM images of the Au(111) textured surface under ambient 

conditions, set point current = 0.3 nA, Vbias 0.2 V.  

 

After checking the gold surface and observing the Au (111) reconstruction, 

propylene carbonate solvent was added to the sample and imaged (Figure 2). 

 

Figure 2. Au(111) surface with propylene carbonate  in argon, set point 

current = 0.3 nA, Vbias = 0.2V. 

 

The Vbias value was changed to see the effect of the capacitance and faradaic 

currents arising from the PC (Figure 3). 
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Figure 3. Au(111) surface with propylene carbonate in argon, a) set point 

current = 0.3 nA, Vbias = 0.25 V, b) set point = 0.3 nA, Vbias 0.3 V. 

 

Figures 3a) and 3b) show the effect of the faradaic currents due to the 

propylene carbonate solvent with uncoated gold STM tips. Electrical noise appears 

in the images in our system implying that PC with uncoated STM tips are not 

suitable for the measurements we need to perform. The STM tips were next coated 

with Apiezon wax to reduce the tip area in contact with the solvent, with the aim of 

reducing the faradaic and capacitance currents in the measurement. The Au(111) 

textured surface was imaged with the coated tip and PC which was degassed with 

argon. Vbias was switched during the imaging as shown in Figure 4. 

a) b) 
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Figure 4. Variable Vbias images with a constant set point current (0.3 nA). 

Vbias values of 600, 650, 700 and 800 mV were employed during this imaging as 

marked on this figure. 

 

Figure 4 demonstrates that a coated tip allows us to increase Vbias up to 0.6 V 

and retain stable STM imaging. Figure 5 shows STM images recorded in PC with 

different negative bias voltages and a set-point current of 0.3 nA.  
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Figure 5. Images recorded in PC with different bias voltages and a set-point 

current of 0.3nA. Vbias = a) -0.1 V, b) -0.2 V, c) -0.3 V, d) -0.5 V, e) -0.6 V, f) -0.7 

V, g) -0.9 V, h) -1 V, i) -1.1 V. 

 

These results collectively show that by coating the tip with Apiezon wax and 

paying attention to the imaging stability and bias voltage allows us to carry out the 

experiments in propylene carbonate without deleterious influence of faradaic and 

capacitance currents. 

Propylene Carbonate was also studied with the I(s) technique in order to 

check that it doesn’t give a conductance peak. A fresh gold on glass Arrandee 

a) b) c) 

d) e) f) 

g) h) i) 



Solvent Dependence of the Single Molecule Conductance of Oligoyne-Based Molecular Wires 

131 

 

 

 

sample was annealed and set into the STM liquid cell. 0.1ml of PC was added and 

1000 I(s) scans were recorded and plotted (Figure 6). 

 

Figure 6. PC histogram containing 1000 I(s) scans. No peaks are observed 

for the propylene carbonate. 

 

In order to determine the water contents of the solvents used in that 

manuscript, and avoid considering that the effect here observed and measured could 

be due to the amount of water present in the solvent; we have measured the amount 

of water containing in ppm for each solvent using a Karl-Fischer Titration 

equipment before the measurements and after them. Mesitylene, Trichlorobenzene 

and Propylene Carbonate where dried and degased with Argon prior the 

measurements and then measured their water contents. After the Karl-Fischer 

determination, the solvents were put into the STM atmospheric chamber under 
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bubbling Argon atmosphere during 24 hours. After that period of time the water 

contents of each solvents was measured (Table 1). A Metler-Toledo C30 

Coulometric Karl-Fischer Titrator was used for these measurements. 

 

Solvent Water Contents/ ppm before STM 

measurements 

Water Contents/ ppm after STM 

measurements 

Trichlorobenzene 38.6 42.1 

Mesitylene 101.9 73.8 

Propylene Carbonate 32.5 375.2 

Table 1. Water contents for each solvent measured with Karl-Fischer 

Titration. The table values are the average of three different determinations for each 

solvent. 

 

The amount of dissolved materials in these solvents (electrolytes) could also 

screen the electrostatic interaction between the solvents molecules around the 

Oligoynes Bridge. For that reason The conductivity of the solvents was measured 

using a Jenway 4510 Conductivity Meter (Table 2). 

 

 

Solvent                                                  

    Trichlorobenzene 0.00 

           Mesitylene 0.00 

         Propylene Carbonate 0.35 

Table 2. Conductivity values for each solvent measured with a Conductivity 

Meter. The table values are the average of three different determinations for each 

solvent. 
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 6.3 Sample preparation and measurements 

 

 
The family of trimethylsilyl end-capped oligoynes Me3Si-(CC)n-SiMe3 (n = 

2 – 5) were chosen as the platform upon which to base the investigations of 

molecular conductance and solvent-effects in wire-like oligoyne derivatives. These 

compounds are readily available, syntheses of oligoynes Me3Si-(CC)n-SiMe3 (n = 

2, 3) [12-14] being well known, whilst the diyne (n = 2) is also available 

commercially. These compounds were synthesized by Professor Paul J. Low’s group 

at Durham University.  

 

The single molecule conductance of the polyynes 2 - 5 was explored in each 

of three organic solvents of differing polarity, namely mesitylene (MES), 

trichlorobenzene (TCB) and propylene carbonate (PC). Mesitylene is a non-polar 

solvent with zero dipole moment and it is commonly used in STM based single 

molecule electrical measurements because of its high boiling point and relatively 

low vapor pressure. TCB is also frequently used in STM based single molecule 

electrical measurements and like mesitylene it is a high boiling point and low vapor 

pressure organic solvent. However, it is a slightly polar solvent with a dipole 

moment of 1.35 D [19]. By contrast, propylene carbonate (PC) is a strongly dipolar 

solvent with a dipole moment of 4.9 D. 

 

An Agilent STM running Picoscan 5.3.3 software was used for all single 

molecule conductance measurements which were performed at room temperature in 

mesitylene, propylene carbonate and trichlorobenzene solutions. Molecular ad-layers 

were formed on Au(111) textured substrates. These commercially available 

(Arrandee) substrates were produced from gold on glass samples with a chromium 
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adhesive layer, which were flame annealed immediately prior to use. Flame 

annealing involved gently heating the gold slide until it developed a slight orange 

glow. It was then kept in this state for approximately 30 s, but care was taken to 

ensure that the sample did not overheat. Molecular adsorption was achieved by 

placing the gold slide in a 0.2 mL solution of 1×10
-4

 M of the target molecule in 

either mesitylene, propylene carbonate or trichlorobenzene. Gold STM tips were 

fabricated from 0.25 mm Au wire (99.99%) which was freshly electrochemically 

etched for each experiment at +7 V in a mixture of ethanol (50%) and conc. aqueous 

HCl (50%).  

 

Electrical measurements were performed using an STM and the I(s) method 

in the solvent of choice, which was degassed with argon. In brief, this method 

involves the repeated formation and cleavage of molecular bridges generally formed 

between gold contacts (an Au STM tip and an Au substrate). In the I(s) technique 

the STM tip is moved toward the surface to a close distance determined by the STM 

set point conditions, but avoiding metallic contact between tip and surface, and then 

rapidly retracted. In these measurements the I(s) process involves repeating this 

cycle around 10.000-20.000 times, with a fraction of these approach/retraction 

cycles leading to the formation of molecular bridges. Such events are recognized 

during the retraction process as current steps characteristic of the cleavage of 

Au|molecule(s)|Au electrical junctions. At least 500 such junction forming scans, 

with plateaus longer than 1 Å, were recorded and used in the histogram analysis as 

in Figure 7.  I(s) traces are not included for scans where there are no characteristic 

steps to avoid the ambiguity of inclusion of traces where no molecular junction is 

formed. In this work we have performed I(s) scans from the position defined by the 

set-point values of tunneling current (I0) and tunneling voltage (Ut) to a distance of  



Solvent Dependence of the Single Molecule Conductance of Oligoyne-Based Molecular Wires 

135 

 

 

 

+4 nm with a STM tip retraction rate of 20 nm s
-1

. Set point values of I0 = 30 nA and 

a bias voltage of 0.6 V were employed to ensure that the STM tip initially 

approached the surface to distances much shorter than the molecular length to 

promote molecular junction formation. The voltage to length conversion factor of 

the STM was calibrated using images of Au(111) monatomic steps (0.235 nm 

height). 

 

Figure 7. Typical conductance traces of compound in mesitylene a) 2, b) 3, 

c) 4 and d) 5, using the I(s) method. The curves are shifted horizontally for clarity. 

 

Figure 8 shows conductance histograms for 2-5 recorded in propylene 

carbonate which had been degassed with argon. These measurements required a 

preliminary study to check the effect of the propylene carbonate on the gold surface 

and, due to the polarity of this solvent, check the capacitive and faradaic background 

currents [20] as shown before. As can be seen from Figure 8 the conductance values 

decrease with the molecular length and the break-off distance histogram 

distributions (Figure 9) shift to longer distance along the series. The diyne 2 (n = 2) 
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shows a mean break-off distance of 1.3 nm and this increases to 2.0 nm for the 

pentayne (n = 5).  Using the Si…Si distances computed from molecular modelling 

and estimated silicon to gold contact distance of 0.35 nm [21] gives a theoretical Au-

to-Au junction separation of 1.47 nm for 2 and 2.2 nm for 5. 

 

Figure 8. I(s) conductance histograms recorded for the series of oligoynes 2, 

3, 4 and 5 in PC 

 

Figure 9: Break-off distance plot obtained for the series of oligoynes 2, 3, 4 

and 5 in PC 
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Same experiments were carried out in trichlorobenzene (Figure 10 and 11) 

and in mesitylene (Figure 12 and 13) 

 

Figure 10. I(s) conductance histograms recorded for the series of oligoynes 

2, 3, 4 and 5 in TCB. 

 

Figure 11. Break-off distance plot obtained for the series of oligoynes 2, 3, 4 

and 5 in TCB. 
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Figure 12. I(s) conductance histograms recorded for the series of oligoynes 

2, 3, 4 and 5 in Mes. 

 

Figure 13. Break-off distance plot obtained for the series of oligoynes 2, 3, 4 

and 5 in Mes. 

 

The single molecule conductance data are summarized in Table 3. A plot of 

ln(conductance) versus Si…Si distance is given in Figure 14. The conductance 
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values are larger in TCB and PC than those obtained in mesitylene solutions.  From 

this, it is apparent that the same molecule can give conductance values that vary 

significantly with the solvent medium. Not only does the conductance change, but 

different length decays are also obtained across the series of oligoynes as quantified 

by the β values (Figure 14). The β value recorded in mesitylene (0.94 nm
-1

) is 

substantially higher than that in TCB (0.13 nm
-1

) and PC (0.54 nm
-1

); the 

corresponding experimentally determined β values per incremental -(C≡C)- unit are 

0.26 (MES), 0.035 (TCB) and 0.145 (PC). 

 

Molecule I(s) Conductance in TCB I(s) Conductance in Mes I(s) Conductance in PC 

2 11±1.8* 10-5G0 2.02±0.46* 10-5G0 12.6±1.4* 10-5G0 

3 10.8±1.4* 10-5G0 1.57±0.34* 10-5G0 12.9 ±2.1* 10-5G0 

4 10.5±1.4* 10-5G0 1.42±0.37* 10-5Go 11.3±1.4* 10-5G0 

5 9.95±1.6* 10-5G0 0.90±0.19* 10-5G0 8.14±3.9* 10-5G0 

 β= 0.13 nm-1 β= 0.94nm-1 β= 0.54 nm-1 

Table 3. Conductance and β values for the molecular wires Me3Si-(CC)n-

SiMe3 in different solvents and measured with the I(s) technique. The quoted errors 

in conductance values are 2 standard deviations (2σ) from a Gaussian fit to the 

respective conductance histogram peaks. 
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Figure 14. Plots of ln(conductance) versus molecular length for the series 2, 

3, 4, 5. Data recorded in mesitylene (MES), trichlorobenzene (TCB) and propylene 

carbonate (PC) as labelled. The linear fitting of each plot gives the β value of each 

solvent series. 

 

6.4 Quantum Chemical Modelling 

 

To gain a deeper insight into the role of the solvent medium and molecular 

length on molecular conductance, we turned to computational modeling calculated 

in collaboration with Colin J. Lambert’s Group at Lancaster University. Before 

computing transport properties, all molecules were initially geometrically relaxed in 

isolation to yield the geometries using Spartan ’14 (DFT, EDF2, 6-31G*) shown in 

Figure 15. This figure shows that the HOMOs and LUMOs are extended across the 

backbone for each molecule, with HOMOs showing large contributions from the 

carbon-carbon triple bonds, while the LUMOs have greater contributions from the 
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carbon-carbon single bonds, as expected from previous studies of oligoynes 

[21][22][23]  

 

Figure 15. The iso-surfaces of the HOMOs and LUMOs for 2-5.  

 

 

Figure 16. Definition of the distance (χ) used to describe the various 

geometries representing solvent-oligoyne interaction with 3 by way of an example. χ 
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is the distance between carbon (grey), chlorine (green) or oxygen (red) atoms of the 

solvent molecules (MES, TCB or PC) and the nearest adjacent carbon atom of the 

backbone. For clarity only two of the six solvent molecules employed to represent 

the first solvation shell are shown in these schematic representations.  

 

To explore how the solvent medium (MES, TCB or PC) affects the 

conductance of these molecules, six molecules of each solvent were initially placed 

at a nearest distance χ from the polyyne backbone within the model junction (Figure 

16). In each simulation the molecule plus solvent molecules together with a few 

layers of gold at each electrode were allowed to relax. The transport properties of 

these structures were calculated using the optimized distance χ = 0.7 nm 

 

To investigate the electronic properties of these molecules in three different 

environments, we used the SIESTA code, which employs norm-conserving pseudo-

potentials and linear combination of atomic orbitals (LCAO) to span the valence 

states. All systems were initially placed between two pyramidal gold electrodes, and 

then the oligoyne molecule plus solvent molecules and a few layers of gold were 

allowed to relax to yield the structures. Then to calculate the transmission coefficient 

T(E), the resulting configurations were connected to bulk gold electrodes grown 

along the (111) direction as described in reference[24]. 

 

The theoretical data are summarized in Figures 17 which shows the 

calculated room temperature conductances as a function of the Fermi energy (EF) for 

2-5 surrounded for solvent molecules, relative to the DFT-predicted Fermi energy 

(EF
DFT

)  
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Figure 17. The electrical conductance as a function of the Fermi energy for 

all structures in four different environments (A: PC, B: TCB, C: MES and D: 

Vacuum) at room temperature.  

 

Figure 17 is plotted for energies in the HOMO-LUMO gap region. Since 

DFT does not usually predict the correct value of the Fermi energy, we treat EF as a 



144 Chapter 6. Solvent Dependence of the Single Molecule Conductance of Oligoyne-Based 

Molecular Wires 

 
free parameter which we determine by comparing the calculated decay constant with 

experiment.  

Figure 18 shows the Fermi energy dependence of the decay constant for the 

molecular series 2, 3, 4 and 5 in MES, TCB and PC solutions, respectively. The best 

agreement with experimental data as shown in Figure 11 is obtained at EF = -0.72 

eV, which is shifted towards the center of the HOMO-LUMO gap, compared with 

the DFT-predicted value. With this choice of EF both computational (Figure 17) and 

experimental (Figure 14) data sets show that the order of the conductance at the 

chosen Fermi energy is PC ≈ TCB > MES, which correlates with their more 

favorable binding energies. At EF = -0.72 eV the computational β-values (Figure 18) 

follow the trend βMES > βTCB > βPC, meaning that the modelling of the experimentally 

observed β-value recorded in TCB is not so well reproduced by theory. However, it 

can be seen from Figure 18 that the β versus Fermi energy curve around the chosen 

EF value has a high slope. This sensitivity to the precise Fermi energy value may 

explain this disparity. 

 

 

Figure 18. The decay constant β (per additional –(C≡C)- unit) for the 

molecular series 2, 3, 4 and 5  as a function of the Fermi energy in three different 

solvents (MES, TCB and PC).  
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Figure 19. The conductance versus the number of carbon-carbon triple bond 

for all molecules in different solvents (MES, TCB and PC) as shown in Table 4. 

Panel A shows the experimental conductance; Panel B shows the calculated 

conductance.  

 

Table 4 summarizes and compares the experimental and theoretical 

conductance values versus the number of carbon-carbon triple bonds (n). We note 

here that for both experimental and computational data sets the conductance of the 

structures with PC and TCB is higher than that with MES.  
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Table 4 The theoretical and experimental conductances and decay constant, β 

(per incremental -(C≡C)- unit) in three different solvents (MES, TCB and PC).  

 

 

6.5 Conclusions 

 

Although oligoynes represent one of the most archetypical molecular wires 

the effects of solvents on their single molecule conductance has not been considered 

before. This is not the result of covalent interactions between the solvent and the 

bridge, but rather occurs from longer range electrostatic interactions. This could be 

described as a “solvent induced gating of the molecular junction electrical 

properties”.  

Solvent effects have only been examined in detail in the literature for a 

relatively small number of single molecular junctions, which is perhaps surprising 

given that most measurements of this kind are performed in a liquid or ambient 

environment. Li et al. found the conductance values of octanedithiol to be 

independent of solvent (toluene, dodecane and water) [25]. On the other hand, Leary 

et al. have demonstrated large solvent dependence for the conductance of 

 

n 

MES TCB PC 

Th. G/G0 Ex. G/G0 Th. G/G0 Ex. G/G0 Th. G/G0 Ex. G/G0 

2 2.03x10
-5

 2.02x10
-5

 10.3x10
-5

 11x10
-5

 14.2x10
-5

 12.6x10
-5

 

3 1.35x10
-5

 1.57x10
-5

 10.2x10
-5

 10.8x10
-5

 13.7x10
-5

 12.9x10
-5

 

4 1.16x10
-5

 1.42x10
-5

 9.60x10
-5

 10.5x10
-5

 12.6x10
-5

 11.3x10
-5

 

5 0.94x10
-5

 0.90x10
-5

 6.16x10
-5

 9.95x10
-5

 10.6x10
-5

 8.14x10
-5

 

β 0.257 0.258 0.17 0.035 0.1 0.145 
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oligothiophene-containing molecular wires [26]. This was attributed to water 

molecules directly interacting with the thiophene molecular rings and thereby 

shifting transport resonances with the effect of greatly increasing conductance. 

Water dependence has also been seen in perylene tetracarboxylic diimides (PCTDI)- 

containing molecular bridges, with the measured conductance being temperature 

dependent in aqueous solvent, but temperature independent in toluene [27]. In a 

theoretical study of this system the water and temperature dependence was modelled 

through thermal effects on the hydrogen bonding network interacting primarily with 

the carbonyl moieties on PCTDI [28]. Other models have considered the effect of 

the solvent on the gold contact work function. In such a study Fatemi et al. 

experimentally determined that solvents could increase the conductance of 1,4-

benzenediamine (BDA)-gold molecular junctions by up to 50 % [29]. This was 

attributed to shifts in the gold contact Fermi energies resulting from solvent binding, 

leading to better alignment to the HOMO of BDA and hence higher conductance. 

These studies collectively show the complexity of solvent effects in molecular 

junctions, which have, depending on the system, been modelled through electrostatic 

interactions between the solvent and molecular bridges, chemical bonding between 

the solvent and molecular bridge, or through solvent binding to gold contact atoms. 

Our present study demonstrates that longer range solvent-molecular bridge 

interactions alone can describe the experimentally observed solvent effects on 

oligoyne junction conductance. Our study also rationalizes the previously 

unexpected differences observed between different studies of oligoyne molecular 

conductance [3][4], which can be now attributed to solvent effects. 

 

In conclusion, we have demonstrated that changing the solvent can lead to 

changes in both the conductance and the attenuation factor of oligoyne molecular 
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bridges. DFT computations show that higher attenuation factors, but lower 

conductance values, are achieved when the contact Fermi energies are roughly 

centered in the HOMO-LUMO gap. However, at contact Fermi energies modestly 

away from the gap center the attenuation factor decreases while conductance values 

increase. These results show that the solvent environment is an important variable to 

consider in interpreting conductance measurements, and that the environment can 

give rise to dramatic changes in both conductance and attenuation factors. 
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Chapter 7  

 

Fabrication and Characterization of folded 

Graphene on Graphite. Graphene Origami 

 
Since K. S. Novoselov and A. K. Gain published in 2004 a paper with an 

easy and reliable method to produce graphene [1], the study of graphene has 

opened an entirely new field in the area of 2D materials science and condensed 

matter physics to study and fabricate next generation low power electronics 

devices [2-5]. Graphene Oxide, Single and Multiwall Carbon Nanotubes, 

Graphene Ribbons and many others carbon-base new materials have shown 

potential for use in novel technological applications and provide an alternative 

path to silicon-base materials. The easy exfoliation of Highly Oriented Pyrolytic 

Graphite (HOPG) and its capability to transfer to arbitrary substrates, makes it 

attractive for its study in circuits on transparent or flexible substrates. One of the 

challenges associated to the graphene is to develop a method with more 

advantages other existing methods for obtaining sheets of graphene in large 

quantities [6-8].  

 

Currently, most investigations are focused on the properties of the graphene 

itself but there are only a few words on the defects on the surface of graphene or 

graphite sheets [9] (Fig. 1). The role of defects on the electronic structure of 

graphite is an essential tool for understanding carbon nanostructures. It is difficult 

to understand how defects manifest themselves however a few research groups 
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have demonstrated the possibility of modify the graphite surface creating defects 

as holes, tearing, folding and deform it [10][11].  

 

Figure 1. Schematic illustration of various kinds of surface defects observed 

on cleaved HOPG graphite. a) cleavage step; b) fibres and fibres clusters; c) 

graphite strand; d)broken carbon particles; e) ridge; f) folded-over fake and piece; 

g) broken graphite pieces. Figure extracted from reference [9]. 

 

Our work shows how the upper layer of a HOPG sample could be detached 

by the STM tip after applying a voltage pulse due to electrostatic forces. The top 

sheet tends to wrinkle, fold and bend over upon the voltage ramp is applied. In 

addition, we present new evidence that when folding; it is also possible for the 

STM to obtain atomic resolution on the folded layer and determine its edge-lattice 

configuration and its electronic I/V properties. We also show a variety of defects 

created during this study, rotated, fold or crack graphite surface was obtained 

while setting up our procedure. 
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7.1 HOPG as Graphene reservoir 

 

"Usual" graphite, especially natural one, exhibits quite imperfect structure 

due to plenty of defects and inclusions. In the other hand HOPG graphite is one of 

the most commonly used substrate in SPM technics. A number of technologies are 

developed for preparation of perfect graphite. Pyrolytic graphite is a graphite 

material with a high degree of three-dimensional ordering.  

 Graphite structure can be described as an alternate succession of carbon 

atoms in stacked parallel layers due to Van der Waals forces. Carbon atoms within 

a single plane interact much stronger than with those from adjacent planes. That 

explains characteristic cleaving behavior of graphite. Graphene is a 1D sp
2
, planar, 

hexagonal arrangement of carbon atoms. The lattice of graphene consists of two 

equivalent interpenetrating triangular carbon sublattices A and B. Each atom 

within a single plane has three nearest neighbors: the sites of one sublattice (A 

marked by red) are at the centers of triangles defined by tree nearest neighbors of 

the other one (B marked by blue) as shown in figure 2. 

The lattice of graphene thus has two carbon atoms, designated A and B, per 

unit cell, and is invariant under 120° rotation around any lattice site. Network of 

carbon atoms connected by the shortest bonds looks like honeycomb. The 

hexagonal lattices on the graphite samples arranged according to Bernal ABAB 

stacking, when every A-type atom in the upper (surface) layer is located directly 

above an A-type atom in the adjacent lower layer, whereas B-type atoms do not lie 

directly below or above an atom in the other layer, but sit over a void – a center of 

a hexagon. Thus in each layer the atoms form a grid of correct hexagons with 
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distances between atoms equal 0.1415 nm. The distance between layers is equal 

0.3354 nm. 

 

Figure 2. Schematic representation of the structure of the bulk hexagonal graphite 

lattice. 

 HOPG terminated with graphene layer is an excellent tool for using in 

scanning probe microscopy as a substrate or calibration standard at atomic levels 

of resolution. This is a material with an extremely atomically flat surface and 

provides a background with only carbon in the elemental signature. In an atomic 

resolution STM image of HOPG, there are two possible images (fig. 3). Under 

ideal conditions, STM images of HOPG surface reveal a hexagonal lattice of dark 

spots with a lattice parameter of 0.246 nm. Graphene, in the other hand, shows the 

six carbon atoms composed in hexagonal ring surrounding each spot give a bright 

signal, which leads to a true honeycomb atomic pattern (symmetric contrast). The 

center to center atomic distance is 0.1415 nm. 



Fabrication and Characterization of folded Graphene on Graphite. Graphene Origami  157 

 

 

 

Figure 3. STM current images of a) Graphene surface with a honeycomb 

lattice plotted on top. b) Graphite surface with a hexagonal latticed plotted on top.  

 

7.2 Sample preparation and measurements 

 

 
The samples used in our STM studies were freshly cleaved HOPG substrates 

10x10x1mm SPI-1 grade from SPI supplies®. The STM images and the tunnel 

spectroscopy were taken using a Homemade STM with a scanning piezotube 

develop at the LT-Nanolab in the University of Alicante, using a Pt/Ir (90/10) 

0.25mm diameter tip, mechanically sharp and with a Nanotec Dulcinea Cotrol 

Unit. dI/dV measurements were obtained with mathematical methods included in 

the dI/dV function from the software WSxM 5.0 Develop 4.1 [12]. To achieve the 

Low Temperatures conditions we used a cryostat, a rotary and a diffusion vacuum 

pump, and an insert. The cryostat has a vacuum chamber to keep the cryogenics 

liquids as long as possible. The insert is made of stainless steel and has at the 

upper side a connectors head and a vacuum valve at the bottom side, the insert has 

a cooper pot wherein the STM head is connected. Inside this insert we can connect 
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some thermometers in different places to check that all the system is tempered. 

There is also a 1K pot with which applying vacuum to the Liquid Helium (4.2K) 

we can achieve temperatures of 1.5K.   

 

The samples’ surface was scanned repeatedly controlling the tunnelling 

current to 1nA and applying a bias voltage of 0.1V. These parameters were the 

most common used to find mono-step graphite terraces and the HOPG surface. 

More than a hundred different graphite surfaces were imaged during this research 

looking for the desired monoatomic terraces (Fig. 4). 

 

Figure 4. STM Topography image of a HOPG surface with a one atom thick 

terrace (0.33nm). Vbias 0.1V, Set point 1nA.  
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7.2.1 Study of the defects formation controlled by bias voltage 

 
 

 In order to determine the set up to create the defects on the HOPG surface, we 

have carried out a study about the effect of the voltage applied with the defect 

obtained. For this study we scan the HOPG surface searching for an atomic 

graphite terrace. Once we find the appropriate terrace we set the STM tip close to 

the edge and a voltage ramp is applied while keeping constant the tunnelling 

current between tip and surface (about 1nA). This voltage ramp produces a 

withdrawal motion of the tip from the sample which combined with the 

electrostatic forces between the different charges of the tip and graphite produces 

the detachment of the upper layer of the graphite with an electro-exfoliation 

method which we will explain in the theoretical section. 

 

 The method used for this study consists of varying the voltage applied and get 

images before and after the ramp pulse. The surface modification observed 

changes with the voltage value and the application area. In figure 5 we show the 

evolution of the surface after applying a pulse. Furthermore we have categorized 

the defects on the surface in order to get a statistical analysis of this new method 

and so that select the proper ramp to get the desired defect. The different artifacts 

were categorized as Bends, Breaks and Voids, including holes in the voids 

category. 
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Figure 5. STM Topography image of a HOPG surface with one atom thick 

terraces (0.33nm); a) Image before the pulse; b) Image after the pulse; c) Image of 

the surface a few minutes after the pulse.  

 

 Besides the voltage pulse, we have to consider the topography of the surface as 

well. The different regions that we can find in a HOPG sample and the wide 

variety of geometries in the found terraces and the place where the pulse is applied 

plays and important role on the artifacts obtained. In figure 6, we modify a 90nm 

wide atomic terrace creating holes all over the surface. 

 

 

Figure 6. STM Topography image of a HOPG surface showing a terrace; a) 

Image before the pulse; b) Image after a few pulses; c) Image a more pulses.  
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Using this method on a narrow terrace which can be considered as a 

nanoribbon can generate nanoconstrictions due to breakage and displacement of the 

folded flake. In figure 7 we show the formation of a constriction in a graphite ribbon 

after using our method. 

 

Figure 7. STM Topography image of a HOPG surface showing a terrace; a) 

Image of a 150nm ribbon of graphite before the pulse; b) Double tip image after a 

pulse showing the nanoconstriction created in the ribbon; c) Image after a second 

pulse applied 200nm far from the previous one where the detached flake stand still 

in the breakage. 

 

Analyzing figure 7 b) we can observe the formation of a 20nm constriction in 

the ribbon where the torn flake disappeared from the image and a double tip effect is 

obtained. After moving the tip 200nm up from the initial pulse and applying the 

electro-exfoliation method the ribbon gets broken and the ripped flake stays close to 

the application point (figure 7 c)). Placing the tip at the very end of a terrace and 

applying a pulse pulls up the upper graphite layer and fold over the ribbon onto itself 

forming a number one shape geometry. Figure 8 shows the folded graphene layer on 

the graphite terrace showing a supperperiodic structure defined as Moiré pattern. 
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Figure 8. STM Topography image of a HOPG surface showing a terrace; a) 

Image of a 40nm ribbon of graphite before the pulse; b) Image after a pulse showing 

the folded layer created on the ribbon; c) Image showing the supperperiodic 

structure in the folded layer. 

 

After applying this method with different parameters we built a table 

containing all the results obtained (Table 1) and the different voltage values used to 

obtain the surface modification. 

 

Voltage (V)  I/Vs Number Artifacts Bends Breaks Voids 

1 10 0 0 0 0 

2 10 0 0 0 0 

3 10 3 2 1 0 

4 9 6 1 5 0 

5 10 9 0 5 4 

6 10 10 0 9 1 

7 6 6 0 5 1 

9 2 2 0 2 0 

Table 1. Categories and number of artifacts created after applying the pulses. 
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Several studies with different ramps, voltages and set ups were carried out 

before conclude the best parameters to improve our method. The pulse were applied 

from the starting point of 100mV up to the voltage value shown in column one in the 

table keeping the STM feedback on to maintain constant the tunneling current 

therefore not touching the surface with the tip.  A Histogram with all the data is 

shown in figure 9 where we can check the best voltage to apply in order to obtain the 

desire artifact. 

 

 

Figure 9. Chart with all the artifacts created and their category. 

 

To summarize this section, we show how using s STM tip is possible to 

create artifacts on the HOPG surface defined as graphene on graphite. In this method 

we have to consider three main parameters in order to get the perfect structure on the 
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surface. The first one is the HOPG surface, choosing monoatomic terraces or 

ribbons lead the formation of folded layers and constrictions while flat surfaces 

leads to the voids formation. The second one is the position of the tip before apply 

the pulse. The third and last is the bias voltage applied between tip and sample 

keeping constant the tunneling current to avoid the contact between them during the 

ramp due to the withdrawal displacement of the tip. 

 

7.2.2 Study of the electronic properties of the defects obtained by 

means of the electro-exfoliation method 
 

 

Here we study graphene flakes obtained on a graphite substrate using the 

previous explained electro-exfoliation method. These samples provide the necessary 

screening to ensure reliable STM and Scanning Tunnelling Spectroscopy 

(STS).With This study we demonstrate that in this system it is possible to access the 

intrinsic properties of graphene [13], determine their degree of coupling to the 

substrate [14] and to obtain, measuring the electronic local density of states (LDOS) 

of graphite surfaces near monoatomic step edges, if they consist either zig-zag or 

armchair edges [15] 

 

The differences in the dI/dV curves shown in figure 10 prove the detachment 

of the upper layer of graphite. This electronic behaviour manifest when two layers 

are superposed with a relative twist, the corresponding Brillouin zone also rotate 

with respect to each other so that the Dirac cones for the two layers separate. This 

effect produces a renormalization in the electron Fermi velocity decreasing it. 

Braking the Fermi velocity lead to a change in the characteristic dIdV curves for 
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graphite (V shape) to a spectrum with saddle points which position depend on the 

twisted angle between the upper and bottom layer. These saddle points are called 

Van Hove Singularities (VHS), the position of the VHS are not always symmetric 

around the Fermi level, which may arise from a different charge transfer between the 

graphene and the graphite layer. Unfortunately we couldn’t carry the measurements 

under magnetic field to obtain the Fermi velocity and the degree of interlayer 

coupling by Landau Levels spectroscopy. 

 

 

Figure 10. dI/dV versus voltage curves in three different points of the surface 

showing three different electronic behaviors. 

 

Naively, we could therefore expect to distinguish the electronically 

decoupled from the STM images. It’s well known that the superposition of two 

lattices produces Moiré superlattice with periodicity D [16], where the Moiré 

superlattice size D is given by 
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                                                    (7.1) 

Where d is the graphite lattice constant (0.26nm) and α is angle between two 

misoriented graphite layers. From the STM image we can obtain the value D and   

from the equation. In reference [19] Wei Yan et al calculated the Angle-dependent 

VHSs in twisted graphene bilayers (Figure 11) considering 

 

 ΔEVHS≈ ħvF|ΔK|-2tθ   where    |ΔK|=2|Ksin(θ/2)|      (7.2) 

 

vF=0.70*10
6
 m/s and tθ=0.04eV. With all these parameters we could obtain 

the  ΔEVHS  value for our system. 

 

Figure 11. Linear chart using the equation ΔEVHS≈ ħvF|ΔK|-2tθ, where 

|ΔK|=2|Ksin(θ/2)|, vF=0.70*10
6
 m/s and tθ=0.04eV. 
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In our experimental case with a ΔEVHS of 500meV, this equation gives a 

rotation angle of 4
o
 and a D value of 3nm, which is slightly smaller for the D value 

extracted from the picture of 6nm.  

 

We can also investigate the LDOS in the vicinity of linear step edges of both 

the zigzag and armchair types with STM and STS. Fujita et al. [18],[19] first 

predicted the existence of the peculiar electronic states localized only at the zigzag 

edge from the tight binding band calculations for the graphene ribbons. This 

localized state is known as the graphite “edge state.” It stems from the topology of 

the π electron networks at the zigzag edge and does not appear at the armchair edge. 

The flat band nature of the edge state results in a peak in the local density of states at 

the Fermi energy. When the ribbon width is large enough, the influence of the edge 

state on the total density of states is negligible. However, the LDOS near the zigzag 

edge is strongly affected by the edge state, which would be observable with STS. 

 

We used freshly cleaved HOPG substrates and the system was cold down to 

liquid nitrogen temperature (T=77K) in cryogenic vacuum, (P≈ 10
-7

 Pa). Once the 

low temperature was achieved, we scanned the HOPG surface searching for a 

monatomic step. After finding the right area, we used our electro exfoliation method 

to produce a folded layer on the surface. In this case we believe that the active σ-

orbital bonds at the edges are terminated by hydrogen or else air contained in the 

system. 

 

In figure 12 we show a Current Image Tunnelling Spectroscopy (CITS) at 

77K of a graphene on graphite structure where we can obtain the dI/dV curves on 
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each point of the surface. In this case we have selected two points of the two edges 

observed in the triangular shape structure in the HOPG. 

 

Figure 12. CITS image and dI/dV curves in two different edges of the 

surface showing two different electronic behaviors. 

 

The dI/dV plot shows a clear peak appearing at negative bias voltage around -

150nmV for the zigzag edge. By contrast with the case of zigzag edge, we obtained 

qualitatively different spectra near armchair edges close to the “v” shape dI/dV for 

graphite. The LDOS peak should correspond to the graphite edge state that has been 

theoretically predicted to exist only for the zigzag edge. 

 

We can also obtain atomic of the new graphene layer the edge configuration. 

Once we produce a graphene on graphite layer in the sample, we can get STM 

images with high resolution where we can determine the atomic structure of the 

artefact surface. Afterwards we can extrapolate the hexagonal lattice on the image 

and check the atomic edge configuration of our flake (figure 13). 
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Figure 13. STM Topography image of a HOPG surface showing an artifact 

atomic-edge configuration; a) Image of the atomic resolution on the flake with the 

honeycomb lattice superimposed; b) Image of the flake with the honeycomb lattice 

superimposed showing the zigzag-edge atomic configuration; c) Image showing the 

atomic configuration of the terrace used to obtain the flake. 

 

7.3 Theoretical model of the electro-exfoliation method 

 

 
Juan Jose Palacios from Universidad Autónoma de Madrid and Maria Jose 

Caturla from Universidad de Alicante have run DFT and Molecular Dynamics 

calculations respectively in order to explain our experimental method with a 

theoretical one based on electrostatic forces due the different potentials between tip 

and surface. The DFT calculations were obtained using SIESTA (Spanish Initiative 

for Electronic Simulations with Thousands of Atoms) [20], [21] which can calculate 

the binding energy for the upper graphene layer. The model considers five graphene 

layers with 32 atoms each forming a graphite scenario and we calculated the energy 

needed to detach the upper layer a give distance Z. 
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With the SIESTA code we can obtain the binding energy for the theoretical 

graphite, EB. The result shows a Lennard-Jones potential plot type showing a 

minimum of energy for the atoms in the last layer of graphite of -2.53eV and 3.34Ǻ 

regards the layer below the upper layer (Figure 14). Using that energy, we can 

obtain the binding energy for each carbon atom FB. 

 

Figure 14. Lennard-Jones chart showing the binding energy (Black) and 

force (green) for each carbon atom in the upper graphene layer. 

 

With these values we can consider a spherical tip electrostatic model where 

the electrostatic forces can be calculated by 

 

Felc=-    
  

      
      

                                               (7.3) 

 

And the model could be described as shown in figure 15. 
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Figure 15. Spherical model scheme of the electro exfoliation of the upper 

graphene layer. (Extracted from [22]). 

 

In this model initially the distance between tip and surface is 0.9nm and we 

can obtain the needed voltage in the tip to move out of the equilibrium the upper 

layer and start the exfoliation mechanism. With this model we obtained the 

exfoliation voltage regards de tip-sample distance (Figure 16). 

 

According with the voltages calculated, for our spherical tip model, the ideal 

Vbias voltage is 13.9V by an initial distance of 0.9nm. This value is threefold as the 
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experimentally obtained (4.0V) but this misleading value could be due to the only 

consideration of the binding energies in this theoretical model. 

 

Figure 16. Chart with the exfoliation voltage regards the tip-surface distance. 

 

We could consider a few more factors in this theoretical model in order to get 

a better agreement between experimentation and theory  as could be; work function 

differences between tip-HOPG, temperature effects, edge miss-coordination effects 

and moisture. 

 

Molecular dynamics simulations performed by Maria J. Caturla showed that 

applying a temperature ramp to a simulated HOPG system could lead to the 

detachment of the upper graphene layer of the system. In this particular case a 

temperature of 600K was applied to the graphite (Figure 17). 

 

 

Figure 17. Molecular dynamics of HOPG before and after applying 600K. 
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Molecular dynamics also showed that applying a perpendicular force on a 

step on the surface produces, if the force is strong enough, the detachment of the last 

graphene layer of the HOPG as show in figure 18. 

 

 

Figure 18. Molecular dynamics on a HOPG monoatomic step before and 

after applying a perpendicular force on the edge. 

 

7.4 Conclusions 

 

Although the method here shown needs still more experimental results for a 

better control in the formation of artifacts and theoretical model. We have 

demonstrated that using the electrostatic forces of a STM tip we can modify the 

upper layer of a graphite surface forming voids, bend, and move or detach the upper 

graphite layer and transfer part of the tip to the surface. We can also using scanning 

tunneling spectroscopy characterize de LDOS of the artifact obtained and its 

detachment grade. With the STS we can obtain the atomic configuration of the 

flakes and determine if they are zigzag or armchair edges. However ab-initio 

calculations and molecular dynamics theoretical model are still in their first steps to 

match perfectly with the results obtained in the lab, but also give an initial support to 

the experimental method here shown showing that applying temperature, 
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perpendicular forces or an electrostatic potential can detach the lat graphene layer of 

the HOPG. 
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Conclusions  

 

We can summarize the main achievements in this Thesis work as follows: 

 

 

 We have studied and measured the electronic properties of 

polyoxometalates (POMS) by tunneling spectroscopy. We have studied 

how to prepare samples to deposit a few of these metal clusters, using 

self-assembly techniques such as Self Assembling Monolayers (SAM), 

Deep Drop Coating and Casting. We have also learned in detail the 

various spectrometric techniques used for electronic response measures, 

to apply a ramp voltage. Our studies have shown Coulomb blockade at 

room temperature in isolated surface molecules. 

 

 We have shown how a single molecule can have a molecular switch 

behavior. Our study explains how the role of the electrochemical 

properties of matter plays a very important in determining the 

conductance at the molecular level. We have also shown how we can 

modulate the conductivity of a metal-organic molecule with an 

electrochemical Redox center applying a voltage potential. Our results 

conclude that we can activate the electronic transport through a molecule 

increasing twice its lowest value; we can get an On state and another Off 

for this molecule. 
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 We have developed a new method for measuring the band gap of 

polymers and organic materials, so far only measurable by cyclic 

voltammetry for materials with a Redox center, and ultraviolet 

spectroscopy for materials which absorb radiation in the UV spectrum. 

This new method has allowed us to determine the bandwidth of a purely 

organic material deposited on a gold surface, forming a layer of only a 

few dozen molecules thick. We have shown that the STM can be used to 

determine band-gaps, obtaining higher resolution than current methods, 

where to achieve detection limits layers of several hundred nanometers 

thick and tens of milligrams of product are needed. 

 

 We have shown the effects of solvent molecule in conductance 

measurements for a series of highly conjugated organic linear molecules. 

We have also shown that you can modulate the conductivity of oligoynes 

simply using solvents with different dipole moment. This variation not 

only changes the value of the conductance of the molecules but also 

varies the value of the attenuation factor of these. We have studied by 

DFT calculations to explain variations in the transmission curves after 

adding different solvents. 

 

 We demonstrated how you can use the STM as nanomanipulator of a 

material or surface for the generation of graphene on a surface of 

graphite, using as a starting material a graphite sample itself. We have 

explained how we are able to handle the last sheet of graphene on a 

surface of HOPG (High Organized Pyrolytic Graphite) by peeling, lifting 

and bending as if a sheet of paper it were, by generating a small electric 
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field between the tip of microscope and sample surface. We have also 

characterized the folds formed, obtaining atomic resolution in them and 

determining their electrical properties. 

 

With the studies in this thesis we can conclude that this work is an 

improvement in the study of the properties of matter at the atomic scale and we have 

advanced in the use of scanning tunneling microscope. 
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Conclusiones  

 

Podemos resumir los principales resultados obtenidos en esta Tesis Doctoral 

en los siguientes puntos: 

 Se ha estudiado y medido las propiedades electrónicas de los 

Polioxometalatos (POMS) mediante espectroscopia de efecto túnel. 

Hemos estudiado como preparar las muestras para poder depositar unos 

cuantos de estos clústeres metálicos, mediante técnicas  de 

autoensamblaje como Self Assembling Monolayers (SAM), Deep Coating 

and Drop Casting. También hemos aprendido con detalle las distintas 

técnicas espectrométricas usadas para las medidas de su respuesta 

electrónica, al aplicarles una rampa de voltajes. Nuestros estudios han 

comprobado le existencia de bloqueo de Coulomb a temperatura ambiente 

en moléculas aisladas en superficie. 

 

 Hemos mostrado como una única molécula puede tener un 

comportamiento de interruptor molecular. Nuestro estudio explica como 

las propiedades electroquímicas de la materia juegan un rol muy 

importante  a la hora de determinar la conductancia a nivel molécular. 

También hemos mostrado como podemos modular la conductividad de 

una molécula metal-orgánica con un centro Redox aplicando un potencial 

electroquímico a esta. Nuestros resultados concluyen que podemos activar 

el transporte electrónico a través de una molécula incrementando dos 
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veces su valor más bajo, pudiendo así obtener un estado On y otro Off 

para esta molécula. 

 

 Hemos desarrollado un nuevo método para la medida del band gap de 

polímeros y materiales orgánicos, hasta ahora solo medible mediante 

voltametría cíclica para aquellos materiales con algún centro Redox, y 

espectroscopia ultravioleta para los materiales que absorben la radiación 

comprendida en el espectro UV. Este nuevo método nos ha permitido 

determinar el ancho de banda de un material puramente orgánico 

depositado sobre una lámina de oro en nuestro caso, formando una capa 

de tan solo unas decenas de moléculas de espesor. Hemos demostrado que 

el STM puede usarse como equipo para la determinación de band gaps, 

obteniendo una resolución superior a la de los actuales métodos, donde 

para alcanzar  los límites de detección se necesitan capas de varios cientos 

de nanómetros de grosor o unas decenas de miligramos de producto. 

 

 Mostramos los efectos del disolvente en las medidas de conductancia 

molécula para una serie de moléculas orgánicas lineales altamente 

conjugadas. Hemos demostrado que se puede modular la conductividad 

de las oligoinas simplemente usando disolventes con diferente momento 

dipolar. Esta variación no solo cambia únicamente el valor de la 

conductancia de las moléculas sino que también varía el valor del factor 

de atenuación de estas. También hemos estudiado mediante cálculos DFT 

para explicar las variaciones en las curvas de transmisión después de 

añadir los distintos disolventes. 
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 Hemos demostrado cómo se puede utilizar el STM como 

nanomanipulador de un material o superficie para la generación de 

grafeno sobre una superficie de grafito, usando como material de partida 

el propio grafito de la muestra. Hemos explicado cómo somos capaces de 

manipular la última lámina de grafeno en una superficie de HOPG (High 

Organized Pyrolytic Graphite) despegándola, levantándola y doblándola 

como si de una hoja de papel se tratase, mediante la generación de un 

pequeño campo eléctrico entre la punta del microscopio y la superficie de 

la muestra. También hemos caracterizado los pliegues formados, 

obteniendo resolución atómica en ellos y determinando sus propiedades 

eléctricas.  

Con la realización de esta Tesis Doctoral podemos concluir que, este trabajo 

supone una mejora en el estudio de las propiedades de la materia a escala atómica y 

hemos avanzado en el uso del microscopio de efecto túnel.  
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