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Abstract  

The urgent need for developing new strategies to afford the increasing energy demand 

remains a challenge for many research fields, such as material science or energy 

engineering. In this respect, the field of nanoscience has emerged as a powerful field 

towards the design of functional nanomaterials, synthesized from both organic and 

inorganic materials. This new scientific discipline has led to the design of novel materials 

and opened up new avenues for traditional compounds. For instance, transition metal 

oxides have been proposed as promising catalysts in the oxygen evolution reaction for 

water splitting, of crucial relevance in clean energy. Additionally, the development of 

organic electronics, focused on the study of the electronic properties of carbon-based 

materials, plays an important role in the synthesis and transformation of traditional 

electronics by designing low-cost, flexible and sustainable electronic devices. 

In this thesis, we have grown and studied different nanomaterials on metallic surfaces 

related to energy efficiency, targeting to achieve global sustainability. First, we have 

studied the catalytic activity of CoO at the atomic scale towards the water splitting 

reaction. We have grown single bilayer CoO nanoislands, where the co-existence of two 

distinct phases has been observed. Such polymorphism has been rationalized due to the 

distinct lattice parameter and the registry with the substrate which induces the 

modification of its electronic properties, reactivity and, hence, of its catalytic activity. In 

addition, we have shown the capability to tune the phase by an electric field. Second, we 

have described the on-ÓÕÒÆÁÃÅ ÓÙÎÔÈÅÓÉÓ ÏÆ ÎÅ× ʌ-conjugated polymers with important 

applications in organic electronics. An innovative strategy towards the synthesis of low 

ÂÁÎÄ ÇÁÐ ʌ-conjugated polymers formed by acene or periacene units has been developed, 

which allows the control of their electronic structure, resonance form and topological 

quantum class by tuning the repeating unit size.  

Our results shed light into the atomistic adsorption and dissociation of water on a CoO 

model catalyst. Furthermore, we introduced pathways for controlling the electronic 

properties and quantum topological class of one dimensional polymers on metallic 

surfaces.  



iii  
 

 

Resumen 

Durante las últimas décadas se ha producido un importante incremento en la demanda 

energética por parte de la sociedad, lo que ha llevado a que muchas investigaciones de 

diferentes campos se hayan centrado en el desarrollo de nuevas estrategias para 

satisfacer dicha demanda, como puede ser la ciencia de materiales o la ingeniería de la 

energía. En este sentido, el campo de la nanociencia ha adquirido un papel clave para el 

diseño de nuevos materiales funcionales. Por ejemplo, la viabilidad de los óxidos de 

metales de transición como catalizadores en la reacción de evolución de oxígeno para la 

división del agua ha sido extensamente estudiada, debido a su importancia en energías 

limpias. Por otra parte, el desarrollo de la electrónica orgánica, la cual se centra en el 

estudio de las propiedades electrónicas de los materiales formados a base de carbono, 

desempeña un papel clave en la síntesis y transformación de la electrónica tradicional 

hacia el diseño de dispositivos electrónicos de bajo coste, flexibles y sostenibles. 

En esta tesis, hemos preparado y estudiado diferentes nanomateriales en superficies 

metálicas con posibles aplicaciones energéticas hacia la sostenibilidad global. Estos 

nanomateriales han sido caracterizados mediante microscopía de efecto túnel y 

microscopía de fuerza atómica sin contacto. En primer lugar, hemos estudiado la 

actividad catalítica del CoO a escala atómica hacia la división del agua. Observamos la 

existencia de diferentes fases de CoO con distintos parámetros de red y diferente registro 

con el sustrato, lo que induce la modificación de sus propiedades electrónicas, 

reactividad y, por lo tanto, de su actividad catalítica. Además, se muestra la 

transformación de dichas fases tras aplicar un campe eléctrico externo. Por otro lado, se 

propone la síntesis en superficie de nuevos polímeros ʌ-conjugados con importantes 

aplicaciones en electrónica orgánica. Hemos desarrollado una nueva estrategia para 

sintetizar polímeros ʌ-conjugados de bajo intervalo de banda prohibi da formados por 

unidades de acenos o periacenos, a través de los cuales podemos controlar su estructura 

electrónica, forma resonante y fase topológica ajustando el tamaño de la unidad 

repetitiva. 
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Nuestros resultados contribuyen al estudio del CoO como catalizador, mostrando la 

adsorción y disociación del agua a nivel atómico. Además, se proponen caminos de 

reacción para controlar las propiedades electrónicas y la naturaleza topológica de 

ÐÏÌþÍÅÒÏÓ ʌ-conjugados unidimensionales en superficies metálicas.  
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1 Introduction  

1. Introduction  
This chapter introduces the development of nanoscience and nanotechnology during the 

last decades and its contribution to  surface science, mainly through the invention of the 

STM. Next, we present some of the main motivations that have led us to carry out this 

work. Finally, the chapter concludes with an outline of the thesis.  

1.1 Nanotechnology 

Nowadays, nanotechnology has become one of the main fields under study and 

development. The concept of nanotechnology was introduced in 1959 by Richard 

Feynman (awarded with the Nobel Prize in physics in 1965) in his talk Ȭ4ÈÅÒÅ ÉÓ ÐÌÅÎÔÙ ÏÆ 

ÒÏÏÍ ÁÔ ÔÈÅ ÂÏÔÔÏÍȱ.1 He suggested the possibility of manipulating and controlling the 

matter at the smallest scale, being the very first time that smallest scale meant nanoscale 

(Figure 1.1 shows a schematic comparison from centimeter to nanometer). This new 

concept was presented to the American Physical Society and it  redirected much of the 

scientific progress of the century, being considered nowadays as the next technological 

revolution. Now in 2020, many of the predictions proposed by Feynman have been 

realized, such as the resolution enhancement in electron microscopies,2 the atom 

manipulation by scanning probe microscopies3 or the on-going miniaturization of 

devices.4  

Nanotechnology opened plenty of new applications in the fields of physics, chemistry, 

and materials science, due to the strong, and sometimes unexpected, variation of the 

physico-chemical properties of materials when reducing their dimensionality.5 The 

understanding and rationalization of all these new physical and chemical phenomena led 

to the emergence of nanoscience. Nanomaterials are defined as materials exhibiting at 

least one dimension in the range of 1-100 nm. The higher surface area of nanomaterials 

compared to their bulk counterparts, together with the quantum effects arising in such 

dimensions, are the keys of their chemical reactivity, optical, electronic and magnetic 

properties.  
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One of the main tools employed in nanoscience are Scanning Probe Microscopes. This 

family of microscopes was triggered by the invention of the Scanning Tunneling 

Microscopy (Nobel Prize in Physics in 1986 to Gerd Binning and Heinrich Rohrer).6 Only 

a few years after, the Atomic Force Microscope was also developed.7 Both microscopes 

steered different techniques of measurement that can be classified under the general 

scope of Scanning Probe Microscopy (SPM). In its easiest implementation, a scanning 

probe microscope acts based on the physical movement of a small probe above a surface 

while monitoring and recording specific magnitudes between the probe and the surface 

(e.g.ȡ ÃÕÒÒÅÎÔȟ ÍÁÇÎÅÔÉÓÍȟ ÅÌÅÃÔÒÉÃ ÆÉÅÌÄȟ ÌÉÇÈÔȟ ÅÌÁÓÔÉÃÉÔÙȟ ÆÏÒÃÅ ÉÎÔÅÒÁÃÔÉÏÎÓȣɊȟ which finally 

are plotted in a XY graph displaying the recorded magnitude. 

 

Figure 1-1. Comparison of scales: from centimeter to nanometer  



 

 

3 Introduction  

SPM techniques have importantly contributed to the development of nanotechnology 

and nanoscience.8 Scanning probe microscopes allow us to image and manipulate matter 

at the atomic scale. In addition, they help us to inspect fundamental properties of metals, 

semiconductors or insulators down to the atomic scale and revealing information about 

the magnetic, electronic or mechanical properties. 

As a result of fundamental nanoscience investigations of the past XX century, now real 

applications are arising related to nanotechnology with promising benefits to the society. 

We can find applications in different sectors, such as information technology, energy, 

medicine or environmental science. For instance, some examples of the impact of 

nanotechnology in modern society are: the miniaturization of transistors with a size 

below 10 nm,9 the diagnostics and treatments of diseases10 and more efficiently fuel 

production employing better catalysts.11 

 

Figure 1-2. Schematic representation  of bottom up techniques employed 

In this work, we have employed surface science and scanning probe techniques to 

develop and study new nanomaterials from a fundamental point of view, in order to 

contribute to the nanoscience research with promising applications in different sectors 

related to energy efficiency, targeting to achieve global sustainability.  In particular, we 

have focused our attention on two distinct nanomaterials: i) All-carbon-based 

nanostructures and ii) Cobalt-based oxides nanoislands. Such nanomaterials show 

different applications towards organic electronics and water splitting catalysis, 

respectively; however both of them present a common target: global sustainability. To 

synthesize such nanomaterials on surfaces, bottom-up strategies were followed 

including on-surface synthesis and physical vapor deposition (see Figure 1.2), both under 

ultra-high vacuum (UHV) conditions.  
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1.2 Global sustainability 

Nowadays, the increasing energy demand leads us to reconsider the main energy sources 

to supply the requirements of the society.12 We can find two main challenges towards the 

design of more efficient energies: the wise use of finite energy sources and the 

development of new abundant and biodegradable energy sources. Hereby, we have 

studied two different types of nanomaterials: cobalt oxides and all-carbon-based 

polymer nanostructures.   

On one hand, cobalt is a 3d transition metal with plenty of applications, mainly towards 

energy storage. For several years, commercial Lithium ion batteries (2019 Nobel Prize in 

chemistry) included a positive electrode based on cobalt (LiCoO2-CoO2 corresponding to 

discharged and charged electrode, respectively).13 Certainly , Cobalt shows a wide range 

of applications: forming superalloys with unique properties, batteries, catalysis, magnets, 

etc. However, this element also has some intrinsic limitations. Cobalt is of relatively low 

abundancy in earth crust and, in addition, the largest cobalt reserves are concentrated 

among a few countries (near half of the reserves are located at DR Congo). This irregular 

distribution together with its importance toward s a sustainable planet lead us to 

consider the cobalt a critical raw material.14 Although cobalt is a bio essential element for 

bacteria, plants, animals and humans (acquired by humans as Vitamin B12), it presents 

some health and environment hazards. Therefore, an entire industry towards the 

analysis of cobalt risk, engineer and administrative controls have been implemented. In 

conclusion, cobalt is essential for sustainable developments, and its unique properties 

make this element indispensable for many process.15 Therefore, a strategical use of such 

material has to be taken into account. Cobalt based oxides have been proposed as anode 

to be integrated in a Photoelectrocatalytic device (PEC) in order to generate and store 

energy from abundant and clean sources (solar energy and water).16 Here, we will study 

model systems of such cobalt oxide catalyst providing atomistic insights.  

On the other hand, organic electronics has emerged as a field of materials science with 

revolutionary applications in electronic technology.17 Organic electronics studies the 

synthesis and characterization of carbon-based nanostructures with tunable electronic 

and optical properties. These new materials possess desirable properties and are eco-
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alternatives to inorganic semiconductor materials. Inorganic semiconductors imply an 

expensive and long waste management and some of them are scarce. Under this scenario, 

organic electronics is a powerful substitute that provides more sustainable materials, 

expanding the functionalities of the inorganic compounds and reducing considerably the 

costs. In addition, they offer the feasibility of being flexible and biocompatible materials. 

Organic electronics includes the development of carbon-based semiconductors and 

metallic structures with important applications in optoelectronics, transistors or organic 

solar cells.18 In this technological world, the design of eco-materials, that also implies cost 

reductions, contributes to a sustainable world based on cleaner and sustainable energies. 

Following this paradigm, here we have developed a strategical on-surface design of one-

dimensional ʌ-conjugated polymers featuring unique electronic properties, including 

nearly-metallic electronic structure, topological non-trivial insulators , and diradical 

molecular wires, with promising applications in organic electronics. 

1.3 Thesis outline 

The organization of the thesis is as follows: 

Chapter 2 introduces a theoretical background needed for the understanding of the 

thesis. First, fundamental concepts related to surface science are provided. Second, the 

33( ÍÏÄÅÌ ÔÏÇÅÔÈÅÒ ×ÉÔÈ ÉÔÓ ÅØÔÅÎÓÉÏÎ ÔÏ×ÁÒÄÓ ʌ-conjugated polymers based on acenes 

and periacenes are explained.  Finally, the theoretical background behind the employed 

experimental techniques is given.  

In chapter 3 a more detailed explanation about the methods and the experimental set-up 

is provided. Some common components of the four employed ultra-high vacuum systems 

are introduced. Then, the recently mounted low temperature nc-AFM/STM located at 

IMDEA is described, together with its supporting instruments.  

Chapter 4 presents the study of the structure of CoO at the atomic scale and its properties 

towards catalyzing the water splitting reaction. We observe two distinct phases for the 

CoO nanoislands on Au(111): the moiré pattern region (incommensurate area) and the 

ɼ-region (commensurate area). Both of them exhibit a hexagonal lattice, but the 

ÉÎÔÅÒÁÔÏÍÉÃ ÄÉÓÔÁÎÃÅÓ ÆÒÏÍ ɼ-region are shorter. Remarkably, we demonstrate that this 
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slight compression alters completely the electronic structure of the oxide, and hence, its 

reactivity. Notably, tip-induced voltage pulses irreversible transform moiré regions into 

ɼ-phases.   

Chapter 5 ÉÎÔÒÏÄÕÃÅÓ Á ÎÅ× ÓÔÒÁÔÅÇÙ ÔÏ×ÁÒÄÓ ÔÈÅ ÓÙÎÔÈÅÓÉÓ ÏÆ ʌ-conjugated polymers by 

thermal activation at 500 K of molecular precursors functionalized with CBr2 functional 

groups. First, we present the on-surface synthesis of polymers based on acene or 

periacene units. Interestingly, these polymers show a competition between resonance 

forms, namely between the ethynylene-bridged aromatic structure and the cumulene-

linked quinoid form. We observe that the increasing of the number of fused rings at the 

acene or periacene unit leads to an increase of ÔÈÅ ÑÕÉÎÏÉÄȾÃÕÍÕÌÅÎÅ ÃÈÁÒÁÃÔÅÒ ÏÆ ÔÈÅ ʌ-

conjugated polymer. Importantly, we show that these two resonance forms are 

associated to distinct  topological quantum phases that implies a topological transition 

taking place from a trivial to  a non-trivial  phase as a function of the size of the central 

unit. Finally, further thermal annealing at 600 K of the cumulene-bridged bisanthene 

polymer produces the ladderization of the polymer forming pentalene-bridged polymers 

that includes the formation of non-benzenoid rings. 

Chapter 6 and 7 include the main conclusions of the results and the perspectives related 

to the experiments performed, in English and Spanish, respectively.  

Finally, chapter 8 presents the list of publications and chapter 9 includes the references 

to the information sources.   
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2. Theoretical fundamentals 
This chapter introduces fundamental concepts for the understanding of the experiments 

carried out in this thesis. The introduction begins with the description of basic concepts 

of solid-state physics that will appear throughout the thesis. The second section deals 

with a theoretical approach to the Su, Schrieffer and Heeger (SSH) model19 and its 

extension towards ÔÈÅ ʌ-conjugated polymers synthesized in this work.20 The chapter 

concludes with an explanation of the Scanning Probe Microscopy (SPM),21,22 followed by 

a more detailed explanation of the main techniques employed: Scanning Tunneling 

Microscopy (STM)6 and non-contact Atomic Force microscopy (nc-AFM).7,23 

2.1 Generic concepts on solid-state physics   

Solid-state physics studies crystal solids in which large number of atoms are chemically 

bound. Therefore, understanding the behavior of electrons in an atom is crucial to 

describe the properties of 3D crystals. The simplest model to describe the distribution of 

ÅÌÅÃÔÒÏÎÓ ÏÎ Á ρ$ ÓÙÓÔÅÍ ÉÓ Ȱ4ÈÅ &ÒÅÅ-%ÌÅÃÔÒÏÎ 'ÁÓȱ.24,25 This model assumes that 

electrons are confined in a 1D infinite square-well potential and occupy each N states 

known as orbitals. Furthermore, this model neglects any interaction between electrons 

and assumes the Pauli Exclusion Principle. This principle demands that there cannot be 

two electrons with the same quantum numbers per state and it is crucial to define the 

electronic occupation of the orbitals. The wave function of an electron in an orbital ὲ and 

its eigenenergy are defined by Equations 2.1 and 2.2, respectively: 

 
‪ ὃÓÉÎ

ς“

‗
ὼ (2.1) 

 
‐

ᴐ

ςά

ὲ“

ὒ
 

(2.2) 

Where ‗ is the wavelength of the electron (‗ ςὒȾὲ, ὒ the length of the square-well 

potential in the horizontal axis, m is the mass of the electron and ᴐ the reduced Planck 

constant. 
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The two quantum numbers that are taken into consideration are ὲ and ά ; ὲ corresponds 

to the energy level and ά   is defined as the magnetic quantum number. Since ά  can 

only take two values (άȟ  ϵ   , each orbital (‪  can be occupied by two electrons 

with opposite spins. The orbitals are filled from the lowest electronic level (ὲ ρ) 

onwards. Considering an even number of electrons (ὔ), the highest occupied energy level 

is ὲ ὔȾς. The Fermi energy (‐) is the energy of the highest filled level in the 

fundamental state of a system of ὔ electrons and is defined as: 

 
‐

ᴐ

ςά

ὔ“

ςὒ
 

(2.3) 

&ÏÌÌÏ×ÉÎÇ ÔÈÅ ÓÁÍÅ ÐÒÉÎÃÉÐÌÅÓȟ Ȱ4ÈÅ &ÒÅÅ-%ÌÅÃÔÒÏÎ 'ÁÓȱ ÍÏÄÅÌ ÃÁÎ ÂÅ ÅØÔÅÎÄÅÄ ÔÏ Á σ$ 

system, where the electrons are confined in a cube of side ὒ. Assuming periodic boundary 

conditions, the wave function for a free electron can be written as: 

 ‪ ὶᴆ Ὡ ᴆϽᴆ  (2.4) 

where the wave vector Ὧᴆ is composed by Ὧ, Ὧ and Ὧ, following the constrain of the 

periodicity where Ὧ . Here, ὲ is a positive or negative integer number depending on 

the direction of the intrinsic angular momentum of the electron (ά ). Hence, the possible 

energy states in Ὧ-space are: 

 
‐Ὧ

ᴐ

ςά
Ὧ Ὧ Ὧ  

(2.5) 

Each state has a volume of ὠ ς“Ⱦὒ  in the Ὧ-space. Being the volume of the Fermi 

sphere τ“ὯȾσ , and taking into consideration the double occupation of the orbitals, the 

total number of occupied states ὔ‐ ÁÔ ÅÎÅÒÇÉÅÓ Ѕ ‐ is given by:  

 
ὔ‐

ὠ

σ“

ςά‐

ᴐ

Ⱦ

 
(2.6) 
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where ὠ is the volume of the Fermi sphere with radius ὒ. Finally, the number of occupied 

states per unit energy ɀ known as density of states (DOS) ɀ can be obtained deriving 

Equation 2.6 with  respect to the energy.  

 
Ὀ‐ḳ

Ὠὔ

Ὠ‐
 

(2.7) 

!ÌÔÈÏÕÇÈ Ȱ4ÈÅ &ÒÅÅ-ÅÌÅÃÔÒÏÎ ÇÁÓȱ ÍÏÄÅÌ ÄÅÓÃÒÉÂÅÓ ÓÏÍÅ ÐÒÏÐÅÒÔÉÅÓ ÉÎ metals, such as the 

specific heat capacity, it cannot explain fundamental optical and electronic properties of 

semiconductors and insulators. Here, we assume that in Ȱ4ÈÅ &ÒÅÅ ÅÌÅÃÔÒÏÎ ÇÁÓȱ ÍÏÄÅÌ 

the electrons are confined in an infinite 1D square-well potential , neglecting any 

interaction between them. A more suitable model is given by the Band Theory. Band 

Theory postulates the existence of energy bands formed by the overlap of atomic orbitals. 

These bands cover the range of allowed discrete energy levels in which the electrons 

×ÉÔÈÉÎ ÔÈÅ ÓÏÌÉÄ ÃÁÎ ÂÅȢ )Î ÔÈÅ ÓÁÍÅ ×ÁÙȟ ÉÔ ÄÅÆÉÎÅÓ ÔÈÅ ȰÆÏÒÂÉÄÄÅÎȱ ÂÁÎÄÓ ÁÓ ÔÈÅ ÅÎÅÒÇÙ 

ÒÁÎÇÅÓ ×ÈÅÒÅ ÅÌÅÃÔÒÏÎÓ ÃÁÎÎÏÔ ÂÅȟ ÉÎÔÒÏÄÕÃÉÎÇ ÔÈÅ ÃÏÎÃÅÐÔ ÏÆ ȰÂÁÎÄ ÇÁÐȱ ÉÎ solids.  

Crystals, according to this model, can be considered as a periodic lattice of atoms where 

orbitals are close enough to overlap. It is then necessary to consider the periodicity of the 

potential created by these periodic atoms. The periodicity of the crystal lattice can be 

expressed as the function ό ὶᴆ and leads to the solution of the one-electron Schrödinger 

equation for a plane wave (Equation 2.4):  

 ‪ ὶᴆ ό ὶᴆ Ὡ ᴆϽᴆ (2.8) 

Equation 2.8 is known as the Bloch wavefunction of an electron and considers the 

periodic potential of the crystal. The energy eigenvalues derived from this wavefunction 

reveal the existence of forbidden energy ranges and in turn the band structure of the 

material.The electronic occupation given by the band structure of a solid define its 

electronic properties. Figure 2.1 shows the classification of solids according to their 

energy band gap and the movement of electrons between the valence band (occupied 

states) and the conduction band (empty states). 
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When the conductive and the valence band overlap there are a large number of free 

electrons at RT, and the solid is a conductor. On the contrary, if there is a large energy 

gap between the bands, the movement of the electrons is blocked. As a result, these 

materials cannot conduct electricity and are called insulators. Finally, when a small 

energy gap exists, some of the electrons in the valence band can gain enough thermal 

energy to reach the energy levels in the conduction band. This creates holes in the valence 

band which increases the conductivity of the solid. These materials are known as 

semiconductors, although due to the need of thermal energy to conduct electricity they 

behave as insulators at 0 K. 

 

Figure 2-1. Schematic representation  of the electronic occupation of the allowed energy bands of a conductor, a 
semiconductor and an insulator  

This is a generic classification of the solid crystals based on their  band structures. 

However, in the 80´s there was a revolution in our understanding of the classification of 

materials. Topological band theory entered into play, revealing a new taxonomy. This 

theory predicted the existence of non-trivial topological materials (bulk insulator with 

metallic boundaries when they are next to a vacuum or a trivial insulator).26,27 David 

Thouless, Duncan Haldane and Michael Kosterlitz were awarded with the Nobel Prize in 

Physics in 2016 for the development of topological band theory.28 Non-trivial topological 

quantum phases have been identified in 1D,29,30 2D31 and 3D systems.32 In the following 

section a more detailed explanation about 1D topological insulators is given.  
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2.2 Topological theory in 1D systems 

As mentioned above, the band structure defines accurately in many occasions the 

electronic and optical properties of materials. There are distinct formalisms to infer the 

band structure in condensed matter physics. In particular, tight binding (TB) model is an 

approximation used to calculate the band structure of a material by linear combination 

of atomic orbitals (LCAO).33 Exploiting such methodology, the Su-Schrieffer-Heeger 

(SSH) model gives insight into the electronic behavior of 1D polymers.19 This section 

provides a general introduction to topological insulators, followed by a description of the 

topological predictions performed by TB method for the on-surface synthesized linearly 

linked polyacene and polyperiacene polymers in chapter 5.20  

2.2.1 Su-Schrieffer-Heeger Model 

The Su-Schrieffer-Heeger (SSH) model successfully describes the electronic behavior of 

polyacetylene polymer.34ɀ37 Polyacetylene is ÔÈÅ ÓÉÍÐÌÅÓÔ ρ$ ʌ-conjugated polymer 

formed by (C2H2)n repeating units. It exists in two isomeric forms, altough trans-

polyacetylene isomer is more favorable at RT38 and thus it  is the one considered in the 

SSH model. Importantly, trans-polyacetylene can exhibit two resonance forms as can be 

seen in Figure 2.2. Though at first sight they appear electronically equivalent, a deeper 

study of this system using the SSH model will reveal that they belong to distinct 

topological quantum phases. 

 

Figure 2-2. Energy landscape versus the reaction coordinate of polyacetylene showing two energetically more 
favorable forms  
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TB approximation considers the electron hopping between the nearest neighbors (NN) 

independently of their spin. When orbitals are close enough to overlap they create a 

crystal lattice, where the electrons are delocalized hopping from one atom to another (ὸ 

is the hopping parameter between NN). This way, the motion of one electron can be 

described with the Hamiltonian:  

 Ὄ ὸȿὭἃἂὮȿ 
(2.9) 

where ὸ  is the overlap integral between the NN at positions i and j. In this case, an 

equal overlapping between all the consecutive atoms in the lattice is considered (where 

ὸ ὸ as exemplified in Figure 2.3) and no interactions between the second nearest 

neighbors are included (ὸǰ π. Therefore, by resolving Equation 2.9 we obtain the 

band dispersion described by Equation 2.10:  

 ‐Ὧ ςÃÏÓὯὥ (2.10) 

 

Figure 2-3. Scheme of one dimensional tight binding Hamiltonian with equal orbital overlap within consecutive 
atoms 

However, this approach does not consider the Peierls distortion on the lattice. Actually, 

we cannot consider an equal overlapping between all the consecutive atoms in the lattice 

due to the dimerization of the atoms coming from the Peierls distortion, which results in 

a more energetically favorable final lattice with two possible resonance forms (see Figure 

2.2). Therefore, we define two subbands named ὃ and ὄ, a lattice constant of ςὥ and two 

different hopping parameter per lattice: ὸ and ὸ, which correspond to the intra-cell 

coupling strength and the inter-cell coupling strength, respectively. Importantly, the 

Peierls distortion gives rise to resonance forms that display inherent chiral symmetry if 

only first NN hopping is allowed. 
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Now, the SSH model describes the motion of one valence electron per atom on a two site 

(ὃ and ὄ) 1D lattice, whereby the electron can only hope between the nearest neighbors:  

 
Ὄ ὸ ȿὲȟὄἃἂὲȟὃȿ ὬȢὧȢ ὸ ȿὲ ρȟὃἃἂὲȟὄȿ ὬȢὧȢ (2.11) 

where ὬȢὧ means Hermitian conjugation.  

 

From Equation 2.11, assuming periodic boundaries (only the bulk part of the chain) and 

considering the two subbands sites (ὃ and ὄ) the matrix form of the band Hamiltonian 

can be found: 

 
ὌὯ

‐ ὸ ὸὩ

ὸ ὸὩ ‐
 

(2.12) 

The diagonal terms ‐ and ‐ are zero since only first neighbors hoppings are considered. 

From the Hamiltonian in Equation 2.12 we can extract the Eigenvalues ‐Ὧ: 

 
‐Ὧ ὸ ὸ ςὸὸÃÏÓὯ 

(2.13) 

The dispersion of the bands depends on the relation between the hopping parameters ὸ 

and ὸ. The behavior of Equation 2.13 with respect to ὸ and ὸ is depicted in Figure 2.4a. 

These graphs show that the band structure evolves from flat bands in the case of ὸ π 

into dispersive bands for  ὸ ὸ, where the band gap becomes smaller till its closure for 

ὸ ὸ. Then, the band gap reopens for ὸ ὸ forming a dispersive insulator that 

evolves towards flat bands for larger ὸ.   

Similar behavior for the gapped situations ὸ ὸ and ὸ ὸ can be assigned from 

Figure 2.4a. However, this rationalization  is uncomplete. In order to understand the band 

structure the eigenvectors need to be solved. The band Hamiltonian in Equation 2.12 is a 

two dimensional matrix that can be expressed as the following Equation using Pauli´s 

matri ces: 
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 ὌὯ ὬᴆὯ„ Ὤ Ὧ„ Ὤ Ὧ„ Ὤ Ὧ„  (2.14) 

Since ideal polyacetylene has chiral symmetry, which physically implies that all coupling 

between sites are off-diagonal, the directions of the vector ὬᴆὯ are: 

 
Ὤ Ὧ ὸ ὸÃÏÓὯ 
Ὤ Ὧ ὸÓÉÎὯ 

Ὤ Ὧ π 
(2.15) 

The trajectory of ὬᴆὯ in the first Brillouin zone for the five distinct relations of ὸ and ὸ 

is depicted in Figure 2.4b. 

 

Figure 2-4. Dispersion relation of the bands for different hopping terms with their corresponding ▐ᴆ▓ 

a) Energy bands diagrams and b) Trajectories of ὬᴆὯ over the Brillouin zone for different relations of the hopping 

parameters. 

Since the vector ὬᴆὯ is on the plane (h(z) = 0), it can be observed from Figure 2.4b that 

there is no way we can move from ὸ ὸ to ὸ ὸ without crossing the origin, which 

implies to cross through a metallic state. According to topological band theory, when 

moving from a gapped insulator A to an insulator B closing the band gap, then there is a 

change in the topological class. Although it is beyond the scope of this thesis, it is worth 

to specify that the calculation of the Zak phase of the Hamiltonian actually reveals that 
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the situation ὸ ὸ belongs to the topologically trivial class (Z=0), whereas ὸ ὸ is a 

topological insulator class (Z=1). 

In fact, a detailed analysis of a finite chain for both topological classes displays the 

physical consequences on the charge, which can not only be analyzed theoretically, but 

measured, as illustrated  in next chapters. Figure 2.5 shows the fully dimerized cases (ὸ

π or ὸ π) for a  chain with N=10. An insulating bulk structure is expected in both cases, 

however in the dimerized limit at ὸ π there are open boundaries with two single sites 

at the ends (considering one valence electron per atom). The energy of these states 

should be zero, since each electron is totally localized at the site at the edge. When ὸ

ὸ and ὸ π the presence of states at the edges is also expected, although the electron 

could be delocalized between the closest neighbors. In conclusion, the topological 

transition leads to the emergence of in-gap edge states at the ends of the topological non-

trivial polymer, although trivial and non-trivial insulators present similar insulating bulk 

structure.  

 

Figure 2-5. Fully dimerized limits of polyacetylene for ◄  and ◄  

 

2.2.2 Topological approach towards linked polyacenes and polyperiacenes 

)Î ÔÈÉÓ ×ÏÒËȟ ×Å ÈÁÖÅ ÅØÔÅÎÄÅÄ ÔÈÅ 33( ÍÏÄÅÌ ÆÏÒ ÍÏÒÅ ÃÏÍÐÌÅØ ʌ-conjugated linear 

polymers20. It is important to note that this approach is a first approximation to the SSH 

model with evidently differences. First, it is necessary to define the unit cell dictated by 

the termination of the polymer. Figure 2.6a shows the asymmetric unit cell of the 

anthracene polymer (section 5.3) which can be extended for all the polymers connected 

through an ethynylene/cumulene bridge (Figure 2.6b). The unit cell is formed by a blue 

and a red block, which correspond to the intracell  coupling block (ὸ) and the intercell 

coupling block (ὸ), respectively. In the previous subsection we have demonstrated that 

the relation between ÔÈÅÓÅ Ô×Ï ÐÁÒÁÍÅÔÅÒÓ ÐÒÏÖÉÄÅÓ ÔÈÅ ÔÏÐÏÌÏÇÉÃÁÌ ÎÁÔÕÒÅ ÏÆ ÔÈÅ ʌ-
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conjugated polymer, therefore the topological phase can vary depending on the central 

unit R. 

 

Figure 2-6. Schematic presentation  of the unit cell and the hopping parameters  

a) Asymmetric unit cell of ethynylene-bridged anthracene polymer. b) Unit cell for an arbitrary central backbone R.  

Dr. Oliver Gröning performed at Empa Materials Science and Technology in Switzerland 

the tight binding (TB) calculations of the ethynylene-bridged acenes and periacenes 

polymers by numerically solving the nearest-neighbor hopping (NN) Hamiltonian for the 

2pz orbitals of the carbon atoms. The value of the hopping parameters depends on the 

bond nature between the sites.39 Here, the intracelll coupling depends on polyaromatic 

unit (ὸ ὸ  σȢπυ Ὡὠ)  and the intercell coupling is related to the triple bond of the 

ethynylene bridge (ὸ ὸ  τȢτυ Ὡὠ). Considering these values, the TB Hamiltonian 

introduces two extra parameters related to the polyaromatic unit, which will define the 

topological nature of the system. 

The numerical calculation of the topological invariant (Z) in a discrete k-space was 

performed using the method of Cao et al.40 It is worth to highlight that the invariant phase 

depends on the selected unit cell, which is determined by the termination of the polymer. 

According to the unit cell depicted in Figure 2.6b, the ethynylene-bridged anthracene 

polymer structure is Z=0 topological trivial, whereas the ethynylene-bridged pentacene 

and bisanthene polymers are metallic and the peripentacene polymer belongs to the Z=1 

topological region. 
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Figure 2-7. Band diagrams for the ethynylene -bridged acene (left)  and periacene (right)  polymers with 
increasing size obtained from TB calculations  

Figure 2.7 shows the band diagrams for the ethynylene linked acene (left panel) and 

periacene (right panel) polymers obtained from these TB calculations. Both polymer 

families present a topological transition, seen by a change in the Zak phase, which implies 

the closure of the band gap for the pentacene and the bisanthene polymers. 

2.3 Scanning Probe Microscopy 

Solid-state surfaces and their properties can be studied by means of Scanning Probe 

microscopies (SPMs) at the atomic scale. The fundamental working principle shared by 

all scanning probe techniques is based on the measurement of a specific interaction 

between the target sample and an atom-terminated probe.21,22  Physical and chemical 

properties can be measured between a probe and the target surface. Figure 2.8 illustrates 

the basic components of a SPM where a sample (inset 1) is measured with a tip (inset 2). 

This tip is attached to a piezoelectric scanner (inset 3) for x, y, z movements with atomic 

level precision. The gap distance between the tip and the sample is controlled by a 

feedback system that operates controlling the vertical movement of the tip. The data 

acquired at each individual point of the surface (x,y) are recorded and represented as a 

graphical image by the computer system (inset 4). This computer system allows to set 

the scanning parameters, control the approaching or retracting of the tip and record the 

acquisition data. 
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Figure 2-8. Sketch of basic components of SPM 

1. Sample. 2. Atom-terminated tip. 3. Piezoelectric scanner. 4. Computer system. 

The systems presented in thesis have been characterized by means of Scanning 

Tunneling Microscopy (STM) and non-contact Atomic Force Microscopy (nc-AFM). These 

two techniques are described in more detail in section 2.4 and 2.5, respectively. 

2.3.1 Working Principles 

SPM techniques offer tools to characterize and manipulate the surface samples at the 

atomic scale.3,41ɀ44  

Operation modes  

When characterizing a surface via SPM the images can be acquired following two 

different operation modes depending on which parameter is fixed and which one is being 

monitored. The two operation modes employed are described in the following: 

¶ Constant-height mode . This mode consists in a constant tip height while 

scanning the surface in x and y axes (non-variation of the tip in the z axis are 

observed). The initial tip height is defined by setting specific scan parameters with 

close-feedback loop (e. g. in STM a bias voltage for a specific current ). Then the 

feedback loop is open and the tip scans the surface recording the specific 

interaction measured (tunnel current, frequency shift, oscillation amplitude, etc) 

which results from the variation in the tip-sample distane, d. This scanning mode 

is employed in flat areas with roughness of a few picometers in order to avoid tip 

crashes with the surface.  
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¶ Constant-interaction  mode. A feedback loop control is employed while scanning 

at constant-interaction mode. The feedback loop controls the tip height, adjusting 

it at each single point (pixels of the SPM image) in order to keep the specific 

interaction measured constant (e.g. in the case of STM is the tunneling current and 

in nc-FM-AFM the amplitude). This way, the tip -sample distance is changing at 

each point depending on the differences between the recorded data and the 

setpoint. The variation in the tip height is performed by applying a specific 

voltage, Vz, to the piezoelectrics connected to the tip. The Vz applied at each point 

is recorded in order to constitute the topographic image. This mode is the most 

common due to the safety conditions provided by the feedback loop.  

 

Figure 2-9. Sketch of the operation modes in STM 

Left panel: constant-height mode where the tip height is constant and the tunnel current is measured. Right panel: 

constant-current mode where the tunnel current is constant and the tip-sample distance variations are measured as a 

function of the Vz applied to the piezoelectric controlling the tip height. 

Atom manipulation  

One of the advantage intrinsic to SPM is the possibility of manipulating the matter at the 

atomic scale. There are two possible modes of atomic manipulation: 

¶ Lateral M anipulation (LM).  SPM allows the manipulation of single atoms or 

molecules. LM consists on the displacement of the target atom/molecule parallel 

to the surface (Figure 2.10). The most common way to induce this movement 

consists the following steps: first, the tip is stabilized on top of the target with 

standard parameters, and approached towards the surface in order to induce 

interactions between the tip and the target (a single atom or molecule). Then, the 
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tip is displaced parallel to the surface resulting in the target movement under the 

influence of the tip. Finally, the parameters are changed back to scanning 

conditions. 

Depending on the nature of the interaction, three different modes of movements 

ÃÁÎ ÂÅ ÉÎÄÕÃÅÄȡ ÉɊ Ȱpullingȱ ÍÏÄÅȟ ×ÈÅre attractive interaction is taking place 

ÂÅÔ×ÅÅÎ ÔÈÅ ÔÉÐ ÁÎÄ ÔÈÅ ÔÁÒÇÅÔȠ ÉÉɊ Ȱpushingȱ ÍÏÄÅȟ ÂÁÓÅÄ ÏÎ ÔÈÅ ÒÅÐÕÌÓÉÏÎ ÆÏÒÃÅÓ 

ÂÅÔ×ÅÅÎ ÔÈÅ ÔÉÐ ÁÎÄ ÔÈÅ ÔÁÒÇÅÔȠ ÉÉÉɊ Ȱslidingȱ ÍÏÄÅȟ ×ÈÅÒÅ ×ÅÁË ÂÏÎÄÓ ÁÒÅ ÆÏÒÍÅÄ 

between the tip and the target resulting in simultaneous movement of both. 

 

Figure 2-10.  Schematic representation  of Lateral Manipulation (LM)  

a) Tip approached to the surface inducing tip-atom interaction. b) Ȱ0ÕÌÌÉÎÇȱ ÍÏÄÅȢ c)ȱ0ÕÓÈÉÎÇȱ ÍÏÄÅȢ d) Ȱ3ÌÉÄÉÎÇȱ ÍÏÄÅȢ 

e) Tip retracted and parameters changed to scanning condition. 

¶ Vertical manipulation (VM ). Using this manipulation technique atoms and 

molecules can be picked up and dropped. This can be achieved by changing the 

scanning parameters to produce the variation of the tip height and induce an 

electric field (Figure 2.11). In this thesis, this technique has been employed to 

functionalize the tip apex with CO molecules in order to attain submolecular 

resolution.45 
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Figure 2-11. Schematic representation  of Vertical Manipulation (VM)  

a) Tip height variations. b) Picked up atom. c) Dropped atom. 

2.4 Scanning Tunneling Microscopy 

In 1981, Gerd Binnig and Heinrich Rohrer developed the first working STM in IBM Zurich 

Research Laboratories in Switzerland.6 The invention of STM allows to image the surface 

of conductive and semiconductive surfaces at small scale, down to atomic resolution. 

The STM is formed by a conductive and sharp tip and a metallic sample separated by a 

potential barrier of a few Ångström of vacuum. The STM functioning is based on the 

quantum tunneling effect, which is described in the next section 2.4.1. Briefly, upon 

applying a bias voltage between the tip and the sample, a tunneling current is produced. 

The great spatial resolution of the STM is due to the exponential relation between the 

tip -sample distance and the tunneling current for a constant bias voltage.  

2.4.1 Tunnel effect 

Quantum mechanics describe the behavior of light and matter at the atomic and 

ÓÕÂÁÔÏÍÉÃ ÓÃÁÌÅȢ 4ÈÅ Ȱ×ÁÖÅ-ÐÁÒÔÉÃÌÅ ÄÕÁÌÉÔÙȱ ×ÁÓ ÏÎÅ ÏÆ ÔÈÅ ÒÅÖÏÌÕÔÉÏÎÁÒÙ ÐÏÓÔÕÌÁÔÅÓ ÔÈÁÔ 

changed the understanding of the behavior of a particle. The behavior of electrons 

confined in an infinite potential well is explained in section 2.1. However, if the potential 

has now a finite height Ὗ the electrons can escape the potential well. In addition, if this 

potential barrier has a narrow width, electrons could potentially cross it. This is known 

as tunneling effect which is explained in the following.46,47 
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In order to explain the tunneling effect, we consider a particle with total energy E that is 

moving in a potential step function energy region with a potential well of height Ὗ, as 

described in the next function: 

 Ὗὼ  
π       ὼ π
Ὗ     ὼ π

 (2.16) 

From a classical physics point of view, the speed of such particle of energy E moving in 

this energy region is defined by ὺ ςὉȾά  for ὼ  π. When the particle reaches ὼ

π, its behavior depends on the relation between Ὗ and E. Figure 2.12 illustrates the two 

resulting possibilities: 

 

Figure 2-12. A particle moving in a step function energy range from a classical mechanic  point of view  

a) Scheme of a classical particle with kinetic energy E moving towards a potential barrier. b) and c) Outcome of the 

scattering event depending of the relation between potential energy U0 and kinetic energy E. The red line corresponds to 

the potential function described using Equation 2.16 and the blue line to the trajectory of the particle. 

Therefore, classical physics postulates that the probability of electron spill-out through 

the potential barrier  for Ὁ Ὗ is zero.   

However, the behavior of a particle moving in this potential is different from the point of 

view of quantum mechanics.48  As mentioned above, quantum mechanics considers the 

wave-particle duality nature of a particle (e.g. an electron). This duality nature leads to a 

non-zero probability of spill-out electron effect through the potential barrier, even if E 

Ѕ Ὗ as demonstrated below. As mentioned in section 2.1, a particle behavior is described 
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by wave functions derived from Schrödinger Equation. In this case, the wave function can 

be derived from the time-independent Schrödinger equation (Equation 2.17), which only 

depends on the position of the particle: 

 ᴐ

ςά

Ὠ‪ὼ

Ὠὼ
Ὗὼ‪ὼ Ὁὼ (2.17) 

Here, m is the mass of the particle, ᴐ the reduced Planck constant, U the potential barrier 

and E the energy of the particle. The solution of Schrödinger Equation for a free particle 

moving in a 3D system is described in Equation 2.4. Now, considering a linear movement 

towards this potential in ὼ, the two possible solutions for ‪ὼ are: 

 

‪ὼ
‪πὩ ᴐ ‪πὩ        Ὁ  Ὗ

‪πὩ ᴐ  ‪πὩ         Ὁ  Ὗ

        (2.18) 

On one hand, if E > U, the wave vector suffers a drastic change from Ὧ ςάὉȾᴐ to 

Ὧ ςάὉ ὟȾᴐ and part of the wave will be reflected and the other part 

transmitted. On the other hand, when E < U, the wave function suffers an exponential 

decay as shown in Figure 2.13a. The wave function crosses a short range of the 

ȰÆÏÒÂÉÄÄÅÎȱ ÁÒÅÁ ÁÔ ὼ  π and then it is entirely reflected. 

 

For E < U, the wave is transmitted with an exponential decay through the potential 

barrier. Therefore, if the barrier shows a finite and short thickness the probability of 

detecting the particle on the other side of this one-dimensional potential barrier is non-

zero (Figure 2.13b). This phenomenon is known as quantum tunneling effect, and it is 

very sensitive to the width and the height of the potential barrier.  
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Figure 2-13. Scheme of quantum tunneling effect through a potential barrier  

a) Exponential decreases of the wave function considering a wide barrier. b) Tunnel effect where the particle could tunnel 

through a narrow barrier. T is the transmission coefficient, defined as the ratio of transmitted current density. 

The density of probability - ɜ(x) - of a particle to tunnel through a narrow potential 

barrier is described by Equation 2.19 and depends on the energy difference (Ὗ Ὁ) or 

work function ( ), and corresponds to the minimum energy needed to remove an 

electron from a solid surface. 

 
ῲὼ ȿ‪ὼȿ ȿ‪πȿὩ ᴐ  (2.19) 

In STM the particles are electrons, the potential barrier is the vacuum and the two 

electrodes are the tip and the sample. When a small bias voltage (Vb) is applied, all 

electrons in occupied states between Fermi level (EF) and EF-Vb are considered to be able 

to tunnel from tip to sample or vice versa. Figure 2.14 shows the energy diagrams of the 

tunnel junction in a sample-vacuum-tip depending on the bias voltage applied. At the 

initial stage non-bias voltage is applied between the tip and the sample (Vb = 0), resulting 

in a thermodynamic equilibrium with their Fermi levels aligned. Then, when applying a 

bias voltage to the sample with the tip grounded two scenarios are possible: i) For Vb < 0: 

the energy levels of the sample are shifted up, leading to a tunneling current from the 

occupied states of sample towards the tip. ii) For Vb > 0: the energy levels of the sample 

are shifted down and the tunneling current goes from the tip to the unoccupied states of 

the sample. 
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Figure 2-14. Energy diagram of the tunneling sample -vacuum-tip junction  

Three different scenarios depending on the bias voltage are shown: left panel: Vb = 0, medium panel: Vb < 0 and right panel: 

Vb > 0. 

From Equation 2.19 - probability of one electron crossing the finite energy barrier - the 

tunneling current is defined as the electrons flow from the states between  Ὁ and  Ὁ

ὠ:  

 Ὅᶿ ȿ‪ὼȿᶿὠ” πȟὉ Ὡ ᴐ  
(2.20) 

Where It is the tunneling current, Vb the bias voltage, x the tip-sample distance and ”the 

local density of states (LDOS) of the sample surface. 

A better approximation was obtained by Nobel Laurate Prof. John Bardeen, who 

calculated the tunnel matrix between two electrodes of a metal-insulator-metal 

junction.49 This approximation considers independent wave functions for each of the two 

electrodes and finds the overlap between these two wave functions (restricted only to 

electron with same energy levels). Bardeen´s formalism takes several assumptions: 

negligible interaction between the electrons, negligible electronic coupling between the 

two electrodes and only elastic tunneling processes. 
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Then, Tersoff and Hamann extended the method of Bardeen´s formalism for a 3D-tip 

model with negligible wave function angular dependence (s-wave).50 They calculated an 

expression for the tunneling current in a STM, considering independent wave functions 

for the tip and the sample (‪ and ‪, respectively): 

 
Ὅ
ς“Ὡ

ᴐ
” Ὁ Ὡὠ” Ὁȿὓ ȿὨὉ 

(2.21) 

Where the tunneling matrix element (ὓ  is defined as: 

 
ὓ

ᴐ

ςά
‪ᶻ ‪ɳ ‪ᶻ ‪ɳ ὨὛ 

(2.22) 

On a surface Ὓ, which is considered as an infinitesimal surface in the vacuum barrier 

between tip and sample. Finally, for a small bias voltage applied Equation 2.21 can be 

derived into the following expression of the tunneling current: 

 
ὍᶿὠὩ ᴐ ” Ὁ ” Ὁȟὶ  (2.23) 

Where ὶ Ὑ Ὠ (R is the radius of curvature of an s-wave tip and Ὠ is the tip-sample 

distance) and   is the local barrier height. From these equations it can be concluded that 

the tunnel current depends on the LDOS of the sample and the tip (” and ”),51 the shape 

of the tip (R),52 the bias voltage (Vb) and the tip-sample distance (d). Therefore, the 

images acquired by STM are a convolution between the electronic structure of both 

sample and tip, the topography of the sample, and the shape of the tip. 

2.4.2 Scanning Tunneling Spectroscopy  

STM is a powerful technique to resolve the electronic structure of metallic surfaces with 

subnanometer spatial resolution. Equation 2.21 shows the dependence of the current 

with the LDOS of the sample and the tip (” and ”) and with the tunneling matrix element 

(ὓ Ȣ Considering that ὓ  and ” are independent of the bias voltage applied, the 

derivative of Equation 2.21 reveals: 
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 ὨὍ

Ὠὠ
ᶿ” Ὡὠ ” π (2.24) 

Thus, the differential conductance provides information about the electronic structure of 

the sample, being able to probe both unoccupied (Vb > 0) and occupied (Vb < 0) states.21 

STS allows the determination of the frontiers orbitals of molecules (HOMO and LUMO)53 

and the onsets of the conduction and valence bands (VB and CB) of solids,54 as well as 

being able to reveal magnetic features.55 

Typically and in this thesis, the I-V curves are acquired by stabilizing the tip on top of a 

specific point, switching off the feedback loop and applying a bias voltage ramp while 

recording the tunneling current in the junction with a lock-in amplifier using a fixed 

voltage modulation (Vrms). Other parameters to be set are the acquisition time per input 

signal (time raster) and the sensitivity of such signal. The lock-in amplifier makes a 

convolution of the input signal ɀ this is, the tunneling current - with the internal AC 

reference signal, whose frequency and phase are fixed. From this convolution, the lock-

in extracts a signal from the first or second order, which corresponds to the first or 

second derivative of the tunneling current (It) with respect to the bias voltage Vb. 

In addition, this powerful technique allows to resolve the appearance of the molecular 

orbitals of the sample with spatial resolution by acquiring dI/d V maps. First, the specific 

energies of the frontiers orbitals or bands have to be detected in the dI/d V spectra 

recorded. Next, the bias voltage is set at this specific energy and the lock-in output signal 

at every single pixel (x,y) is acquired. This can be done with the feedback loop on 

(constant-current dI/d V maps) or keeping constant the tip-sample distance (constant-

height dI/d V maps). 

2.5 Non-contact Atomic Force Microscopy 

The first Atomic Force Microscope (AFM) was developed in 1986 by Gerd Binnig, Calvin 

Quate and Christoph Gerber.7 The AFM emerged as a powerful technique to complement 

the STM, finding applications in a wide range of fields due to the ability to characterize 

and manipulate conductive, semiconductive and insulating samples. The working 
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principle of AFM is based on the force interaction between a sharp tip attached to a 

cantilever and the surface of the sample. There are three main operation modes of AFM: 

contact mode (physical contact between the sample and the tip), non-contact mode (tip 

oscillates although the tip does not contact the surface) and tapping mode (tip oscillates 

contacting intermitt ently the surface).56 

The AFM work presented in this thesis was performed under the non-contact mode (nc-

AFM). This allowed to characterize on-surface reactions and chemical and geometric 

properties of the prepared materials with submolecular resolution. All the nc-AFM 

measurements were performed in UHV, at 4 K and with a CO-functionalized tip for 

enhanced resolution. Single CO molecules were attached to the apex of the metallic tip, 

allowing for submolecular resolution and real visualization of chemical bonds.57 

Nc-AFM offers two different operation modes: Amplitude modulation (AM-AFM)58 and 

frequency modulation (FM-AFM).59 At the initial stage of both modes the tip oscillates 

about its own eigenfrequency and at an amplitude of a few tens of picometers. The tip 

vibration can be described as a driven damped harmonic oscillator characterized by the 

eigenfrequency (Ὢ), the spring constant (Ὧ) and the quality factor (ὗ).  

In AM-AFM the cantilever oscillates at an off resonance frequency (Ὢ Ὢ). The 

forces vary with the tip-sample distance, which produces a change in the frequency 

oscillation (frequency shift or ῳὪ) and, as consequence, an amplitude variation in the tip 

oscillation amplitude. The cantilever amplitude is read and used by the feedback loop in 

order to keep constant the frequency shift by correcting the tip-sample distance.  

Differently, when using FM-AFM the tip oscillation is always excited at an on resonance 

frequency (Ὢ), while keeping constant the tip -sample distance. In this mode, the 

frequency shift (ῳὪ), which is the change in the frequency resonance of the sensor, 

provides direct information related to the tip-sample interaction. The feedback keeps the 

tip excited at its resonance frequency (Ὢ). Furthermore, an additionally feedback keeps 

the amplitude of the resonance constant.  
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Figure 2-15. Resonance curves of nc-AFM cantilever 

The orange line shows the resonance frequency when the tip is far away from the sample, the purple line corresponds to 

an attractive force between the tip and the sample and the green line corresponds to a repulsive force between the tip and 

the sample. 

The nature of the force interactions between the sample and the tip can be attractive or 

repulsive, depending on the tip-sample distance. When approaching the tip, attractive 

forces act between the tip and the sample first, which causes a frequency shift towards 

negative values and larger amplitude oscillation. Then, when the tip approaches surface 

further, repulsive forces act between the tip and the sample producing a frequency shift 

towards positive values and the decrease of the amplitude oscillation. Figure 2.15 

summarizes the tip-sample dependence with the frequency shift and the amplitude. 

The work in this thesis was completed using the FM-AFM mode only, since in UHV 

conditions the cantilever oscillator has a high quality factor.23 In addition, this mode 

provides information about non-conservative forces.  

2.5.1 Theoretical background 

The relation between the parameters of oscillation of the cantilever and the tip-sample 

gradient force ( ) can be derived following a series of mathematical steps.60ɀ62 
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The cantilever can be considered a harmonic oscillator sensitive to external stimuli, such 

as force interactions. Far from the sample the cantilever is excited on resonance at an 

eigenfrequency (Ὢ  :  

 

Ὢ
ρ

ς“

Ὧ

ά
 

(2.25) 

Where Ὧ is the spring constant and m the effective mass. However, under certain 

external forces the eigenfrequency of the oscillation changes and this signal is recorded 

as the frequency shift (ῳὪ). A linear response of the external force on the frequency shift 

due to the small values of amplitude can be approximated as a linear equation: 

 

ɝὪ Ὢ Ὢͯ
ρ

ς“

Ὧ Ὧ

ά

Ὧ

ά
 

(2.26) 

Where Ὧ  is an additional spring constant coming from the potential energy created 

between the tip and the sample and originated from external forces. The square root can 

be approximated in the limit Ὧ <Ὧ and using Taylor expansion Equation 2.26 derives 

into: 

 ɝὪͯ
ρ

τ“

Ὧ

Ὧά
 

(2.27) 

Rearranging Equation 2.25 into 
Ѝ

  and substituting it  in Equation 2.27 we arrive 

to the following equation: 

 ɝὪͯ
ρ

ς

ὪὯ

Ὧ
 

(2.28) 

As previously mentioned, a linear dependence of the force with the tip-sample distance 

is considered, where Ὧ  . Finally, a direct relation of the frequency shift and the 

forces between the tip and the sample can be derived: 
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ɝὪͯ

ρ

ς

Ὢ

Ὧ

‬Ὂ

‬ᾀ
 

(2.29) 

This small amplitude approximation gives a direct relation between the frequency shift 

and the gradient forces valid for all the nc-AFM measurements presented in this thesis.  

2.5.2 Forces contribution 

In this section a brief explanation about the forces and the frequency shift dependence 

with the tip -sample distance is given.  

The interactions between the tip and the sample are mainly composed by three different  

types of forces: Van der Waals, electrostatic and chemical.63ɀ66  The total force and its 

main components dependence with the tip -sample distance are described in Figure 

2.16a. In addition, Figure 2.16b shows a scheme of the frequency shift dependence with 

the tip height and reveals that approaching the tip towards the surface we can move from 

the attractive regime to the repulsive regime which implies crossing a minimum 

frequency shift.  

 

Figure 2-16. Forces contribution in nc -AFM 

a) Force and b) frequency shift dependence with the tip-sample distance. Adapted from reference 67. 
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¶ Van der Waals force : It is a long-range force based on inter-molecular 

electrostatic interaction between dipoles. They can be induced by: i) two 

permanent dipole moment (Keesom forces), ii) an induced-dipole moment and a 

permanent dipole (Debye forces) and iii) two induced-dipoles (London dispersive 

force, which is an inter-molecular force always present). Its contribution decays 

exponentially with the tip-sample distance. The Van der Waal force between a 

sphere and an infinite 2D plane at a specific distance is: 

 
Ὂ

ὌὙ

φᾀ
 (2.30) 

Where ᾀ is the tip-sample distance, Ὑ the radius of the tip and Ὄ the combined 

Hamaker constant of the sample and the tip. Sharp tips contribute to reduce the 

Van der Waal force contributions because the total value of the force and the 

radius of the tip (the sphere) are directly proportional, as shown in Equation 2.30. 

¶ Electrostatic force : It is originated from the different work function between the 

tip and the sample (  and  ), creating an electric potential gradient. They are 

long-range forces with attractive character. This force is used as the working 

principle of KPFM (Kelvin Probe Force Microscopy). The electrostatic force 

behaves like a capacitor with two electrodes at a specific distance where a bias 

voltage is applied between the electrodes: 

 
Ὂ

ρ

ς

‬ὅ

‬ᾀ
ὠ ὠ  (2.31) 

ὠ  corresponds to the contact potential difference originated from the distinct 

work functions between tip and sample. Equation 2.31 reveals the direct 

dependence of the electrostatic force on the bias voltage.  

¶ Chemical bonds : They are short range forces between tip and sample originated 

from the overlap of the electronic orbitals. They are based on the Pauli Exclusion 

Principle, and thus are named Pauli repulsive forces. The interaction is stronger 

for higher density of electrons and provides information about the chemical 
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nature of the sample. Its behavior as a function of the tip-sample distance can be 

described by differentiating the Lennard-Jones potential: 

 
Ὂ

ρςὉ

ᾀ

ᾀ

ᾀ

ᾀ

ᾀ
 

(2.32) 

Ὁ  is the energy of the bonded tip-sample junction and ᾀ the equilibrium 

distance where the potential of Lennard Jones reaches a minimum.   

All of these contributing forces provide detailed information about the sample surface 

and they all depend on the tip-sample distance 

2.5.3 Force spectroscopy 

This nc-AFM technique allows to detect the forces between the surface and the tip at a 

specific point by measuring the frequency shift variation versus the tip-sample 

distance.68ɀ70 In this thesis, force spectroscopy was employed to elucidate tentative 

heights (avoiding electronic contributions) and the bond order of the systems under 

study.  Such measurements were performed by stabilizing the tip on top of the target 

position.  Then, the feedback loop was switched off in order to fix a common zstart between 

the different spectra acquired (assuming that the z-plane was previously detected). The 

ɝÆɉz) spectra acquisition consists in recording the frequency shift while the tip 

approaches towards the sample following a zramp previously fixed. The comparison of the 

tip height at the frequency minimum of two force spectra acquired at different positions 

allows the extraction of the height difference between such positions. 

This technique has also been extended to get information about the height and the 

minima frequency shift with spatial resolution. To do so, several constant-height 

frequency shift nc-AFM images were acquired at different  heights (which correspond to 

the zramp). The minima frequency shift was extracted at each of the pixels. Finally, the tip 

height at the minima frequency shift were represented in an image (zmap and fmap, 

respectively) that reveals the roughness of the area. Unfortunately, an important 

limitation of such approach is that these measurements can only be performed in areas 

with a low corrugation, due to the required constant-height operation mode. 
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3. Experimental set-up 
State-of-the-art ultra -high vacuum systems have been employed in order to develop new 

strategies towards the design of functional nanomaterials for sustainable energy 

applications. Whereas in the previous chapter we introduced the theoretical concepts 

behind the used measurement techniques, here we will describe the experimental 

methods and instrumentation employed to achieve the goals of the thesis. 

The experiments were performed in four distinct ultra-high vacuum systems, each of 

them customized for a specific purpose, namely:  

1. The Aarhus XPS-STM system from Specs, hosted at surface science laboratory 

(LASUAM) of Universidad Autónoma de Madrid, designed for fast grow and 

characterization with variable temperature STM of samples (100-400 K), while 

allowing X-Ray Spectroscopy.71,72 

2. A Createc nc-AFM/STM set-up, hosted at the Regional Center of Materials in 

Olomouc (Czech Republic), in collaboration with Dr. Bruno de la Torre and Prof. 

Pavel Jelínek. 

3. The Omicron LT-STM system at IMDEA Nanoscience, focused on low temperature 

microscopy/spectroscopy.73,74  

4. The recently deployed Omicron low-temperature nc-AFM/STM at IMDEA 

Nanoscience, which combines two powerful surface techniques. 

The four ultra-high vacuum systems are composed of the same main building blocks and 

some shared components, which are showed in Figure 3.1. It is worth to highlight that 

the four of them operate under UHV conditions, therefore they comprise different 

pumping stages (inset 7 in Figure 3.1), which contribute to reach a base pressure of 

ρͯπ  mbar. 
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Figure 3-1. Scheme of a UHV system hosting a low temperature scanning probe microscope  

 Image courtesy of Dr. Koen Lauwaet. 

These UHV systems are comprised by two main chambers: the preparation chamber and 

the analysis chamber (marked in yellow and blue in Figure 3.1, respectively). The 

preparation chamber is equipped with all the required instruments for preparing the 

desired samples and some additional characterization techniques. The analysis chamber 

hosts the scanning probe microscope and the cooling down system (inset 1 in Figure 3.1). 

The prepared sample is transferred to the analysis chamber using the manipulator (inset 

9 in Figure 3.1), which is also equipped with a sample heater. Finally, these systems 

contain some additional components, as the load lock chamber (inset 8 in Figure 3.1) 

with its own pumping system in order to introduce or extract samples without breaking 

the ultra-high vacuum. In addition, all the systems are equipped with anti-vibration 

instrumentation (inset 10 in Figure 3.1), which is required in order to achieve the highest 

resolution as possible.  

As mentioned above, all these components are present in the four UHV systems employed 

for the thesis. Then, a more detailed technical description of all these components is given 

for the newly mounted nc-AFM/STM located at IMDEA. 
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Figure 3-2.  Photograph of the LT nc-AFM/STM set-up 

The LT nc-AFM/STM comprises the preparation chamber, the manipulator, the analysis chamber, the load-lock chamber, 

the anti-vibration system and the pumping system, which are highlighted in purple, yellow, blue, red, orange and green, 

respectively. 

3.1 Low temperature nc-AFM/STM 

Figure 3.2 shows a photograph of the LT nc-AFM/STM set-up located at IMDEA. We can 

distinguish in the photograph the two main components: the preparation chamber 

(highlighted in purple) and the analysis chamber (highlighted in blue). The samples are 

transferred between the chambers using the manipulator (highlighted in yellow). In 

addition, it is observed the load lock chamber with its transfer bar (highlighted in red) 

and its own pumping system (highlighted in green).  
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3.1.1 Pumping system 

All the experiments in this thesis were performed in UHV conditions due to the need to 

preserve the sample at the cleanest condition as possible.75 Pressures of around 10-10 

mbar are achieved in order to avoid the presence of adsorbates or contaminants, which 

can alter the physical and chemical properties of the target samples, before or during the 

measurements. Such ultra-high vacuum environment is obtained by means of a three-

stage pumping system formed by three distinct pumps which are continuously working: 

the scroll pump, the turbo molecular pump (TMP) and the ion pump. 

To achieve a pressure of 10-10 mbar range, it is first necessary to pump down the system 

from atmospheric conditions with a scroll pump (Leybold SCROLLVAC 7 plus), which 

ÓÕÐÐÌÉÅÓ Á ÐÒÅÓÓÕÒÅ ÒÁÎÇÅ Ђ 10-3 mbar. One of the main advantages of these pumps is that 

they are oil-free, avoiding any risk of contamination of the UHV chamber. The two main 

parts of the scroll pumps are two co-wound spiral scrolls located in a vacuum 

compartment with an input valve and an exhaust valve at the center of the scroll. The gas 

that enters is trapped between the spirals, as the free spiral moves the gas is transported 

and compressed towards the center of the scroll where it leaves through the exit valve. 

When the spiral moves back to initial position, the difference in pressures favors the 

entry of new gases and the restart of the pumping process.  

The TMP employed for pumping the nc-AFM/STM system is a Pfeiffer HiPace 300 H 

model, which is connected to the preparation chamber through an electro-pneumatic 

UHV gate valve, which automatically closes if a cut in the power supply is detected. The 

TMP requires a force-vacuum for a proper operation, which is provided by the scroll 

pump. Therefore, both the scroll pump and the TMP are connected in series. The TMP can 

pump down the system up to a pressure of 10-10 mbar by transferring momentum to the 

gas molecules that collide with the rotors. The gas molecules are compressed in the TMP 

and transferred to the scroll pump. This turbo pump shows the highest compression rate 

of H2, which is the most difficult gas to remove of a UHV chamber.    

The third stage of pumping is provided by two ion pump from Gamma Vacuum located in 

the preparation and the analysis chamber in order to maintain the UHV pressure, and 
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even pump down to 10-11 mbar. The ion pump is constituted by a cathode-anode-cathode 

configuration with steel tubes forming the anode and titanium plates the cathodes. A 

strong electric potential is applied between them, resulting in an electric discharge from 

the Ti plates to the steel tubes producing the ionization of residual gases, which are 

redirected towards the cathodes and buried. 

Additionally, the pumping system can include two other mechanisms for preserving the 

UHV conditions: Titanium sublimation pump (TSP) and a cold trap (CT). The TSP consists 

in a titanium rod located in the ion pump (which is also from Gamma vacuum). Titanium 

is first sublimated by applying high currents, and then these Ti atoms cover the walls of 

the chamber and can react with contaminants removing/burying them.  The CT consists 

in a nitrogen refrigerated system that favors the condensation of contaminants of the 

chamber. In our system, the cryostats of the analysis chamber act as a cold trap.  

Finally, the pressure in the chamber is measured with a Bayard-Alpert hot cathode ion 

gauge from Agilent, which is composed by 3 electrodes (collector, filament and grid). The 

electrons emitted from the filaments are accelerated towards the grid by applying high 

voltage between them, producing the ionization of the residual gases. The ionized 

residual gases are redirected against the collector, therefore the current measured at the 

collector provides a direct relation of the amount of contaminants in the chamber.  

In order to preserve the UHV conditions in the preparation chamber, a smaller chamber 

(load lock chamber) equipped with an individual pumping system (a scroll pump and a 

TMP) is connected to the preparation chamber. The load lock allows to insert and extract 

new samples or tips without venting the preparation chamber. 

3.1.2 Preparation chamber 

The main goal of this chamber is the preparation of samples by cleaning the crystals and 

the growth of nanomaterials. The preparation chamber hosts additional equipment in 

order to complement the characterization of the samples.  A brief description of the main 

instrumentation is given in the following: 
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Sample cleaning 

All the experiments carried out in this thesis were performed on a Au(111) surface. The 

monocrystal is mounted on a sample holder with a specific design from Omicron where 

it is welded with a tantalum foil (see Figure 3.3a).  

The cleaning of the Au(111) monocrystal is performed by repetition of sputtering and 

annealing cycles. The sputtering process consists in removing atomic layers from the 

Au(111) crystal by Ar+ bombardment. First, we expose the chamber to 2.1 x 10-6 mbar of 

Ar through a leak valve. Then, the inert argon gas passes through the sputter gun, 

installed in the preparation chamber, ionizing the gas into Ar+ by electron impact. These 

ions are accelerated at 1.5 keV against the Au(111) surface at normal inciÄÅÎÃÅ ÆÏÒ Ђ ρπ 

mins.  The measured incoming current from the sample is typically 7-ρυ ʈ!Ȣ 

Once the sputtering is finished the sample is annealed at 700 K for 15 minutes in order to 

promote surface diffusion and prepare a clean and flat monocrystal. The substrate is 

annealed with a heater supplying the specific DC voltage and current to run it in radiative 

mode. The tentative temperature of the substrate is measured with a type N 

thermocouple attached to the sample holder as closest as possible. These sputtering and 

annealing cycles are repeated 2 or 3 times in order to achieve a clean substrate.  

The manipulator is commercial from UHV design and allows to anneal the samples and 

rotate them towards the ion gun or the evaporators (rotation range from 0o to 360o). The 

manipulator can be moved along the chamber (in X, Y and Z) and allows to transfer the 

prepared sample to the analysis chamber. The head of the manipulator is mainly 

equipped with a yttria coated tantalum foil heater, a LN2 tank connected to a refrigeration 

system, a type N thermocouple and a sample carrier specially designed for Omicron 

sample holders, which is electrically isolated allowing e-Beam heating mode (Figure 3.3b 

shows the schematic design). 
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Figure 3-3. Photograph of Au(111) single -crystal welded to a sample holder and schematic image of the 
manipulator head  

Evaporators  

The samples are prepared after cleaning the substrate. Due to the variety of samples 

explored in the thesis, we have installed two different evaporators in the preparation 

chamber: 

¶ Metal Evaporator. We have employed a QUAD evaporator from MANTIS 

DEPOSITION LDT. (see Figure 3.4a). Metals are evaporated by means of electron 

beam evaporation providing a vapor flux of the desired metal. This evaporator is 

equipped with 4 cells and it allows co-deposition of various metals from different 

cells at the same time. The evaporator admits the metal source to be either in the 

form of powder or a rod, the latter option being used by us. Every cell contains its 

own filament located close to the target metal. A specific DC voltage and current 

flows through the filament, which generates thermally emitted electrons from the 

filament that are accelerated against the metal rod by applying a potential 

difference between them, heating it up and leading to a controllable evaporation 

rate.  

¶ OMBE. The organic precursors were evaporated by means of Organic Molecular 

Beam Epitaxy (OMBE), using a KENTAX TCE-BSC (see Figure 3.4b).  This 

evaporator is equipped with 3 cells and allows the co-deposition of two 

precursors at the same time. The molecular precursors are usually in powder 
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form which are stored in quartz crucible specially designed for the KENTAX TCE-

BSC model. The crucibles are introduced in the cells where the molecules will be 

sublimated by heating them up till they reach the sublimation temperature.  

 

Figure 3-4. Electron Beam epitaxy evaporator and Organic Molecular Beam Epitaxy evaporator  

a) E-Beam evaporator from Mantis. b) TCE-BSC OMBE evaporator from KENTAX. 

Quartz  Cry stal Microbalance (QCM)  

The preparation chamber is equipped with a QCM from INFICON. It is composed by a 

single sensor quartz crystal that is oriented towards the evaporators in order to calibrate 

the evaporation rates and maximize the control over the prepared samples. The quartz 

crystal oscillates at a specific frequency, which is altered when small amounts of mass 

are deposited over it, providing direct information about the evaporation rate. 

Quadrupole  Mass Spectrometer  (QMS) 

The quadrupole provides information related to the residual gases present on the 

chamber. We have employed a 3F PIC quadrupole from Hiden Analytical. This technique 

allows to detect the presence of contaminants in the chamber and follow some reaction 

mechanisms detecting the products desorbed from the sample. Furthermore, this 

quadrupole model presents some extra advantages, as very low detection limit, large 

energy resolution and allows for ionization threshold scans to discern between 

compounds. It is designed with a special shroud to reduce indirect signal during thermal 

programmed desorption (TPD) measurements.   
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Low Energy Electron Diffraction ( LEED) 

The preparation chamber contains a BDL800IR-MCP2 electron diffractometer to perform 

low energy electron diffraction (LEED) from OCI Vacuum Microengineering. This 

technique gives information related to the crystallinity of the sample surfaces by means 

of bombardment with low energy electrons which are diffracted against a fluorescent 

screen where are observed as spots. The sample has to be orientated perpendicular to 

the LEED for a normal incidence of the electrons and with a working distance of 15 mm. 

In addition, this LEED model is equipped with two microchannel plates that enhance its 

sensitivity allowing operation conditions at lower emission currents and therefore 

avoiding damage to the samples.  

3.1.3 Analysis chamber 

The analysis chamber hosts a commercial Omicron LT nc-AFM/STM, comprising mainly 

the scanning probe microscope, the cryostats to cool down the sample to liquid helium 

temperature and a parking stage to host up to six samples.  

Cryostats 

All the results presented in this thesis were performed at 4 K due to the significant 

advantages of working at very low temperature. This set-up configuration allows to cool 

down the sample and the tip reducing the thermal broadening and increasing the energy 

resolution. Furthermore, the diffusion of most adsorbates is blocked at such 

temperatures.  

The cryogenic set-up is based on two cryostats: the inner cryostat and the outer cryostat; 

with the outer cryostat concentric to the inner one. The inner cryostat is filled with liquid 

helium and it is in direct thermal contact with the sample. In addition, the outer cryostat 

is filled with liquid nitrogen for thermal insulation of the inner cryostat from RT, reducing 

the He evaporation from the inner cryostat. Importantly, each cryostat counts with a 

movable thermal shield to allow the insertion and removal of the samples from the STM 

sample stage and thermal insulate the STM head during the measurements. Figure 3.5 

(insets 1 and 2) shows the inner cryostat with its corresponding shield, respectively. 
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Vibration Isolation S ystem 

The scanning probe measurements are very sensitive to vibrations. Therefore, the STM 

head includes an insulation system designed by Omicron.  The STM system counts with 3 

different positions: thermal contact (for cooling down the sample), stand-by and 

measurement position. At the measurement position the STM is suspended by three 

springs insulating the system from low frequency noises and from vibrations originated 

from the evaporation of the cryogenic liquids (inset 3 from Figure 3.5). The vibration of 

the STM stage hanging from the springs is damped by an eddy current mechanism (inset 

4 from Figure 3.5), formed by the copper fins on the bottom of the STM stage and 

permanent magnets mounted inside the LHe heat shield (inset 2 from Figure 3.5). 

It is important to notice that the scroll pumps are connected to the turbo pumps using 

flexible plastic hoses that contribute to reduce the transmission of the vibrations coming 

from the pumps, instead of using metal hoses. This allows to perform STM measurements 

with the primary pumps operating. 

Finally, the whole system is insulated against external vibrations coming from building 

vibrations, persons or machines. To this aim the entire UHV system is supported by three 

AVI400-M/3/LP  damping units from HWL Scientific Instruments GmbH that uses a 

feedback of stabilization from piezoelectric force motors. 

STM Head 

The samples are inserted in the STM stage (inset 5 from Figure 3.5), where they are 

supported by two rails. The sample holder has to be oriented with the welded facing the 

STM tip.  The inner and outer shields are operated with a magnetic wobble stick, which 

also allows to insert and remove the samples. 

Two different types of tips have been used in this thesis depending on the purpose of the 

measurements. i) The STM tips are prepared using tungsten wires of 0.25 mm of 

diameter by an electrochemically etching procedure, following the indications in the LT 

STM User´s Guide provided from Scienta Omicron (inset 8 of Figure 3.5). The so-prepared 

tip is inserted in the tip carrier tube, taking into account that the maximum length of the 
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tip outside the tip carrier should be 1.5 mm. ii) The Q-plus sensor tips are provided from 

Scienta Omicron, and consists of a quartz tuning fork sensor with a W tip attached (inset 

7 of Figure 3.5). It is worth to highlight that a quartz tuning fork (Q-plus sensor) allows 

to acquire simultaneously in STM and nc-AFM mode.76 The tuning fork system is mounted 

on a ceramic support and the attached W tip is electrically connected to the tip holder 

through a gold wire, allowing to measure the tunneling current.  

The tip carrier (either of the STM tip or the Q-plus sensor) is magnetically attached by 

three legs on the sensor that are fixed on top of the piezoelectric tube (inset 6 from Figure 

3.5). This piezoelectric tube is responsible of the fine movement of the tip while scanning. 

It is formed by a central electrode which allows the fine movement in z, allowing a z-

resolution better than 0.01 nm. Four electrodes are surrounding the central tube in a 

cross-like geometry, which enables to control the fine movement of the tip in x,y. 

Applying certain values of voltage (controlled by the software) to the piezoelectric tube 

results in the compression or expansion of it due to the transformation of electric energy 

into mechanical energy.  

The course motion allows the macroscopically movements of the tip. It consists of a slip-

stick piezomotor located below the piezoelectric tube. The coarse motion in Z enables to 

approach or retract the tip with respect to the sample. The Xc and Yc motions allow to 

scan different areas of the sample. 

Finally, the set-up counts with a heater connected directly to the sample stage, since some 

experiments require measurements at variables temperatures.  
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Figure 3-5. Photographs of the Analysis Chamber components 

1. Inner cryostat. 2. Inner shield. 3. Springs for vibrational insulation. 4. Damping Eddy current mechanism. 5. Sample 

stage. 6. Piezoelectric tube. 7. Q-plus sensor tip. 8. Etched W tip. 

 

 

  



 

 

47 Nanostructured cobalt oxides 

4. Nanostructured cobalt oxides 
This chapter introduces the study of the geometry and the electronic structure of cobalt 

oxides nanoislands on Au(111) by means of STM and nc-AFM. Hereby, the cobalt oxide is 

presented as an anode model to be implemented in a photoelectrochemical cell for 

catalyzing the water splitting reaction. This work has been developed in the framework 

of the Artificial -Leaf project.16 In addition, the obtained results are supported by DFT 

calculations performed by Prof. Núria López at Institut Català d'Investigació Química and 

the growth of the cobalt oxides has been performed thanks to a collaboration with Prof. 

Jeppe Lauritsen at iNANO (Aarhus, Denmark). 

4.1 Photoelectrochemical cell: clean and renewable energy 

The urgent need for designing novel sustainable alternatives to fossil fuels has led us to 

the development of new energy sources.77  Nowadays, a great challenge for the society is 

to reproduce in a laboratory the photosynthesis process, being able to produce H2 and 

solar fuels using the energy of the sun.78 

 

Figure 4-1. Photosynthesis scheme 

A simplify scheme of the photosynthesis process is shown in Figure 4.1, where the 

chromophore of photosystem II absorbs the sunlight, boosting an electron to a higher 
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energy level initializing a charge transfer reaction, where energy is delivered. The 

electron is replaced by dissociating a water molecule, where in addition, O2 and H+ are 

generated. When the initial boosted electron arrives to the photosystem I, it replaces an 

electron that was previously boosted by energy absorption and was transferred to an 

acceptor molecule initializing a second electron transfer chain generating NADPH, which 

is used as chemical energy.79 In conclusion, during the photosynthesis process, the solar 

energy is converted into chemical energy using the energy of the sun and water, which is 

the fundamental concept for the design of a photoelectrochemical cell (PEC) device.80,81 

 

Figure 4-2. Photoelectrochemical cell prototype  from A-Leaf 

Based on the photosynthesis process, the Artificial -Leaf project is focused on the 

development of a PEC for direct transformation of water and CO2, through the adsorption 

of solar energy, into O2
82,83 and organic matter.84,85 Figure 4.2 shows the design of the 

prototype presented by co-workers from the A-Leaf, where the H2O is oxidized at the 

anode in an alkaline medium, delivering electrons transferred to the cathode and used 

for the reduction of CO2 into fuels. The protons generated during the water splitting 

reaction flow to the cathode where the reduction reaction takes place using the 
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transferred electrons and producing H2. The electrodes are separated by the electrolyte, 

which is an ionic conductor. 

 

Figure 4-3. Volcano plot representing the  intrinsic activity of TMO vs. the M-OH Bond Strength 

Extracted from reference 86. 

The design of the cell is divided into the different research groups participating in the A-

Leaf project. Our role in this project is the development and study of an anode, from a 

fundamental point of view. The main requirements that the anode have to meet are: be 

stable in neutral to alkaline conditions and reduce the costs with respects to previous 

oxides employed (RuO2 and IrOx).
87ɀ89 Following these requirements, 3d transition metal 

oxides (TMO) are considered promising candidates for catalyzing the water splitting 

reaction. Previous publications compare the intrinsic catalytic activity of different 

materials using the M-OH bond strength,86 defined as the sum of the bond dissociation 

energies of a metal hydroxide, which is directly associated to the intrinsic energy of the 

oxy-hydroxide metal (the active phase of the oxide anode in electrochemical conditions 

for the water splitting ).90,91 In Figure 4.3 the volcano plot is shown, where the intrinsic 

activity of different transition metal oxides vs. the M-OH bond length is represented, 

revealing potential applications in catalysis for oxides based on Co, Ni and Fe.86,92 The 

bond energy of these materials is similar to the energy necessary to dissociate two 

molecules of water. The purpose of study in this chapter is the cobalt oxide. We have 

explored the electronic properties and the atomic structure of this oxide and its catalytic 

activity at the atomic scale. 
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4.2 Cobalt oxide phases 

Cobalt is a 3d transition metal with electron configuration: [Ar]3d 7 4s2. Along the history, 

cobalt has been extensively used due to its characteristic blue color. Nowadays, it  is 

mainly used in catalysis with important applications in the efficient and selective 

synthesis of important organic materials.93 Furthermore, cobalt-based oxides present a 

wide variety of applications for energy storage,94 where the oxidation state of cobalt can 

be tuned forming complex structures with a large variety of applications.95  

Table 4-1. Cobalt oxide bulk phases 

Cobalt oxide phases: spinel,96 rock-salt,97 wurzite,97 corundum95 and LiCoO2.98 

Structure  Composition  Cobalt Oxygen 

Spinel Co3O4 ¼ ht Co2+ and ½ ho Co3+ O2- (fcc) 

Rock-salt  c-CoO ho Co2+ O2- (fcc) 

Wurtzite  h-CoO ½ ht Co2+ O2-  (hcp) 

Corundum  Co2O3 2/3 h o Co3+ O2- (hcp) 

LT-LiCoO2 CoO2 Co3+ (Li+) O2- (cubic spinel 

structure)  

HT-LiCoO2 CoO2 Co3+ (Li+) O2- (rhombohedral 

stratified layers) 

Different cobalt oxide phases containing Co0, Co2+, Co3+ or a mixture of them are known. 

Table 4.1 summarizes the most common cobalt oxide structures, where the most 

thermodynamically stable phases are Co3O4
96 and c-CoO.97,99 The versatile properties of 

cobalt oxides rest in their atomic structures.  
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In this chapter, we have studied the atomic structure and the electronic properties of the 

prepared cobalt oxide nanoislands on Au(111), as model systems, employing different 

surface techniques. 

The growth of the sample was carried out following a recipe consisting in the evaporation 

of cobalt from an outgassed rod of 4 mm by means of electron beam evaporation on a 

pristine Au(111) surface held at 360-380 K under an oxygen atmosphere.100,101  The most 

sensitive parameters during the growth of the sample are: i) the temperature of the 

substrate and ii)  the oxygen environment.  

(i)  On one hand, over-heating the sample during the growth of CoO implies the 

partial  desorption of the oxygen, forming cobalt clusters.102 On the other hand, 

if the temperature is below to 360 K the atoms are not able to diffuse over the 

surface and form large islands, therefore small nucleation centers on the 

surface are observed. 

(ii)  The oxygen atmosphere plays a crucial role in the oxidation state of the 

cobalt.103 Tuning this parameter, we are able to control the stoichiometry. The 

XPS measurements together with the STM images in Figure 4.4 reveal the 

presence of two main type of islands: maintaining the oxygen pressure around 

10-6 mbar the Co2+ predominates forming CoO bilayers; at oxygen pressures of 

10-5 mbar we observe how partial amount of cobalt is oxidized to Co3+ growing 

Co2O3 islands (tril ayers) and multilayers combining Co2+ and Co3+ which 

suggests the growth of spinel structures.   

XPS measurements of metallic cobalt on Au(111) were acquired as reference (black 

spectrum in Figure 4.4). As mentioned above, higher oxygen pressure during the 

growth of the sample implies higher oxidation state of the cobalt.103 Figure 4.4 shows 

two distinct  samples at oxygen atmosphere of 10-6 mbar (red spectrum) and at 10-5 

mbar (blue spectrum). We observe the emergence of characteristic satellites related 

to the presence of Co2+ at binding energies of 786 eV and 804 eV104 for the sample at 

PO2 = 10-6 mbar grown, which, together with the STM images, confirms the formation 

of the CoO phase. It is worth to mention that the positions of the peaks have not been 
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extensively investigated due to the effect of the substrate interacting with the cobalt 

oxide islands that could shift the values of the binding energy with respect to bulk or 

thin films oxides.105  

 

Figure 4-4. XPS measurements of Cobalt oxides grown under different  oxygen atmospheres 

We find that samples prepared at higher oxygen pressures give rise to more irregular 

islands with a mixture of phases, where islands with hexagonal or triangular shape and 

different  thickness are observed. Multilayer islands show large thickness and are difficult 

to study by STM, where conductance between sample and tip  is needed. In addition, at 

lower oxygen pressure, CoO bilayers are formed with a cobalt-oxygen layered structure 

from bottom to top. The simplest structure of this CoO is the single bilayer structure (Au-

Co-O),101,103,106 which is the predominant phase observed at lower oxygen pressure. The 

single bilayer phase presents advantages for the water splitting reaction due to the 
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affinity of  water to the upper oxygen layer, inducing the water splitting reaction and the 

formation of oxy-hydroxyl  cobalt (III) (the active phase).107 

Finally, the metallic substrate employed for this experiments is Au(111), which favors 

the hexagonal lattice growth of the c-CoO (111). In this work we have investigated the 

well-known synergy effect between the cobalt oxide and the gold at the atomic scale, 

which has been reported in electrochemical conditions with promising results, though its 

nature is still unknown.108,109  

4.3 Single bilayer CoO islands on Au(111)  

The prepared nanoislands of CoO on Au(111) show a diameter ranging from 10 to 20 nm. 

Hereby, we observe the presence of a predominant structure: the single bilayer. It is 

formed by a cobalt layer covered by an oxygen layer (as previously reported).95,101 Figure 

4.5a shows an overview image where a majority of single bilayer islands is clearly 

observed, presenting a characteristic moiré pattern better visualized at negative bias 

voltages (Figure 4.5c).  In addition, some islands present brighter areas that correspond 

to a double bilayer structure (Co-O-Co-O). Figure 4.5d shows a STM image of a double 

bilayer CoO island.  

Here, we have focused on the study of the single bilayer. As mentioned above, such 

structure features a characteristic moiré pattern with a periodicity of (34 ± 2) Å. It is 

worth to mention that the presence of bright lines are typically observed in the single 

bilayer structures (highlighted with a blue circle in Figure 4.5a-c), which are assigned to 

atoms raw dislocations caused by an excess of oxygen. These dislocations induce a local 

change in the lattice, from hexagonal to tetragonal.110 
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Figure 4-5. STM images of CoO nanoislands on Au(111) 

a) STM overview image of CoO single bilayer islands on Au(111) (Vb = -1.0 V and It = 100 pA). b) Force Spectroscopy 
measurements taken at the Au(111) (orange line) and the Top moiré of the CoO (green line). c)  High resolution STM image 

of a single bilayer showing the presence of the moiré pattern (Vb = -1.0 V and It = 100 pA). d) STM image of a double bilayer 
island (Vb = 1.0 V and It = 100 pA). 

Importantly, t wo different areas are distinguished within the moiré pattern at negative 

bias: a dark and a bright area, which are termed as moiré region A and moiré region B, as 

we will explain latter.  

Previous works reporting the formation of this phase were performed by 

STM.100,101,103,106 These works reveal the existence of different structures (single and 

double bilayer, trilayer and multilayer) and their chemical composition. However, there 

is a lack of knowledge related to the electronic properties of these oxides and their 

geometry. 
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To complement STM, atomic force microscopy has emerged as a powerful technique to 

study metal oxide surfaces, being capable to provide information related to the chemical 

composition, defects or roughness.111 Here, we have exploited such technique to 

investigate the heights of the CoO islands via force spectroscopy. In Figure 4.5c the force 

spectra acquired on top of Au(111) (orange line) as reference and on top of a CoO island 

(green line) are represented. The height of the cobalt oxide with respect to the substrate 

ɉɝÚɊ is obtained by measuring the distance between the minima frequency shift values of 

the two spectra, which results in a single bilayer CoO height of ɝÚ = (200 ± 20) pm. Such 

result is in agreement with the heights of other metal supported oxides, such as FeO112 

or ZnO.113  

In order to inspect the atomic periodicity of the CoO surface, Low Energy Electron 

Diffraction (LEED) was performed. Figure 4.6a shows a LEED image of a CoO island on 

Au(111). Two different hexagonal lattices are found: the large pattern corresponds to the 

Au(111) and the short one to the CoO. The relation between such patterns provides the 

inverse of the relation between the Au(111) and the CoO lattices in real space, and hence, 

an average value of the interatomic distance of the CoO can be calculated. The relation 

factor between the CoO lattice and the substrate is   ρȢς  πȢσȢ Therefore, we 

obtain an average value of dCoO of (3.4 ± 0.3) Å, considering dAu(111) = 2.89 Å.  

Next, we have investigated the structure of the CoO at the atomic scale by means of STM.   

Figure 4.6d shows a high-resolution constant-current STM image with atomic resolution 

that reveals a bond length of (3.3 ± 0.2) Å, which perfectly matches with the LEED value 

and previous STM experiments.103 

It is worth to highlight that the moiré pattern periodicity is misaligned with respect of 

the high symmetry directions of the CoO. Therefore, the nature of the moiré pattern is 

the superposition of two different lattices with different orientations. The moiré pattern 

region corresponds to an incommensurate area with respect to the metallic substrate. 

Though the angle rotation seems to be really small, it can be measured in the STM images 

due to the magnification effect of the periodicity of the moiré pattern. Figure 4.6b reveals 

an angle of the moiré with respect to CoO of • ȟ ï = (5 ± 1)°. As mentioned above, 
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the rotation of the moiré with respect the CoO implies also a misalignment between the 

CoO and the Au(111). Such a misalignment cannot be detected in the LEED 

measurements because of the small value of the angle, resulting the LEED pattern in a 

single convoluted spot. However, we can calculate such value by exploiting the reciprocal 

space, taking advantage of the relation of the reciprocal vectors:114 

 Ὧᴆ ï Ὧᴆ Ὧᴆ  (4.1) 

Importantly, Equation 4.1 can be approximated into Equation 4.2 due to the small values 

of the rotation angles (• ȟ ï and • ȟ ): 

 
• ȟ

Ὧ Ὧ

Ὧ
• ȟ ï (4.2) 

where ὑ . 

Taking into account the obtained experimental values, we can determine a rotation  angle 

between the oxide and the substrate of • ȟ πȢυЈȢ 

Next, combining these results, we are capable to replicate an atomistic model of the c-

CoO(111) on Au(111), which is displayed in Figure 4.6e. Such model is partially  in 

agreement with the one proposed by M. Li and E. I Altman, which includes the same 

number of atoms per unit cell of the moiré pattern.115  Our model is the result of the 

superposition of: i) Au(111) layer with a bond length of 2.89 Å, ii) the CoO layer with unit 

parameter of 3.17 Å, iii) and the rotati on of the CoO layer 0.5º with respect to the Au(111). 
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Figure 4-6. Characterization of the  atomistic structure  of moiré pattern  

a) LEED image acquired at energy = 58.1 eV. b) High-Resolution STM image showing the misalignment between the CoO 
high symmetry direction and the moiré pattern periodicity (Vb = -1 mV, It = 750 pA). c) High-Resolution STM image with 

atomic resolution of the CoO single bilayer. Blue and purple circles correspond to the moiré region A and moiré region B, 
respectively (Vb = -1 mV, It = 700 pA). d) Atomistic model of CoO single bilayer on one layer of Au(111) based on 

experimental results. e) Amplification of the atomic structure of the different moiré areas. f)  and g) DFT simulation 
showing the relaxed model and the simulated constant-current STM image of the occupied states. 

We observed minor differences in the bond length of the moiré region B and the moiré 

region A in the high-resolution STM images (Figure 4.6c shows the moiré region B and 

the moiré region A in purple and cyan highlighted, respectively). Similarly, these 

variations were found in the DFT calculations and allow us to assign the local structures 
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to the areas found in the moiré pattern. Comparing these variations between the regions 

A and B of the moiré in the DFT calculations (Figure 4.6g) and experimental STM images 

(Figure 4.6h), we find that the region A corresponds to the structure with the Co on top 

of the Au atoms and the oxygen in 3-fold hollow positions (green circle in Figure 4.6), and 

the region B to Co and O atoms in 3-fold hollow positions with respect the Au (purple 

circle in Figure 4.6). The experimental values, DFT calculations and the local structure 

are summarized in Table 4.2. 

Table 4-2. Comparison of the bond lengths of the top and bottom moiré areas  obtained by DFT calculations  and 
experimental results  

Next, we have studied the roughness of the moiré pattern of the CoO islands in order to 

investigate the role of the substrate and its interaction with the CoO nanostructures. 

Previous works make a direct relation between the roughness and the interaction with 

the substrate that is taking place, such as graphene on iridium116 (weak interaction) or 

graphene on ruthenium (strong interaction mediated by covalent bonds).117 Hereby, we 

have inspected the roughness of the moiré pattern of the CoO via force spectroscopy, in 

order to unravel topographic and electronic effects. In Figure 4.7a force spectra acquired 

on top of different positions of the moiré are represented (positions depicted in Figure 

4.7c). Such spectra evidence the variation of the tip height (ɝÚ) at the frequency shift 

minima between the different areas, which suggests a corrugation of the moiré pattern 

ÏÆ Ђ σπ ÐÍ. However, the obtained roughness following this protocol that requires 

constant-height operation is within  the reported intrinsic error value.  

In order to overcome such limitation, N. J Van der Heiden and coworkers proposed an 

alternative to investigate the chemical composition and geometry using nc-AFM.118,119 It 

DFT Calculations 

(Å) 

Experimental Data  

(Å) 

Moiré area  Local Structure  

3.20 3.30 Moiré region A 

 

3.16 3.25 Moiré region B 
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is worth to mention the existence of different works oriented to explore the possibilities 

offered by nc-AFM.120,121 Motivated by such works, we have acquired several constant-

height frequency shift AFM images at 5 pm, increasing tip-sample distance from -110 to 

-285 pm (marked in the blue square in Figure 4.7a). The values of ῳὪ obtained in every 

single pixel of the images at different heights were fitted to a quadratic function. 

Extracting the values of the frequency shift minima and its tip height we can represent 

ɝÚmin (Figure 4.7d) ÁÎÄ ɝÆmin (Figure 4.7e) maps. $ÒÁ×ÉÎÇ Á ÈÅÉÇÈÔ ÐÒÏÆÉÌÅ ÉÎ ɝzmin, we can 

extract the variation of the tip  height for the minima values of frequency shift with spatial 

resolution. Figure 4.7b shows the height profiles draw in the same area in the STM image 

(Figure 4.7cɊ ÁÎÄ ÉÎ ÔÈÅ ɝÚmin map. As mentioned above, the heights measured by STM 

are a convolution between LDOS and topography, consequently the blue height profile 

represents apparent heights, which strongly depends on the acquisition parameters of 

the image, mainly on the bias voltage. The red height profile acquired by the nc-AFM 

technique allows us to discern more realistic heights, revealing a roughness of ~  0.3 Å, 

which matches well  with the force spectroscopy measurements. Here, to be fair, we have 

to consider that nc-AFM measurements over moiré patterns could be affected by a 

variation of the nature of the forces within the moiré, inducing some degree of error in 

our measurements,111 though in any case, they are more precise than STM profiles.   

Interestingly, when measured at negative bias voltage, the moiré region A (brightest area 

at Vb < 0) appears higher than the moiré region B (darkest area at Vb < 0), even though 

nc-AFM measurements reveal that it is topographically lower. Later, we will discuss the 

nature of this effect related to the electronic structure of the moiré pattern.  



 
60  

 

Figure 4-7. Corrugation of the moiré pattern  

a) ɝÆɉÚɊ ÃÕÒÖÅÓ ÏÂÔÁÉÎÅÄ ÏÖÅÒ ÔÈÅ ÐÏÓÉÔÉÏÎÓ ÉÎÄÉÃÁÔÅÄ ÉÎ c). b) Height profiles along the blue line in c) showing the apparent 
height by STM and along the red line in d) revealing the corrugation of the moiré.  c) STM image of the moiré pattern of 
CoO/Au111 (Vb= 5 mV, It= 5 pA). d) Its cÏÒÒÅÓÐÏÎÄÉÎÇ ɝÚmin map. e) Its cÏÒÒÅÓÐÏÎÄÉÎÇ ɝÆmin map. 

The real corrugation measured for the oxide provides indirect information related to the 

hybridization of the CoO with the Au(111), where small deviations lead to stronger or 

weaker interactions. As mentioned before, such interactions alter the electronic 

properties and, as a consequence, the catalytic activity of the oxide towards the water 

splitting . Here, the electronic properties of the single bilayer island and the effect of the 

moiré pattern were investigated by means of STS measurements, where dI/d V spectra at 

4 K on top the highest (moiré region B) and the lowest (moiré region A) areas of the CoO 

were acquired.  The spectra plotted in Figure 4.8a reveal a slight difference in the LDOS 

between these two areas. The blue arrows indicate the increase in the density of states 

found close to the Fermi energy in both areas (spectra are vertical plotted for better 

visualization).  
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Figure 4-8. Electronic properties of CoO single bilayer islands on Au(111)  

a) dI/dV curves acquired on STM on top of the region B (purple curve) and region A (green curve) (vertical translation 
for better visualization). b) dI/dV curves acquired on the positions depicted in the inserted STM image for comparison of 

ɼ-region and moiré areas. c) STM images and corresponding dI/dV maps at -500 mV, -100 mV, +100 mV and +500 mV, 
respectively.   The moiré region B is marked in a purple circle, the moiré region A ÉÎ Á ÇÒÅÅÎ ÃÉÒÃÌÅ ÁÎÄ ÔÈÅ ɼ-region in a 

gray circle. 

The periodically modulated electronic structure of the moiré pattern is better visualized 

in the constant-current dI/d V maps displayed in Figure 4.8c. These maps were acquired 

with a CO-functionalized tip, which enhances the resolution resolving the atomistic 
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structure. The dI/d V map acquired at -100 mV shows higher occupied LDOS in the moiré 

region A (green curve), suggesting a stronger hybridization of this area with the 

substrate.121 Tentatively, a charge transfer could take place where electrons are 

transferred from the gold substrate to the moiré region A.117 This effect is favored in the 

moiré region A due to a geometric effect, being this area at lower height and therefore, 

closer to the substrate. The increase in the occupied LDOS sustains the results obtained 

in the measurements of the apparent height by STM at negative bias voltage: the moiré 

pattern is better visualized at negative voltages, where the LDOS is larger at the moiré 

region A and therefore this area seems to be higher.  

Notably, dI/d V maps shows a different region, not identified in the topographic images. 

The dI/d V map acquired at 100 mV reveals brighter areas (gray circle) at the bottom of 

the island, which constitutes a region with distinct electronic structure. The dI/d V 

spectra show that the electronic properties of this new region, never reported before and 

ÆÒÏÍ ÎÏ× ÏÎ ÎÁÍÅÄ ɼ-region, are completely different to the moiré pattern region. The 

dI/d V curve acquired on top of ÔÈÅ ɼ-region is represented in Figure 4.8b (gray line), 

together with the spectra acquired on the region B (purple line) and A (green line) of the 

moiré pattern. Such curve, recorded on the ɼ-region, shows higher density of unoccupied 

states with respect to the rest of the CoO islands, both in the regions A and B. It is worth 

mentioning that we find some similarities, both in the resolution of the STM images and 

in the electronic structure at positive bias close to the Fermi energy (marked in the blue 

circle in Figure 4.8b), between the bottom moiré area and ÔÈÅ ɼ-region. 

In addition, it was observed that the chemical reactivity of ÔÈÅ ɼ-region is different, 

showing more affinity  to the contaminants and residual gas present in the UHV chamber. 

Such contaminants appear as bright protrusions attached to the CoO surface (observed 

in the inset STM image in Figure 4.8c), being only present on ÔÈÅ ɼ-region. Tip 

manipulation allows us to move the adsorbates between different locations at the ɼ-

region and even from different islands, although it was not possible to move them to the 

moiré pattern region. These adsorbates, ÆÏÕÎÄ ÁÔÔÁÃÈÅÄ ÔÏ ÔÈÅ ɼ-region, are tentatively 

assigned to water molecules considered as contaminants, coming from the UHV 

chamber.122 
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/ÎÃÅ ÔÈÅ ɼ-region was recognized in the system, the next goal was to explore its nature. 

Figure 4.9a shows a HR-STM image with atomic resolution containing all the regions, 

allowing a direct comparison between them. We found that thÅ ɼ-region corresponds to 

a compression of the moiré region, where its atoms show a shorter interatomic distance 

of ~ 3.0 Å (with respect to the 3.3 Å found in the normal moiré region). In Figure 4.9b the 

height profiles drawn along the moiré region A (green line), the moiré region B (purple 

ÌÉÎÅɊ ÁÎÄ ÔÈÅ ɼ-region (gray line) are plotted in order to compare their atomic 

periodicities. Herein, we can compare the decrease in the atomic periodicity ÉÎ ÔÈÅ ɼ-

region, despite its hexagonal lattice is intact. As a result, we conclude that there is a 

compression in the bond length of ~ 9% ÉÎ ÔÈÅ ɼ-region that modifies the electronic 

properties and the chemical reactivity of the CoO island resulting in a new phase.  

 

Figure 4-9. !ÔÏÍÉÓÔÉÃ ÃÏÍÐÁÒÉÓÏÎ ÂÅÔ×ÅÅÎ ÔÈÅ ÍÏÉÒï ÐÁÔÔÅÒÎ ÁÎÄ ÔÈÅ ɼ-region  

a) High-Resolution STM image with atomic resolution of moiré region A, B ÁÎÄ ɼ-region (Vb = -3 mV, It = 700 pA). b) Height 

profiles extracted from a) plotted in stack of moiré region A (green line) with the longest bond length, moiré region B 
ɉÐÕÒÐÌÅ ÌÉÎÅɊ ×ÉÔÈ ÓÌÉÇÈÔ ÓÈÏÒÔÅÒ ÂÏÎÄ ÌÅÎÇÔÈ ÁÎÄ ɼ-region (gray line) with the shortest bond length. 

The absence of a moirï ÐÁÔÔÅÒÎ ÉÎ ÔÈÅ ɼ-region suggests the match between the CoO and 

ÔÈÅ ÓÕÂÓÔÒÁÔÅȢ )Î ÁÄÄÉÔÉÏÎȟ ÂÏÎÄ ÄÉÓÔÁÎÃÅÓ ÍÅÁÓÕÒÅÄ ÉÎ ÔÈÅ ɼ-region exhibit values close 

to that reported for the Au(111) lattice. Taking into consideration the analogies found in 

the topography and in the electronic properties between the moiré region B ÁÎÄ ÔÈÅ ɼ-

region, we establish a relation between them. Then, we propose ÔÈÁÔ ÔÈÅ ɼ-region 

corresponds to a local bottom area (Co and O in 3-fold wit h the substrate) that follows a 

hexagonal lattice commensurate with the Au(111).  
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We ÏÂÓÅÒÖÅÄ ÔÈÁÔ ÔÈÅ ɼ-region tends to appear adjacent to the edges of the islands. The 

appearance in the topographic ÉÍÁÇÅÓ ÏÆ ÔÈÅ ɼ-region is similar to the moiré region B, 

though it could be larger in sizeȢ 4ÈÅ ÅØÔÅÎÓÉÏÎ ÏÆ ÔÈÅ ɼ-region varies in every single 

island. It is shown in Figure 4.10 ÈÏ× ÔÈÅ ÅØÔÅÎÓÉÏÎ ÏÆ ÔÈÅ ɼ-region can be modified from 

being a small region, identified by the attachments of the adsorbates (Figure 4.10a), to 

cover half of the island (Figure 4.10b) or up to be the unique region found in the island 

(Figure 4.10c). Several samples were grown varying the parameters (substrate 

temperature, flux evaporation, oxygen pressure, post-ÁÎÎÅÁÌÉÎÇȣɊȢ .ÅÖÅÒÔÈÅÌÅÓÓȟ a 

ÐÒÏÔÏÃÏÌ ÆÏÒ ÃÏÎÔÒÏÌÌÉÎÇ ÔÈÅ ÅØÔÅÎÓÉÏÎ ÏÆ ÔÈÅ ɼ-region was not found. 

 

Figure 4-10. 34- ÉÍÁÇÅÓ ÏÆ #Ï/ ÉÓÌÁÎÄÓ ÃÏÍÐÏÓÅÄ ÂÙ ɼ-region  

a) CoO island ÐÁÒÔÉÁÌÌÙ ÆÏÒÍÅÄ ÂÙ ɼ-region (Vb = -1.0 V, It = 150 pA). b) Half covered by ɼ-region (Vb = -0.2 V, It = 500 pA), 

c) Entirely formed by ɼ-region (Vb = -0.1 V, It = 100 pA). 

In summary, we have demonstrated the effect of the atomic structure on the electronic 

properties of the oxide, which also determines its reactivity. Next, we have inspected the 

correlation between these two phases of the c-CoO with respect to the registry with the 

Au(111) substrate. 

4.4 Field-induced change of the atomic and electronic structure of CoO 

The observation of the ɼ-region reveals the versatility of the CoO and demonstrates the 

possibility of tuning its properties at the atomic scale. However, as mentioned before, we 

could not optimize the parameters for controlling th e extension of the ɼ-region. 

Motivated by other works, where transitions between different polymorphs have been 

induced by tip manipulation, we decided to assess the tunability of the phases found 

above. In this sense, it is worth to mention that there are phases of different materials 
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ɉ4-3ȟ 4-/ȣɊ that can be induced by external stimuli, for example by electric field-

induced manipulation.123ɀ125 

As a consequence of the applied bias voltage and the short distance between the tip and 

the surface, a considerable electric field in the tunneling junction can be created. The 

extension of the generated electric field varies for different tips, depending on the 

distribution o f the tip apex, reaching up to hundreds of nanometers.126,127  

Motivated by the previous mentioned works, we have inspected if we were able to induce 

the transformation  for our system from moiré pattern region into ɼ-region and vice 

versa. First, we spontaneously induced the modification acquiring LDOS spectroscopy 

from +1.5 V to -1 V stabilizing the tip at 1.5 V and 500 pA on top of the blue star in Figure 

4.11a. When the voltage value reached close to -1 V, we observed a non-negligible 

variation in the I(V), plotted in Figure 4.11c, which can be tentatively attributed to a 

change in the island or a modification at the apex of the tip. The tip remained 

topographically unaltered. In addition, dI/d V curves were acquired on top of gold, before 

and after the variation in the I(V), confirming that the tip did not suffer any variation. 

However, the appearance of the island (Figure 4.11b), as well as its electronic structure 

were modified. We show in Figure 4.11d the dI/d V maps at -100 mV and +100 mV of the 

ÍÏÄÉÆÉÅÄ ÉÓÌÁÎÄȟ ×ÈÅÒÅ ÔÈÅ ÔÒÁÎÓÆÏÒÍÁÔÉÏÎ ÉÎÔÏ ɼ-region coexisting with moiré regions A 

is clearly observed. 
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Figure 4-11. Modification of single bilayer  CoO island  

a) Constant-current STM image of a CoO island before induce the transformation (Vb = -0.4 V, It = 500 pA). b) Constant-
current STM image of the modified island (Vb = -0.5 V, It = 500 pA). c) The I(V) spectrum showing an abrupt change 

assigned to the island transformation (tip stabilize on top of the blue star at 1.5 V and 500 pA). d) Constant-current dI/dV 
maps of the modified island displayed in b). (Left map: Vb = -0.1 V and It = 250 pA. Right map: Vb = 0.1 V and It = 250 pA). 

So far, we have proven that we can induce the transformation of the whole island from 

the moiré pattern into the ɼ-region. Next, we decided to look into the atomic 

reorganization that is taking place in an island after such modification, comparing it with 

the initial structure . Therefore, we explored a new island (Figure 4.12a) characterizing it 

with a CO-functionalized tip (Figure 4.12b) in order to carry out a detailed study of the 

atomic lattice.  Several voltage pulses were applied on top of the red mark in Figure 4.12a-

b and, after applying every voltage pulse, the status of the island was checked. Finally, the 

modification of the island was induced by applying -8 V pulse. Surprisingly, the 

transformation took place at the border of the islands, ~ 1 nm away from the tip position  

(Figure 4.12c), so we conclude that the nature of this transformation is mainly induced 

by electric field. 

Once the island was modified, we characterized it again with a CO-functionalized tip 

using similar parameters (Figure 4.12d). For easier comparison, we have drawn height 
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profiles at the same atoms row before (Figure 4.12b) and after the transformation 

(Figure 4.12d). The height profiles are plotted in Figure 4.12e, where we observe clearly 

a ~  9 % compression of the atoms. Furthermore, we observe the creation of a vacancy in 

the adjacent border of the island, marked with a blue circle in Figure 4.12d, which could 

appear as a consequence of the atomic compression or just due to the voltage pulse 

applied. 

 

Figure 4-12. Atomic compression after electric field -induced change 

a) STM image of CoO island prior to tip manipulation (Vb = -1.0 V, It = 100 pA). b) High-resolution STM image of a) acquired 
with a CO-functionalized tip (Vb = 20 mV, It = 350 pA). c) STM image of the CoO island after tip manipulation (Vb = -1.0 V, 

It = 100 pA).  d) High-resolution STM image of c) acquired with a CO-functionalized tip (Vb = 50 mV, It = 50 pA. e) Height 
profiles drawn at the same atoms raw before and after de modification. Continuous lines correspond to the compressed 
area and dashed lines to an unalterable area as reference. 

In summary, we are able to transform moiré regions into ɼ-regions of c-CoO on Au(111) 

by electrically tip-induced pulses, thus transforming the electronic properties and the 

chemical reactivity of this material. 
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4.5 Water splitting reaction 

As mentioned above, the target of the Artificial-Leaf project is the design of a PEC device 

used to transform the H2O and CO2 into oxygen and solar fuels. CoO was proposed as a 

tentative anode for being integrated in the PEC. To shed some light into the catalytic 

behavior of such material, we have exposed CoO nanoislands to water under UHV 

conditions.  

Water exposure was carried out with extremely care, in order to avoid any contamination 

during the exposure which would alter the results. We installed an external line with its 

own pumping system connected to the preparation chamber by a leak valve (Figure 

4.13). Ultrapure mili-Q water ɉЃ ρ ʈ3ȾÃÍɊ in a glass vial was connected to the external 

line and degassed by several freeze-pump-thaw cycles with liquid nitrogen . The pressure 

in the water line was measured with a pirani gauge connected to the line, reaching a 

pressure value close to ~ 10 -9 mbar. Water was dosed into the preparation chamber, with 

the substrate at RT, using a partial pressure of 5 x 10-7 mbar for 3 minutes and 20 seconds, 

which results in 100 Langmuir. 

 

Figure 4-13. Water line dose scheme 

After dosing the water into the preparation chamber, the sample was transferred to the 

STM where it  was cooled down to 4.3 K. We investigated the surface of the single bilayer 

islands, where new bright protrusions appeared (Figure 4.14a). We observed two 

different adsorbates on the surface: type I marked with a blue circle (assigned to intact 

H2/ ÆÒÏÍ ÔÈÅ ÂÁÃËÇÒÏÕÎÄ ÏÆ ÔÈÅ ÃÈÁÍÂÅÒ ÁÔÔÁÃÈÅÄ ÔÏ ÔÈÅ ɼ-region) and type II marked 

with a yellow circle (the new adsorbate that appears after the water exposure shown in 
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Figure 4.14b-c). The adsorbate type II is attributed to hydroxyl groups from the water 

splitting reaction, supported by previous works where the exposure of H2O was 

monitored by XPS (Figure 4.14b) and confirmed by the appearance of a new peak at 532 

eV of binding energy assigned to OOH.128  

Then, we focused on the distribution of the hydroxyl groups (adsorbate type II). We 

found all the edges decorated with bright protrusions. In addition, we observed 

adsorbates covering the surface of the CoO. They show clearly preference for the moiré 

region A and the interface between areas A and B (Figure 4.14a), suggesting that the 

moiré pattern is a template for site-selectivity. As we commented before, it is known that 

the most reactive points are the edges of the islands.128ɀ130 We confirmed it for our 

experiments representing in a graph the percentage of surface covered by hydroxyl 

groups for different island sizes displayed in Figure 4.14d. We observe how the content 

of hydroxyl groups, and therefore the intrinsic catalytic activity, decreases for larger 

islands.  

The mechanism proposed for the water splitting is explained following 3 steps: i) water 

molecules are majority adsorbed at the edges of the islands, showing clear preference for 

the Co-terminated edges, which are the most reactive points. ii) The water splitting 

reaction takes place there, dissociating the water molecule. The OH- from the water 

molecules remains attached to the edge and the other hydrogen is transferred to an 

adjacent oxygen of the oxide, which is the most energetic step. iii) Then, each hydrogen 

atom initializes a hopping process being transferred over the oxygens of the CoO. 

showing preference for the moiré region A and forming aggregation of OH- due to the 

interaction between them by hydrogen bonds which stabilizes each other131 and favors 

the catalytic activity.132,133 

As explained in section 4.3, the moiré region A interacts stronger with the gold and now, 

after the water exposure, we find that this area shows more affinity for the OH- groups. 

Accordingly to previous works, there is a synergy effect between the cobalt oxide and the 

gold that increases the catalytic activity108,109 and, with our results, we can tentatively 

attributed this effect to the electron transfer from the gold to the CoO. In addition, we 
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observe aggregation of OH- due to the interaction between them by hydrogen bonds 

which stabilize each other. 

 

Figure 4-14. Water splitting mechanism  

a) Hydroxilation of CoO nanoisland. Yellow circle highlights the OH- attached to the CoO and blue circle shows the water 

ÃÏÎÔÁÍÉÎÁÎÔÓ ÁÔÔÁÃÈÅÄ ÔÏ ÔÈÅ ɼ-region (Vb = -0.5 V, It = 250 pA). b) XPS spectra of the O 1s core level during the water 
exposure. Extracted from reference 128. c) Zoom-in image of a) where the presence of OH- are clearly observed (Vb = 1.0 

V, It = 100 pA). d) Degree of hydroxylation versus the surface area of CoO nanoislands. 

Finally, we studied the reversibility of this reaction. As we described before, tip 

manipulation can induce different processes. In this case, we have tried to manipulate 

the hydroxyl groups by applying voltage pulses. Surprisingly, we observed that just by 

applying a voltage pulse of 3 V at any position of the CoO island, we induced the 

desorption of mainly all the adsorbates (Figure 4.15). After such desorption, the CoO 

nanoisland remains unalterable and it is available for going on with a new water splitting 
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cycle. It is worth to mention that we still find some adsorbates attached to the borders of 

the islands, which could affect the activity of the oxide. 

 

Figure 4-15. OH- desorption by tip manipulation  

STM images of CoO islands before (left panel) and after (right panel) OH- desorption (Vb = 1.0 V and It = 100 pA). 

 

4.6 Conclusions 

Cobalt oxide is a promising candidate for catalyzing the water splitting reaction and could 

be integrated as anode in a PEC device. We have grown CoO nanoislands under UHV 

conditions on a Au(111) support, finding that the role of the substrate is non-innocent. 

Such CoO nanoislands show two coexisting phases: a moiré region and a commensurate 

ɼ-region. We have inspected the interaction between the CoO and the gold atoms, which 

alters the electronic properties of the CoO islands. The moiré region A shows a stronger 

interaction with  the gold substrate, where an electron doping from the gold to the CoO is 

suggested to take place. In addition, the moiré region A shows more affinity for the 

hydroxyl groups from the water splitting reaction, suggesting that the interaction 

between CoO and gold substrate could be the nature of the well-known synergy effect in 

electrochemical conditions.  

We have identified a new region, ÎÁÍÅÄ ɼ-region, in the CoO nanoislands. We have 

proven that this ɼ-region corresponds to an atomic compressed area, where a slight 

compression around 9 % is modifying the properties of the CoO, tentatively suggesting 

commensurability with the substrate. We have observed that the reactivity of this new 
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region is completely different from the moiré pattern region. Finally, we have 

ÄÅÍÏÎÓÔÒÁÔÅÄ ÔÈÅ ÃÁÐÁÂÉÌÉÔÙ ÔÏ ÔÒÁÎÓÆÏÒÍ ÍÏÉÒï ÒÅÇÉÏÎÓ ÉÎÔÏ ɼ-regions by tip-induced 

electrical pulses. 

Finally, we have exposed our model nanocatalyst to 100 Langmuir of H2O under UHV at 

RT. We have observed the appearance of bright protrusions assigned to OH- groups, 

confirming the success of the water splitting reaction. We proved the reversibility of this 

reaction by tip-induced pulses, suggesting long lifetime for PEC devices.  
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5. On-surface synthesis of acene- and 

periacene- ÂÁÓÅÄ ʌ-conjugated 

polymers  
This chapter presents the on-surface synthesis of ʌ-conjugated polymers and the study 

at the atomic scale of their physico-chemical properties, which arise from the conjugation 

of their ʌ electrons. Specifically, we focus on polymers based on acene or periacene units 

connected with each other through ethynylene/cumulene-like bridges.20,134,135   

The chemical precursors were synthesized by the group of Prof. Nazario Martín from 

Universidad Complutense de Madrid. The DFT, GW calculations and nc-AFM simulations 

in this chapter were performed by Prof. Pavel Jelínek, from the Institute of Physics of the 

Czech Academy of Sciences, Czech Republic. The Tight Binding (TB) and Mean Field 

Hubbard Tight Binding (MFH-TB) calculations were done by Prof. Oliver Gröning at Empa 

Materials Science and Technology, Switzerland. The nc-AFM measurements from sections 

5.3, 5.4, 5.5 and 5.7 were performed in collaboration with Dr. Bruno de la Torre at The 

Regional Centre of Advanced Materials and Technologies of Olomouc, Czech Republic. The 

reaction pathway of the synthesis of the polymers has been studied by means of DFT-

based transition state theory performed by Prof. Jonas Björk at the Department of Physics, 

Chemistry and Biology in Linköping University, Sweden. Prof. Hans Lischka from Tianjjin 

University, China has performed the ab initio density matrix renormalization group 

(DMRG) calculations. 

5.1 Introduction  

ʌ-conjugated polymers are defined as organic systems exhibiting carbon-carbon single-

multiple bond alternation. Their overlapping p-ÏÒÂÉÔÁÌÓ ÃÒÅÁÔÅ Á ÓÙÓÔÅÍ ÏÆ ÄÅÌÏÃÁÌÉÚÅÄ ʌ-

electrons, which can result in very interesting electronic and optical properties. One of 

the main advantages that presents such polymers is the tunability of their properties 

ÄÅÐÅÎÄÉÎÇ ÏÎ ÔÈÅÉÒ ʌ-extended conjugation along the molecular backbone.136 

https://scholar.google.com/citations?view_op=view_org&hl=es&org=4281561542300573739
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The evolution of the band gap (Eg) ÅÎÅÒÇÙ ÄÅÐÅÎÄÓ ÏÎ ÔÈÅ ÔÏÐÏÌÏÇÙ ÏÆ ʌ-electrons. The 

bond length alternation (BLA) of a conjugated system is the difference between the 

largest and the shortest C-C bond. This BLA is directly associated with the localization 

ɉÌÁÒÇÅÒ ÁÌÔÅÒÎÁÔÉÏÎɊ ÏÒ ÄÅÌÏÃÁÌÉÚÁÔÉÏÎ ɉÓÍÁÌÌ ÁÌÔÅÒÎÁÔÉÏÎɊ ÏÆ ʌ-electrons, and, as a 

consequence, with the value of the band gap energy of the system.137 Hückel´s theory 

predicted that the value of the band gap of polyacetylene (PA) is proportional to the bond 

alternation.138 This simplistic ÃÏÎÃÅÐÔ ÃÁÎ ÂÅ ÔÅÎÔÁÔÉÖÅÌÙ ÁÐÐÌÉÅÄ ÔÏ ÁÌÌ ÔÈÅ ʌ-conjugated 

ÍÏÌÅÃÕÌÅÓ ÏÒ ÐÏÌÙÍÅÒÓȢ (Ï×ÅÖÅÒȟ ÉÔ ÉÓ ÉÍÐÏÒÔÁÎÔ ÔÏ ÎÏÔÉÃÅ ÔÈÁÔ ÓÏÍÅ ʌ-conjugated 

polymers are based on aromatic rings, where the competition between the aromatic and 

ÔÈÅ ÑÕÉÎÏÉÄ ÃÈÁÒÁÃÔÅÒ ÁÌÔÅÒÓ ÔÈÅ ʌ-electron network, and thus a proper calculation of the 

band gap becomes difficult. Previous theoretical works reported that the increase of the 

quinoid character contributes to the decrease of the band gap energy due to the larger 

delocalization along the polymer instead of inside the aromatic ring,139 which will be 

demonstrated throughout this chapter. Furthermore, we should take into account that 

the relation between the bond alternation and the band gap energy becomes even more 

complicated when the system involves heteroatoms, fused rings and other structural 

motifs.137  

-ÁÎÙ ÅÆÆÏÒÔÓ ÈÁÖÅ ÂÅÅÎ ÆÏÃÕÓÅÄ ÏÎ ÔÈÅ ÄÅÓÉÇÎ ÏÆ ʌ-conjugated polymers showing unique 

properties with applications in several fields, such as optics, electroluminescence, 

photovoltaics and organic electronics.140 In 1977 the first conductive ʌ-conjugated 

polymer was synthesized by doping the polyacetylene (PA).141 PA is not a conductive 

ÐÏÌÙÍÅÒ ÄÕÅ ÔÏ ÔÈÅ ÄÉÍÅÒÉÚÁÔÉÏÎ ÂÙ 0ÅÉÅÒÌÓ ÄÉÓÔÏÒÔÉÏÎ ÔÈÁÔ ÌÅÁÄÓ ÔÏ Á ",! Ё πȢ (Ï×ÅÖÅÒȟ 

when such polymer is doped with an electron acceptor compound, such as halogens, 

vacancies (or holes) are created at the valence band, and, as a result, the conductivity of 

the polymers increases orders of magnitude. Such an effect was exemplified by just 

varying 1 % the content of the dopant. Alan J. Heeger, Alan G. MacDiarmid and Hideki 

Shirakawa were awarded with the Nobel Prize in Chemistry in 2000 for this discovery.19 

3ÉÎÃÅ ÔÈÅÎȟ Á ÌÁÒÇÅ ÖÁÒÉÅÔÙ ÏÆ ʌ-conjugated polymers has been investigated, where the 

presence of fused rings, heteroatoms or chirality plays a crucial role. In addition, the 

geometry, the coupling of the orbitals and the bond alternation determine the electronic 
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properties of such polymers. Over the last decades, a plethora ÏÆ ʌ-conjugated polymers 

have been synthesized (Figure 5.1 shows some examples),142 but some limitations are 

found in wet chemistry, due to the high reactivity and low solubility intrinsic to such 

compounds. In this context, on-surface synthesis has emerged as a powerful strategy to 

develop and study new polymers overcoming the limitations found in solution 

chemistry.143ɀ145 Specifically, the on-surface synthesized polymers achieved in this work 

are formed by members of the acene and periacene families connected with each other 

via cumulene/ethynylene-like bridges. 

 

Figure 5-1. Chemical ÓËÅÔÃÈ ÏÆ ÓÏÍÅ ʌ-conjugated polymers  

Trans-polyacteylene (Trans-PA). Poly(p-phenylene) (PPP). Poly(p-phenylene-vinylene (PPV). Polyfluorene (PFO). Poly(p-

phenylene-sulphide) (PPS). Polyaniline (PAni). Polythiophene (PTh). Polypyrrole (PPy). Adapted from  reference 142. 

Acenes and periacenes are polycyclic aromatic hydrocarbons (PAH). While acenes are 

composed by linearly fused benzene rings, periacenes are formed by two rows of peri-

fused acenes with two distinct edge types: the armchair and the zigzag edges (see Figure 

5.2). These compounds show particular interest in fields such as organic chemistry and 

material science, due to their low band gap and its tunability by varying the size, resulting 

in a wide range of applications.146 Recently, several works have been reported, focusing 

on their intriguing optical ,147 magnetic148ɀ150 and electronic properties.148,151 Small 

acenes and periacenes are predicted to be closed-shell structures with a non-magnetic 

ground state and large band gap energy, however by increasing their size an 

antiferromagnetic ground state is expected.152 
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Figure 5-2. Chemical scheme of acene and periacene compounds 

The zig zag and armchair termini are highlighted in blue and red, respectively. 

As mentioned above, the versatile properties of acenes and periacenes make them 

promising carbon-based semiconductor compounds.153 Their electronic properties can 

be tune by varying their sizes. However, larger acene and periacenes show high reactivity 

and low solubility ,154 which hamper their study. Therefore, on-surface synthesis emerged 

as a powerful alternative to overcome such limitations. Researchers from different 

groups have paid special attention in the study of these compounds.45,155ɀ157 The on-

surface generation of acenes of different sizes on metallic substrates (from n=3 up to 

n=12, where n is the number of fused rings) reveals the decreasing experimental band 

gap as the acene length is increased, finding the lowest band gap for the undecacene (Eg 

Ђ ρ Å6ɊȢ (Ï×ÅÖÅÒȟ ÍÏÖÉÎÇ Á ÓÔÅÐ ÆÕÒÔÈÅÒȟ ÄÏÄÅÃÁÃÅÎÅ ÓÈÏ×Ó ÁÇÁÉÎ Á ÌÁÒÇÅÒ ÅÎÅÒÇÙ ÂÁÎÄ 

ÇÁÐ ÏÆ Ђ ρȢτ Å6 ɉÓÅÅ ÇÒÁÐÈ ÉÎ Figure 5.3).158 This effect is rationalized by the electronic 

rearrangements taking place in the units with increasing number of valence electrons, 

which also augments the radical character, and hence, increases the open-shell 

character.159  
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Figure 5-3. Band gap energy of acenes on Au(111) as function of the number of fused rings. 

Adapted from reference 158. 

In addition, these families of PAHs present a controversial nature of the ground state as 

a function of the number of fused benzene rings (n), which is associated to the degree of 

aromaticity of the benzene units.160ɀ162 Following the Clar´s rule, the formation of Kekulé 

structures that contain the largest number of disjoint Clar sextets results in more 

energetically favorable structures163 (272 kJ per Clar sextet).164 However, Kekulé 

structures cannot describe the open-shell character of PAHs, therefore it is needed to 

consider the non-Kekulé structures.165 The transition between Kekulé and non-Kekulé 

structures implies an electronic rearrangement that cost a certain energy. Consequently, 

the most favorable resonance form is defined by a complex energetic balance. As a result, 

short acenes (from n=3 to n=6) exhibit a closed-shell electronic ground state with all the 

electrons paired.152 Nevertheless, larger acenes present more resonance forms finding 

larger number of Clar sextets and hence more stability (see Figure 5.4), resulting in an 

open-shell structure with singlet, triplet or even quintet ground state predicted by 

theoretical calculations.92  

However, for the periacene family, the radical character was predicted to appear from 

the peritetracene on, which already exhibits open-shell character (see Figure 5.4).166 This 

open-shell character has been  experimentally demonstrated for peritetracene 

derivative,167 though has not yet been observed for pure peritetracene.168 Altogether, the 
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inherent radical character of the acene and periacene families opens a new field of 

applications in spintronic devices for these materials, due to their inherent magnetic 

properties.169 

 

Figure 5-4. Closed- and open-shell structure s of heptacene and peritetracene  

Adapted from references 163,168. 

In this chapter, we have developed an on-surface synthetic route towards the formation 

ÏÆ ʌ-conjugated polymers constituted by acene/ periacene units connected with each 

other through ethynylene/cumulene-like bri dges (chemical synthesis is described in 

section 5.2). Here, we have combined the tunable properties of acenes and periacenes 

×ÉÔÈ ÔÈÅ ÓÉÚÅ ÁÎÄ ÔÈÅ ÐÏ×ÅÒÆÕÌ ÁÐÐÌÉÃÁÔÉÏÎÓ ÏÆ ʌ-conjugated polymers for a precise 

control of the electronic properties of the synthesized wires. As mentioned in section 2.2, 

ÂÁÓÅÄ ÏÎ ÔÏÐÏÌÏÇÉÃÁÌ ÐÒÅÄÉÃÔÉÏÎÓȟ ×Å ×ÉÌÌ ÓÙÎÔÈÅÓÉÚÅ ʌ-conjugated polymers of distinct 

topological class, revealing the intimate connection between the change of the 

topological class and the crossover of the dominant resonance form.20  

4ÈÅÓÅ ʌ-conjugated polymers hold two main resonance forms, each one based on 

aromatic and quinoid structures of the monomers, respectively. The competition 

ÂÅÔ×ÅÅÎ ÔÈÅÓÅ Ô×Ï ʌ-conjugated forms also implies a simultaneous transformation of  

the polymer linkers, going from an ethynylene bridge in the aromatic case to a cumulene 

bridge in the quinoid one. Importantly, in this chapter we prove that the transformation 

of one dominant resonance form into the other one is associated with a different 

topological quantum class (see section 2.2).  Notably, the transformation between the 
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two resonance forms occurs as function of the acene or periacene size. We have 

rationalized this effect with the Clar´s rule. For short acene- (n=3) or periacene-based 

polymers (n=2), the dominant resonance form is the ethynylene/aromatic structure, 

×ÈÉÃÈ ÃÏÎÔÁÉÎÓ ÁÌÌ ʌ-electrons paired. However, for longer acene- or periacene-based 

polymers, an increasing cumulene/quinoid character, which implies two unpaired 

electrons localized at both ends of the polymer, is observed. In addition, we show the 

band gap evolution as a function of the size of the monomer comprising the polymer (and 

the inherent topological class) in the acene (anthracene and pentacene) and the 

peripentacene families (bisanthene and peripentacene). Hereby, we demonstrate that 

polymers close to the topological transition point present very narrow band gaps, 

corroborating that the topological transition implies crossing through a metallic state.34 

5.2 Synthetic routes towards ʌ-conjugated polymers on surfaces 

During the last years, on-surface synthesis has become a powerful tool to achieve new 

nanostructures overcoming the intrinsic limitations of solubility and reactivity of some 

compounds, such as acenes longer than pentacene158 or periacenes larger than 

bisanthene,168 among others. Specifically designed molecular precursor sublimed on 

surfaces may follow, after an annealing process necessary to induce the chemical 

reaction, different pathways with respect to the ones observed in solution, due to the 

template effect of the surface that confines the precursors in two dimensions. 

Additionally, on-surface synthesis provides a precise atomistic control over the 

formation of well-designed nanostructures and allows their direct characterization by 

surface science techniques such as STM, nc-AFM and STS. 

Recently, great efforts have been focused into the development of on-surface routes 

towards the atomically precise synthesis of novel carbon-based nanostructures such as 

graphene nanoribbons,170,171 2D polymers172 and other hydrocarbons structures.173,174 In 

this context, one of the main strategies employed so far has been based on dehalogenative 

homocoupling reactions (some examples are shown in Figure 5.5).175,176 Specifically, the 

most studied on-surface reaction up to now is the Ullmann coupling reaction, which has 

been extensively employed to engineer covalent 1D177ɀ179 and 2D nanoarchitectures.180ɀ

182 Such strategy consists in the functionalization of carbon-based molecular precursors 
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with halogens at their terminal positions (-CBr) in order to induce the homocoupling of 

the molecular precursors. After the deposition of these molecules and subsequent 

annealing to a certain temperature, the halogen atoms are lost and then two routes are 

feasible depending on the substrate.181,183 Generally, on Ag(111) and Cu(111) a metal-

organic step is frequently induced. Herein, the molecules have lost their halogens due to 

the catalyzing effect of the surface and the metal adatoms are connected to the molecular 

backbone forming a stable metal-organic system. Finally, after annealing at higher 

temperatures, the metalorganic bonds derived in the intermolecular carbon-carbon 

coupling.184,185 On Au(111) the reaction normally proceeds through radicals in which the 

terminal  carbons have lost the bromine that results in the carbon-carbon homocoupling. 

Recently, new dehalogenative homocoupling reactions of geminal dihalide compounds 

have been reported.186,187 The loss of the two bromines attached to the terminal carbon 

leads to generate C-C coupling with two unpaired electrons per carbon atom, resulting in 

the formation of a dimer based on a cumulene connection.  

 

Figure 5-5. Scheme of synthesis of PH via dehalogenative homocouling 

Image adapted from references 184,187. 

Motivated by the versatility of the aforementioned dehalogenative homocoupling 

reactions, we have functionalized different acenes and periacenes precursors with =CBr2 

functional groups, where two unpaired electrons are generated (carbene compound) 
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after the loss of the bromines by thermal annealing process, being capable to ÄÅÓÉÇÎ ʌ-

conjugated polymers on surfaces.134 Here, we demonstrated the viability of this reaction 

using acene- and periacene-based precursors. We observed that the reaction is 

dominated by 2 steps in the case of the acene-based precursors: i) dehalogenation and ii) 

subsequent homocoupling; and three steps for the periacene-based precursors: i) 

dehalogenation, ii) homocoupling and iii) cyclodehydrogenation (Figure 5.6).  

 

Figure 5-6. Synthesis route of ethynylene/cumulene bridged acenes (top  scheme) and peri-acenes (bottom 
scheme) polymers 

The acene- and periacene-based precursors are functionalized with =CBr2 groups at the 

central benzene rings. Such compounds are evaporated onto a metallic surface, giving 

rise to linear polymers after thermal activation. The molecular species employed for the 

acene family are: 4BrAn (9,10-bis(dibromomethylene)-9,10-dihydroanthracene) and 

4BrPn (6,13-bis(dibromomethylene)-6,13-dihydropentacene); and for the periacene 

family: 2(2BrAn) (10,10'-bis (dibromomethylene) -10H,10'H-9,9'-bianthracenylidene) 

and 2(2BrPn) (13,13'-bis (dibromomethyl ene) -13H,13'H-6,6'-bipentacenylidene) 

(chemical models shown in Figure 5.7). Once the molecules are deposited onto the 

substrate, a thermal process induces the loss of the halogens forming carbene species 
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that diffuse and homocouple, resulting in ethynylene or cumulene-bridged anthracene, 

pentacene, bisanthene or peripentacene polymers. 

 

Figure 5-7. Chemical structure of the employed precursors  

Ball and stick model of the gas phase relaxed geometry of the 4BrAn, 4BrPn, 2(2BrAn) and 2(2BrPn) precursors, with 
carbon and bromine colored in black and red, respectively.  

This dehalogenative homocoupling reaction introduces, thus, a strategy towards the 

ÄÅÓÉÇÎ ÏÆ ʌ-conjugated polymers comprising acene- and periacene-based precursors.  We 

envision the versatility of this reaction, since it provides an extraordinary control over 

the carbon-carbon homocoupling positions, and hence, of the carbon-based materials 

synthesized. In addition, the reported reaction opens new avenues towards the design of 

polymers with tailored properties,134 such as tunable band gap or radical character, 

featuring great potential in organic electronics or spintronics.  
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5.3 Ethynylene-bridged anthracene polymers  

The deposition at 373 K of a submonolayer coverage of 4BrAn on pristine Au(111) at RT 

results in the formation of self-assembled islands stabilized by Br···H interactions 

between adjacent molecular species. Figure 5.8a shows an overview STM image of the 

self-assembly where the absence of bromines on the Au(111) surface suggests that the 

molecular precursors have remained  intact on the gold surface. In addition, the nc-AFM 

image of the self-assembly displayed in Figure 5.8c reveals the non-planarity of the 

molecules and two distinct adsorption conformations. Non-contact AFM simulations of 

the intact 4BrAn with the =CBr2 groups pointing away from the substrate (E1ads = -2.47 

eV) and pointing towards the substrate (E2ads = -2.49 eV) were performed (Figure 5.8e-

f), showing a perfect agreement with the two conformations observed in the nc-AFM 

image.  

 

Figure 5-8. Self-assembly of 4BrAn on Au(111) after deposition at RT 

a) Overview STM image of self-assembly of 4BrAn on Au(111) (Vb = -1.0 V and It = 150 pA). b) Constant height STM image 
of the supramolecular self-assembly showing the two different adsorption geometries with Br pointing up and Br towards 
the surface in green and blue, respectively. (Vb = -60 mV). c) nc-AFM image revealing the appearance of the two different 
species. (Vb = 10 mV). d) Ball-and-stick model on Au(111) surface (Black, red and white balls corresponds to carbon, 
bromines and hydrogen atoms, respectively). e) nc-AFM simulation and relaxed adsorption geometry calculated for the 
specie with the bromines pointing up. f)  nc-AFM simulation and relaxed adsorption geometry calculated for the specie 
with the bromines toward the surface. 

A first annealing step at 400 K leads to the formation of long and linear polymeric wires 

due to the detachment of bromine atoms from the molecular backbone and the 

subsequent intermolecular C-C homocoupling. These bromine atoms are observed as 

bright protrusions decorating the Au(111) surface forming chains and clusters 
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surrounding the polymers, and also being located in between the polymeric wires (Figure 

5.9a).177,188 In addition, we could visualize several dimers, trimers and longer oligomers 

(Figure 5.9c), although the majority of the molecules have reacted with each other 

forming long polymers. Figure 5.9c shows that the edges of several oligomers and 

polymers present a curved shape. nc-AFM images acquired at such polymer edges reveal 

that the terminal monomer is not planar and seems to be pushed down towards the 

surface.  

 

Figure 5-9. Anthracene polymers formation after 4BrAn deposition on Au(111) and subsequent annealing  

a) Overview STM image after thermal annealing to 400 K (Vb = 0.1 V and It = 10 pA). b) Overview STM image after thermal 
annealing to 500 K (Vb = 50 mV and It = 10 pA). c) STM image in left shows the ends of polymers, dimers and trimer. Nc-
AFM images reveal the non-planar molecules at the ends. (STM image: Vb = -0.1 V and It = 50 pA; nc-AFM images: Vb = 
3mV). d) AFM simulation and DFT simulation of the end of a chain, allowing to relax the edge monomer. 

A simulated nc-AFM image of the end of an anthracene chain with the last monomer still 

equipped with a terminal carbon atom (Figure 5.9d), reminiscent of the =CBr2 functional 

group, is in excellent agreement with the experiments. The interaction of the edge with 

the gold surface results in the bending of the last anthracene unit towards it. Hereby, it is 
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worth to point out that the interaction of the terminal carbon with the substrate only 

alters the geometry of the terminal monomers. Such phenomenon is illustrated for a 

trimer, in which the central anthracene unit is totally planar (see trimer in Figure 5.9c). 

Finally, further thermal annealing at 500 K leads to desorption of the remaining bromines 

from the surface. We observe the formation of long and almost defect-free anthracene 

polymers (Figure 5.9b). The absence of bromines on the surface enables the mobility of 

the chains, findinÇ ÉÓÏÌÁÔÅÄ ÁÎÄ ÆÌÅØÉÂÌÅ ×ÉÒÅÓȟ ÆÅÁÔÕÒÉÎÇ ÃÕÒÖÅÄ ÃÈÁÉÎÓ ÕÐ ÔÏ ρσπϊȢ !Ô ÔÈÉÓ 

annealing temperature the presence of oligomers is no longer observed, which is 

tentatively attributed to their high mobility and flexibility, resulting on the formation of 

long (>100 nm) polymers. A detailed study of the chemical structure and the electronic 

properties of these polymers is provided later in this section. 

The reaction pathway for the homocoupling reaction described above has been studied 

by means of DFT-based transition state theory. The most favorable mechanism is shown 

in Figure 5.10, finding that the reaction follows an exothermic pathway of -1.80 eV 

towards the full dehalogenation. Then, the dehalogenated units (SdeBr4) diffuse following 

two of the high symmetry directions (perpendicular to the anthracene backbone) with 

an energy cost of 0.53 eV. The activation energy for the final approach and coupling is 

0.93 eV and takes place when two molecules find each other followed by a highly 

exothermic step, definitely stabilizing the final formed product. 
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Figure 5-10. Energetically most favorable reaction pathway for the debromination homocoupling of 4BrAn 
precursors on Au(111)  

The mechanism diagram shows top and side views of local minima (S) and transition states (TS) with the corresponding 

energy profile with respect to the initial state (IS): the three different profiles correspond to: i) Initial dehalogenation 

cascade, ii) diffusion of the dehalogenated molecule, and ii) coupling of two dehalogenated molecules. Energies in eV. 

As explained in section 5.1, a competition between quinoid and aromatic resonance 

forms for the anthracene backbone is expected (scheme shown in Figure 5.11). The 

aromatic backbone shows a migrating Clar sextet (electron delocalization in all the 

backbone), while the quinoid form shows two Clar sextets at the terminal rings, which 

correspond to closed-shell structure and open-shell character for isolated monomers, 

respectively. The aromatic character is expected to be more energetically favorable in the 

anthracene backbone, although many reactions take place at positions 9 and 10 of central 

rings as consequence of the slight quinoid character.164 In addition, the competition 

between resonance forms in the anthracene backbone should be reflected in the bridges 
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of the polymer, in this case ethynylene versus cumulene-like forms, as illustrated in 

Figure 5.11.   

 

Figure 5-11. Scheme of the resonant form structures of the anthracene polymer  

Blue filled rings correspond to the Clar sextets. 

First, we have investigated the nature of the bridge by means of nc-AFM measurements. 

As previously reported, constant-height nc-AFM images acquired with a CO 

functionalized tip allow the identification of triple bonds, which is visualized as an 

enhancement of the contrast due to the larger electron density of the triple bond in 

comparison to the adjacent carbon atoms of the bridge.189ɀ191 As illustrated by the nc-

AFM image displayed in Figure 5.12c, the polymer exhibits a bright protrusion at the 

middle of the bridges and, thus, they are assigned to ethynylene bridges. The simulated 

nc-AFM image in Figure 5.12d matches very well with the experimental data and further 

supports the ethynylene chemical nature of the bridge. As commented above, the 

formation of the ethynylene bridges is associated with an electron rearrangement at the 

backbone, resulting in the aromatization of the proquinoid backbone of the molecular 

precursors. The long-range nc-AFM image in Figure 5.12e reveals the uniform formation 

of ethynylene-bridged anthracenes along the polymer. 
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Figure 5-12. Successful formation of planar anthracene polymers  

a) Chemical structure of an ethynyleneȤbridged anthracene moiety. b) ConstantȤheight STM (Vb = 3 mV) and c) ncȤAFM 

image resolving the intact anthracene backbones (Vb = 3 mV). d) NcȤAFM simulation, which corroborates the experimental 

measurements. e) ConstantȤheight ncȤAFM image of a linear polymer. (Vb = 3 mV). 

Tip-sample distances play an important role in the elucidation of the triple bond. The 

dependence of the frequency shift with the tip -sample distance is shown in Figure 5.13. 

First, the force spectra recorded on top of the single and the triple bond (marked in the 

inset with red and green stars, respectively) reveals a different interaction in the 

attractive regime before reaching the frequency shift minimum. Then, at closer tip-

ÓÁÍÐÌÅ ÄÉÓÔÁÎÃÅȟ ÔÈÅ ÃÕÒÖÅÓ ÅÖÏÌÖÅ ÉÎÖÅÒÔÉÎÇ ÔÈÅ ÆÏÒÃÅ ÉÎÔÅÒÁÃÔÉÏÎȢ )Î ÃÏÎÃÌÕÓÉÏÎȟ ÔÈÅ ɝÆ 

differs only at specific tip heights, in contrast to higher heights where the resolution is 

expected to be similar or lowers heights where it is even inverted.192  
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Figure 5-13. Elucidation of the ethynylene bridge  

Upper panel shows fÏÒÃÅ ÓÐÅÃÔÒÁ ÁÃÑÕÉÒÅÄ ÏÎ ÔÏÐ ÏÆ ÔÈÅ ÓÉÎÇÌÅ ÁÎÄ ÔÒÉÐÌÅ ÂÏÎÄ ÓÈÏ×ÉÎÇ ÔÈÅ ÄÅÐÅÎÄÅÎÃÅ ÏÆ ÔÈÅ ɝÆ ×ÉÔÈ ÔÈÅ 

tip-sample distance are represented. Bottom panel shows nc-AFM images of a single-triple-single bridge at different tip 

heights acquired with a CO-tip (Vb = 3 mV). 

The contrast inversion at the ethynylene bridge is demonstrated in the bottom panel of 

Figure 5.13, where several nc-AFM images of the same polymer segment acquired with 

an increasing step height of 20 pm are shown. Changes in resolution are clearly observed 

being in perfect agreement with the force spectra (top panel of Figure 5.13), which 

suggests that for larger distances the elucidation of the bright protrusion is plausible, 

whereas at medium distances the observation of a uniform narrow line and at shorter 

distances an inversion in the resolution of the bridge are expected, respectively.  

Once the nature of the bridge has been discerned, we have investigated its robustness 

and flexibility. Polymer chains exhibit a considerable degree of flexibility, showing open 

ÃÕÒÖÁÔÕÒÅÓ ɉÕÐ ÔÏ ρσπϊɊ ÂÙ ÂÅÎÄÉÎÇ of the ethynylene bridge. Nc-AFM measurements 

confirm that the nature of the linker remains intact, regardless of the bending (Figure 

5.14a). Furthermore, the curvature of the chains can be intentionally induced by lateral 
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manipulation. Figure 5.14b-c shows the initial and final stage of a chain before and after 

the STM tip induces lateral manipulation. Remarkably, after the manipulation process the 

chains preserve intact its chemical structure, revealing the robustness and flexibility of 

the polymers. 

 

Figure 5-14. Flexibility of the ethynylene -bridged anthracene polymer  

a) Nc-AFM image of a curved anthracene polymer (Vb = 3 mV). b) and c) show the initial and final stage before and after 

lateral manipulation of the chain. Blue star indicates a reference point. d), e) and f) show the intermediate stages and the 

blue arrows indicate the directions of the later manipulation. (All STM images were acquired with similar parameters: Vb 

= -1.0 V and It = 150 pA) (Lateral manipulation parameters: Vb = -0.1 V and It = 20 nA, t = 30 ms).   

.ÅØÔȟ ÔÈÅ ÅÌÅÃÔÒÏÎÉÃ ÓÔÒÕÃÔÕÒÅ ÏÆ ÔÈÅ ʌ-conjugated polymers has been inspected by means 

of STS, complemented by DFT. First, the band gap of the polymer was elucidated by 

acquiring dI/d V curves (Figure 5.15a) on top of the voids adjacent to the ethynylene 

bridge (purple line) and on top of the terminal ring of the anthracene moieties (green 

line). STS measurements show two strong resonances at -0.6 eV and +0.9 eV, which are 

tentatively assigned to the valence band (VB) and the conduction band (CB) of the 

polymer, respectively. The orange curve was acquired on top of the Au(111) as a 

reference. Then, we have resolved the onset of the bands by acquiring constant-current 

dI/d V maps at their specific energies (Figure 5.15c). On one hand, mapping of the dI/d V 

signal at -0.6 eV allows us to visualize the onset of the valence band, which displays 
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density of states in between the anthracene moieties, especially at the adjacent voids. On 

the other hand, constant-current dI/d V maps acquired at +0.9 eV reveals the onset of the 

conduction band, located over the peripheries of the anthracene moieties. From these 

values, we obtain an experimental band gap of 1.5 eV. Here, it is worth to highlight the 

versatility of on-ÓÕÒÆÁÃÅ ÓÙÎÔÈÅÓÉÓ ÔÏ×ÁÒÄÓ ÔÈÅ ÆÏÒÍÁÔÉÏÎ ÏÆ ÌÉÎÅÁÒ ʌ-conjugated 

polymers presenting a large variety of band gaps.193,194 

 

Figure 5-15. Experimental and theoretical results of the electronic structure of the anthracene polymer  

a) STS measurements revealing the experimental value of the band gap. The dI/dV curves were acquired at the positions 

depicted in the inset STM image. b) Bulk calculated band structure and projected density of states (PDOS). c) Constant-

current dI/dV maps acquired at the energies of the VB (Vb= -0.6 V) and CB (Vb= 0.9 V). d) Simulated dI/dV maps of the 

freestanding anthracene polymer. 

In order to corroborate our experimental results, we have compared them with  

simulated freestanding polymer using the B3LYP density functional (Figure 5.15b). Such 

calculations reveal the dispersive character of the bands. Though DFT of freestanding 

polymers overestimates the band gap, since screening from the substrate and electronic 
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correlation in the polymer are not included in the calculations,195ɀ197 the simulated LDOS 

maps (Figure 5.15d) of the freestanding polymers match perfectly with the experimental 

constant-current dI/d V maps, confirming our interpretation of the electronic structure.  

 

Figure 5-16. Experimental and theoretical results of the electronic structure at the ends of the anthracene 
polymer  

a) Nc-AFM image (up) and constant-height STM image (bottom) of planar and hydrogenated anthracene polymer 

terminations (Vb = 5 mV). b) Differential conductance dI/dV curves acquired in the position indicated in a, where non-

zero-bias features are observed. c) Chemical scheme of anthracene polymer. The rings filled in blue indicated the Clar 

sextets. d) Calculated PDOS for a finite chain of 15 units. 

Finally, we have paid special attention to the ends of the polymers. The majority of them 

have lost their terminal carbon (from the =CBr2 after full  debromination) and have been 

passivated by residual atomic hydrogen present in the UHV chamber (Figure 5.16a). 

Importantly, the chemical structure of the polymer ends is similar to the one described 

for the bulk of the polymer, being formed by planar aromatic anthracene units connected 

through ethynylene bridges. We have recorded dI/d V spectra at the terminal anthracene 

units of the polymer (Figure 5.16b), which allow to discard the presence of any feature 

close to Fermi level. 

The comparison with the projected density of states of a finite polymer is in agreement 

with the experimental results and confirms the absence of an end state (Figure 5.16d). 
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Such results corroborate that ethynylene-bridged anthracene polymers is a topologically 

trivial insulator, as predicted by tight binding calculations in section 2.2.  

In summary, by exploiting a novel homocoupling reaction based on anthraquinone 

precursors equipped with =CBr2 functional groups, we have synthesized long, flexible 

and semiconducting ethynylene-linked anthracene polymers on Au(111). 

5.4 Cumulene-like bridged pentacene polymers  

The deposition of a submonolayer coverage of 4BrPn and subsequent annealing at 500 K 

on Au(111) leads to the formation of long wires formed by pentacene units. Once again, 

a competition between the ethynylene- and cumulene-like bridges is expected. Figure 

5.17 shows the competition between the Kekulé structure with a migrating Clar sextet 

and the non-Kekulé structure with two migrating Clar sextets. In this case, the non-

Kekulé structure (with open-shell character) with two Clar sextets becomes more 

favorable than in the anthracene case, due to the larger molecular size. The extent of the 

radical character of pentacene monomers is 7 % and increases for larger acenes (n > 

6).162,198,199 It is accepted that the pentacene molecule shows a closed-shell ground state, 

ÈÏ×ÅÖÅÒ ×ÈÅÎ ÐÅÎÔÁÃÅÎÅ ÍÏÌÅÃÕÌÅÓ ÆÏÒÍ ÐÁÒÔ ÏÆ Á ʌ-conjugated polymer, the nature of 

their ground state can be modified. In fact, we will show in the following that this is the 

case for the pentacene polymers described below, whereby a quinoid cumulene-like 

resonance form is observed. 

 

Figure 5-17. Scheme of the resonance form structures of pentacene polymer  

Blue filled rings correspond to the Clar sextets. 
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Nc-AFM images of the pentacene polymers were acquired at several heights, in order to 

elucidate the chemical nature of polymers.  The nc-AFM measurements reveal planar 

polymers formed by intact pentacene units. Figure 5.18 shows nc-AFM images acquired 

for the same pentacene polymer segment increasing sequentially the tip-sample distance 

by 15 pm from one image to another. In contrast to the bright protrusion at the middle of 

the bridge observed in nc-afm images for the previously described anthracene polymers 

(section 5.3), here the bridges connecting the pentacene units are characterized by a 

sharp line  independently from the tip-sample distance , which suggests the formation of 

cumulene-like bridges connecting the pentacene units.200 Interestingly, the formation of 

the cumulene-like bridges is in agreement with the quinoid resonance form of the 

pentacene backbone.  

 

Figure 5-18. Elucidation of the cumulene -like character of t he bridge 

Nc-AFM high-resolution images of three consecutive double bonds (cumulene bridge) connecting pentacene units at 

sequentially 15 pm increasing tip height with a CO-functionalized tip (Vb = 3 mV). 

In order to validate the experimental results obtained by nc-AFM measurements, DFT 

calculations of freestanding anthracene and pentacene polymers were performed. Figure 

5.19a shows the bond length of selected carbon-carbon bonds. Importantly, the middle 

bond in the bridge of the anthracene polymers displays a bond length of 1.21 Å, shorter 

than the middle bond of the bridge of the pentacene case, which is of 1.24 Å. Furthermore, 

the bonds adjacent to the middle one are longer in the anthracene case (1.41 Å), reflecting 

their single character, in contrast to the shorter bonds of the pentacene case (1.36 Å). 

These calculations suggest a debilitation of the ethynylene bridges in the pentacene 

polymer and the increase of the cumulene-like character, as a consequence of the 

predominant quinoid resonance form of the pentacene unit . The variation in the bond 
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order of the bridges is also observed in the DFT calculated charge density distribution, as 

illustrated in Figure 5.19b. Large electron density distributed at a bond indicates its 

larger bond order, as we can see in the anthracene case where the ethynylene bonds are 

perfectly distinguished.201,202 Contrary, an almost uniform charge distribution along the 

cumulene bridge is observed for the pentacene polymer. Altogether, such calculations are 

in agreement with the experimental measurements, where the increase of the cumulene-

like character of the bridge in the pentacene polymer is observed.  

 

Figure 5-19. Bond length analyses and charge density distribution of anthracene and pentacene polymers from 
DFT simulations using hybrid B3LYP functional with periodic boundary condition  

a) Bond lengths obtained from DFT calculations with periodic boundary conditions. b) DFT calculated total charge density 

distributions. 

Next, we have investigated the electronic structure of the polymer, in order to assess the 

impact of the quinoid cumulene-like resonance form and the presence of larger acenes as 

constituent units in their electronic properties. Long chains formed by pentacene units 

connected through cumulene-like bridges are observed in the overview STM image of 

Figure 5.20a. First, we have elucidated the value of the band gap of the polymer by means 

of STS measurements. The dI/d V spectra show two resonances at -150 meV and +200 

meV (as depicted in purple and green, respectively in Figure 5.20b), suggesting a narrow 

band gap of 0.35 eV. The bulk calculated PDOS shows dispersive conduction and valence 

bands (see Figure 5.20c). In addition, dI/d V maps of the freestanding pentacene polymer 

were simulated and compared with the experimental dI/d V maps acquired at the onset 

of the valence and conduction bands (Figure 5.20d-e). We observe how the simulations 

describe perfectly the features of the bands, corroborating our interpretation of the 

results.  
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Figure 5-20. Experimental and theoretical results of the electronic structure of the pentacene polymer  

a) Overview STM image of cumulene-like bridged pentacene polymers on Au(111) (Vb= -0.8 V, It= 100 pA). b) STS 

measurements revealing the experimental value of the bandgap. The dI/dV curves were acquired at the positions depicted 

in the inset STM image. c) Bulk calculated band structure and projected density of states (PDOS). d) Constant-current 

dI/dV maps acquired at the energies of the VB (Vb= -150 mV) and CB (Vb= 200 mV). e) Simulated dI/dV maps of the 

freestanding pentacene polymer. 

Here it is worth to pay attention to the narrow band gap of 0.35 eV obtained from the 

experimental measurements. In order to assess its value, DFT and GW calculations were 

performed. DFT calculations provide a larger band gap, however these calculations 
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neglect the substrate effect and the electronic correlation of the polymer.195ɀ197 

Importantly, GW calculations, which consider the electronic correlation, reveal an even 

narrower band gap of 0.05 eV.203 This result looks strange since GW calculations does not 

include the substrate effect, and hence, we expected a larger value of the band gap than 

the experimental one. Tentatively, we assign this slight mismatch to the non-innocent 

role of the substrate, which increases the quinoid cumulene character of the pentacene 

polymer once adsorbed on the surface, thus displacing it slightly away from the 

topological transition point. As a result, it is expected that the free-standing pentacene 

polymer or simply the same polymer adsorbed on a distinct substrate could behave as a 

quasimetallic polymer.  

As explained in section 2.2, the transition from a trivial to a non-trivial topological phase 

involves the closure of the band gap. The cumulene-like bridged pentacene polymer is 

expected to be a non-trivial topological insulator and to exhibit edge states.34 To assess 

such topological class we have investigated the ends of the chains. First, we have 

confirmed the loss of the terminal C from the =CBr2 functional group and the subsequent 

hydrogen passivation of the polymer ends by nc-AFM images (see Figure 5.21a). Next, we 

have performed STS measurements, which show a zero bias resonance at the polymer 

ends (Figure 5.21d). Tight binding calculations predict an exponential decay of such end 

state. However, our experimental results reveal that the maximum density of the states 

is located at the third unit and then decays towards the interior until it vanishes at the 

8th unit (see Figure 5.21b). This effect is tentatively assigned to some relaxations of the 

polymers at the end, resulting in slight variations of the bond lengths. Figure 5.21c shows 

a TB simulated image of the charge distribution of a finite pentacene polymer of 40 units 

assuming some relaxations of the bond strengths of the bridges at the end of the polymer, 

which matches perfectly with the experimental STM image in Figure 5.21b. Interestingly, 

nc-AFM images acquired at the end of pentacene polymer show the presence of a faint 

protrusion in the middle of the latest bridges, which suggests an increasing ethynylene 

character of the bridge at the very end of the polymer.  
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Figure 5-21. Experimental and theoretical results of the electronic structure at the ends of the pentacene 
polymer  

a) nc-AFM image acquired at the end of a pentacene polymer. b) Its corresponding constant-height STM image (Vb= 5 

mV). c) TB simulated image of the charge density of a finite pentacene polymer with variations of the bond strengths at 

the polymer end. d) Differential conductance dI/dV curves acquired in the position depicted in a), revealing a zero-bias 

feature. e) Calculated PDOS for a finite chain of 15 units confirming presence of an end-state.  

PDOS calculations for a finite pentacene polymer were performed (Figure 5.21e), finding 

the existence of an in-gap feature at the ends. Such an end state corroborates the non-

trivial nature of the polymer and, together with the narrow band gap, its proximity to the 

topological transition.30,204 

Finally, by comparing the experimental dI/d V maps of the anthracene and pentacene 

polymers we found an inversion of the frontier bands, reminiscent of the topological 

band transition between such polymers. This transition, from an aromatic ethynylene-

like to a quinoid cumulene-like form, connects the frontiers bands of such resonance 

forms through a level crossing.137,205 Such a crossover implies a closure of the band gap, 

as well as the transition from a trivial insulator to a topological insulator involves the 

crossing of the metallic phase. Thus, we reveal a fundamental connection between the 

resonance forms and the topological class of the polymer.  
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Figure 5-22. Crossing level mechanism at the K-edge between the anthracene and pentacene polymer 

We rationalized the topological transition of the ethynylene- (aromatic)/cumu lene-like 

ɉÑÕÉÎÏÉÄɊ ÃÈÁÒÁÃÔÅÒ ÉÎ ʌ-conjugated polymers by the level crossing observed in the 

frontier orbitals, where orbitals of different symmetry swap (see Figure 5.22). An 

analysis of the character of such orbitals confirms our hypothesis. On one hand, for the 

anthracene case the highest-occupied wave function at K edge of the Brillouin zone shows 

ʌ-bonding character in the triple bond, enhancing the ethynylene character of the bridge. 

On the other hand, the pentacene polymer stabilizes the wave function with the same 

symmetry as the lowest-unoccupied orbital, which weakens the triple bond. This change 

in the nodal character together with the small energy difference between the two 

resonance forms, allows the tuning of the rÅÓÏÎÁÎÃÅ ÆÏÒÍ ÏÆ ÔÈÅ ʌ-conjugated polymers 

by the strategic design of the precursor.    

Thus, we have demonstrated that polymers formed by acene-based precursors 

connected with each other through ethynylene/cumulene bridges are very interesting 

due to theiÒ ʌ-electron network topology and our capacity to tune it by varying the acene 
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size. Here, we have shown two different cases: the ethynylene-bridged anthracene 

polymers with a dominant aromatic character and the cumulene-bridged pentacene 

polymer with an increasing quinoid character. On one hand, the anthracene polymer 

presents an aromatic bacËÂÏÎÅ ×ÈÅÒÅ ʌ-electrons are mainly confined at the anthracene 

units and at the triple bonds. On the other hand, the pentacene polymer shows a quinoid 

backbone and an increased cumulene bridge character, altogether resulting in a more 

ÄÅÌÏÃÁÌÉÚÁÔÉÏÎ ÏÆ ÔÈÅ ʌ-electrons, which gives rise to a narrower band gap.206 

In summary, we have synthesized cumulene-like bridged pentacene polymers on 

Au(111). Notably, we have shown that by increasing the size of the acene units, the 

energy barrier to promote the transition from an aromatic backbone to a quinoidal one 

becomes smaller in larger acene-based polymers. In the case of pentacene it becomes 

small enough to promote a dominant quinoidal resonance form, modifying completely 

the electronic structure of the polymer, as compared to the anthracene polymer 

counterpart. Furthermore, we have shown that the stabilization of such resonance 

structure implies the level crossing of the frontier orbitals when compared to the 

anthracene polymer through a metallic phase. Such a crossover, results in the 

transformation of the polymer into a topological insulator, which features in-gap end 

states. Thus, we stablish a direÃÔ ÃÏÎÎÅÃÔÉÏÎ ÂÅÔ×ÅÅÎ ÔÈÅ ʌ-conjugation form of the 

polymer and its topological nature, which can be tunable by tailoring the size of the 

monomer.  

5.5 Cumulene-like bridged bisanthene polymers  

We have extended the synthetic route previously described to the periacene family and, 

in addition, we have proven the topological predictions from TB calculations for such 

family. Bisanthene polymers were synthesized by depositing a submonolayer coverage 

of 2(2BrAn) on Au(111) and subsequent annealing at 500 K in order to induce the 

dehalogenation, homocoupling and cyclodehydrogenation of the precursors. The 

reaction takes place successfully, obtaining high quality polymers similar to the case of 

the family of acene polymers. Here, we have also investigated the competition between 

ethynylene/aromatic and cumulene-like/quinoidal forms for polymers formed by 

repeating units of periacenes.  
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Figure 5-23. Scheme of the resonant form structures of the bisanthene polymer 

Blue filled rings correspond to the Clar sextets. 

Figure 5.23 shows for the bisanthene case two extreme resonance forms: the 

ethynylene/aromatic one featuring 2 migrating Clar sextets versus the cumulene/quinoid 

one with 4 Clar sextets. As we can see, more number of Clar sextets are formed in the 

cumulene/quinoid form, therefore it is expected a lower threshold that favors the 

stabilization of such form.162 The competition between these two resonance forms 

resulting in a cumulene/quinoid character for the bisanthene polymer is described 

below.  

Once more, we have elucidated the nature of the bridges and the polymer backbone by 

means of nc-AFM. Figure 5.24a shows several nc-AFM images at step heights of 15 pm of 

a couple of bisanthene units, which belong to a longer polymer (see Figure 5.24b). These 

images reveal the linear linkage connecting the bisanthene monomers, where the bridge 

appears as a sharp line with homogeneous contrast despite the tip-sample distance.200 A 

slight enhancement in the contrast at the middle of the bridge is observed at the 

maximum tip-sample distance recorded (right image of Figure 5.24a), revealing a very 

small triple bond contribution. We tentatively assign the nature of the bond to an 

intermediate character between ethynylene and cumulene with major contribution of 

the cumulene form.137 DFT calculations of the optimized freestanding bisanthene 

polymer reveal that the increasing length of the central bond of the bridge favours the 
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