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Abstract 
 
In this ever-changing world, where the global crisis seems to be shackled, but the request 
for advances in technology increases every day, it is mandatory to find new strategies to 
develop new optoelectronic materials that require low-cost synthesis and can satisfy 
such necessities. Precisely, due to their scientific and technological properties, as well as 
envisioned potential to solve societal challenges, organic nanomaterials have captivated 
the attention of the scientific community. 
 
However, the advance in the synthesis of disrupting organic nanomaterials is often 
hampered by concomitant limitations in wet chemistry. Recently, the emergence of on-
surface synthesis has allowed the capabilities to engineer on surfaces unique 
nanoarchitectures with great potential in optoelectronics, nanomagnetism and quantum 
information. In addition, the inherent capabilities of surface science techniques have 
allowed the inspection of the structural, electronic, magnetic and optical properties of 
such materials with unprecedented spatial resolution, thus conquering the ultimate 
resolution scale.  
 
Particularly relevant are one-dimensional and two-dimensional nanomaterials 
exploiting π-conjugation, which have allowed to increase the electrical conductivity of 
organic matter by orders of magnitude, while envisioning prospects for expression 
complex quantum phases of matter.   
 
In this thesis, polymeric nanomaterials embedding π-conjugated backbones have been 
synthesized on coinage metals, and their properties characterized with scanning probe 
microscopies and X-ray photoelectron spectroscopies.  
 
Firstly, one-dimensional π-conjugated polymers based on prochiral indenofluorene 
monomers have been grown on three different substrates, Au(111), Ag(111) and 
Ag(100), and the capability to induce homochiral segments by the selection of the 
substrate has been assessed, revealing a tendency to increase such segments by moving 
from Au(111) to Ag(111) and from Ag(111) to Ag(100).  
 
Secondly, two-dimensional Co-directed metal-organic networks, employing π-
conjugated linkers functionalized with hydroxyl groups to steer coordinative schemes 
upon proper deprotonation, have been designed on Au(111). On one hand, a Co-HOTP 
network was engineered including the feasibility to design antiferromagnetic organic 
nanomaterials with very narrow bandgap, while preserving a large unquenched orbital 
magnetic moment. On the other hand, an additional antiferromagnetic Co-HOB network 
was designed, affording a very narrow bandgap nanomaterial. Even though both species 
were equipped with the same functional group and, in principle, they could have given 
rise to the same architecture, each of them is unique and reveal the role of both the 
coordinative schemes and the adsorbate-substrate interactions.  
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Thirdly and last, our research concludes with the study of the supramolecular assemblies 
on Au(111). These have been achieved by exploiting two novel molecular species 
equipped with terminal carbonitrile functional groups. An unprecedented molecular 
acceptor based on a tetracyano quinoidal thiophene and tetracyano quinoidal 
bithiophene moieties was reported, revealing a change in the orientation of its dipole 
upon surface adsorption, due to a change in the molecular conformation. Unfortunately, 
due to its three-dimensional molecular shape, the linker did not display any coordinative 
capability towards cobalt. Next, we move to study the Co-DCAAQ metal-organic network 
designed on Au(111). Herein, thanks to the flexibility of the ligands, a unique self-
assembly is found, based on two-fold Co coordinated rows, linked together by Van der 
Waals interactions through individual ligands, altogether affording a two-dimensional 
architecture. The inspection of the electronic structure is ongoing, but preliminary 
experimental results, confirmed by theory, reveal the synthesis of a metallic 
nanoarchitecture, the first of its kind.  

Altogether, this thesis contributes to the development of the synthesis of unique 

materials exploiting π-conjugation backbones and anticipates fascinating research lines 

for tailoring unprecedented physical properties on nanomaterials.  
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Resumen 

En este mundo en constante cambio, donde las crisis globales parecen encadenarse, pero 
la demanda de avances en tecnología aumenta cada día más, es de obligatoriedad 
encontrar nuevas estrategias para desarrollar nuevos materiales optoelectrónicos, que 
demanden bajo coste de síntesis y satisfagan esas necesidades. Precisamente, debido a 
sus propiedades científicas y tecnológicas, además de su potencial previsto para resolver 
los desafíos de la sociedad, los nanomateriales orgánicos han cautivado la atención de la 
comunidad científica. 
 
Sin embargo, el avance en la síntesis de estos materiales se ve a menudo obstaculizado 
por las limitaciones concomitantes de la química en disolución. Recientemente, la 
aparición de técnicas de síntesis en superficie nos ha capacitado para diseñar 
nanoarquitecturas únicas con gran potencial en optoelectrónica, nanomagnetismo e 
información cuántica. Además, la inherente capacidad de las técnicas de caracterización 
en superficie ha permitido la inspección de las propiedades estructurales, electrónicas, 
magnéticas y ópticas de tales materiales con una resolución espacial sin precedentes, 
conquistando así la última escala de resolución. 
 
Son particularmente significativos los nanomateriales unidimensionales y 
bidimensionales basados en la conjugación π, la cual ha permitido incrementar la 
conductividad eléctrica de materiales orgánicos por órdenes de magnitud, a la vez que ya 
se tienen perspectivas de visualizar en estos sistemas la expresión de fases cuánticas 
complejas de la materia. 
 
En esta tesis, se han sintetizado nanomateriales poliméricos que incorporan bases π-
conjugadas sobre metales de acuñación, y sus propiedades han sido caracterizadas con 
microscopia de sonda de barrido y espectroscopía fotoelectrónica de rayos X. 
 
En primer lugar, se crecieron polímeros unidimensionales π-conjugados basados en 
monómeros de indenofluoreno proquirales sobre diferentes substratos (Au(111), 
Ag(111) y Ag(100)) y se evaluó la capacidad de inducir homoquiralidad en los segmentos 
mediante la selección del substrato, revelando una tendencia a aumentar tales segmentos 
al movernos entre Au(111) y Ag(111) y entre Ag(111) y Ag(100). 
 
En segundo lugar, se diseñaron sobre Au(111) redes metalorgánicas bidimensionales 
utilizando cobalto como nodo metálico y moléculas enlazantes π-conjugadas 
funcionalizadas con grupos hidroxilos, para dirigir esquemas de coordinación tras su 
respectiva deprotonación. Por un lado, se diseñó la red Co-HOTP, introduciendo la 
viabilidad de diseñar nanomateriales orgánicos antiferromagnéticos que muestran una 
banda prohibida muy estrecha, preservando al mismo tiempo un momento orbital 
grande. Por otro lado, se diseñó una red adicional antiferromagnética, la Co-HOB, 
proporcionando también un nanomaterial con una banda prohibida muy estrecha. A 
pesar de que ambas especies estaban equipadas con el mismo grupo funcional y, en 
principio, podrían haber dado lugar a la misma arquitectura, cada una de ellas es única, 



iv 

 

revelando el rol que juegan tanto los esquemas de coordinación como las interacciones 
entre adsorbato y substrato. 
 
En tercer y último lugar, nuestra investigación concluye con el estudio de los ensamblajes 
supramoleculares sobre Au(111), logrados mediante la utilización de dos nuevas 
especies moleculares equipadas con grupos funcionales carbonitrilo. 
En primer lugar, se reportó un aceptor molecular sin precedentes basado en la unión de 
una molécula de tetraciano quinoidal tiofeno y una molécula de tetraciano quinoidal 
bitiofeno, revelando un cambio en la orientación de su dipolo al adsorberse, debido al 
cambio producido en la conformación de la molécula. Desafortunadamente, debido a la 
forma tridimensional de la molécula, esta no mostró ninguna capacidad coordinativa con 
el cobalto. Después, seguimos con el estudio de la red metalorgánica de Co-DCAAQ sobre 
Au(111). Aquí, gracias a la flexibilidad de los ligandos, se encontró un autoensamblaje 
único, basado en filas moleculares, donde el cobalto se coordina a dos moléculas, unidas 
entre sí por interacciones de Van der Waals, a través de ligandos individuales, lo que le 
proporciona una arquitectura bidimensional. El estudio de la estructura electrónica está 
en curso, pero los resultados preliminares de los experimentos, confirmados por la 
teoría, revelan la síntesis de una arquitectura metálica, la primera de su tipo. 
 
En conjunto, esta tesis contribuye al desarrollo de la síntesis de materiales únicos 
utilizando moléculas con bases que muestran conjugación π y anticipa vías fascinantes 
para adaptar estas propiedades físicas sin precedentes a los nanomateriales. 
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1. Introduction 
 

1.1 Nanotechnology 
 
Nanotechnology refers to the possibility of manipulating matter close to the atomic scale 
(from 1 to 100 nanometres), with the aim to produce new materials and devices with 
unprecedented properties 1,2 for application in industrial and technological processes, 
such as energy storage3, chemical sensors4, drug delivery5, and quantum computing6, 
among many others. The main difference between “regular” technology and 
“nanotechnology” lies in the size. At the nanoscale, the quantum mechanical effects gain 
relevance, opening a vast range of new and special properties of matter. 
 
The concept behind the term “nanotechnology” was first discussed in the American 
Physical Society meeting in 1959. In the well-known talk “There’s plenty of room at the 
bottom”7, the physicist Richard Feynman described the possibility to manipulate matter 
directly atom by atom. But this term was not used until 1974, when Norio Taniguchi 
named the phenomenon described by Feynman as “nanotechnology”. However, the 
discovery that propelled this new field was the invention of the first scanning tunnelling 
microscope in 19818. The microscope was developed by Gerd Binnig and Heinrich Rohrer 
at IBM, who received the Nobel Prize in physics for their discovery in 1986. That very 
same year, the closely related atomic force microscope was invented by Binnig, Gerber 
and Quate9. 
 
In recent years, nanotechnology has become popular due to the urgent demand of new 
materials that improve the present technology and, at the same time, with low cost of 
fabrication and efficient use of raw materials. As it is possible to observe in Figure 1-1, 
the number of publications related to this field increased almost exponentially up to 
2012, and then kept a good record of publishing, revealing the maturity of the concept. 
Around half of these publications are related to the fields of materials science, 
engineering and physics, which highlights the social necessity to invest in the creation of 
new materials which contribute to solve societal challenges (Figure 1-2). 
 
One of the main actors in the development of the field of nanotechnology has been 
scanning probe microscopy, which allows to explore with unprecedented spatial 
resolution the nano-world. The scanning tunnelling microscope is based on the quantum 
tunnelling effect, which consists in the non-zero probability of finding a particle crossing 
through a potential barrier even if the total energy of the particle is smaller than the 
barrier energy, in particular, the feasibility of establishing a tunnelling current between 
a tip/vacuum/sample junction. In the case of the non-contact atomic force microscopy, 
the probe is measuring the forces that appear between the tip and the sample during 
scanning. For organic molecules on a surface, the combination of these two techniques 
can provide information about the molecular self-assembly, the interactions or chemical 
reactions between them, their electronic and magnetic properties, and can even allow to 
modify the sample at the atomic scale. 
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The possibility to study the matter at the nanoscale supposes a giant step in the 
comprehension of the quantum phenomena observed in nanomaterials, which allows the 
scientific world to understand better this scale of matter.  

 
Figure 1-1. Number of papers published related to nanotechnology from 1989 to 2022. The total amount of 
results is 27.034. Data extracted from Scopus. 
 

 
Figure 1-2 Distribution of the publications about nanotechnology in different subjects. The total amount of 
results is 27.034. Data from 1989 to 2022, extracted from Scopus. 
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1.2 Π-Conjugated systems 
 
In organic chemistry there is a phenomenon called π-conjugation, which consists in the 
overlap of two adjacent π-orbitals of a molecule. When this overlap is continuous, the 
electrons are delocalized across the overlapped π-orbitals, lowering the molecular 
energy and increasing the stability10. In order for a molecule to present π-conjugation, 
each adjacent atom in the system must have an available π-orbital. The seminal example 
is 1,3-butadiene, in which simple and double bonds are alternated. (Figure 1-3). 
 
To better understand this phenomenon, it is useful to use the molecular orbital theory11 
to depict the orbital distribution in a π-conjugated system. This is a helpful tool from 
quantum mechanics theory to represent graphically the wave functions of the individual 
atoms forming the molecule and the interactions between their electronic structures. The 
combination of the atomic orbitals can give bonding or antibonding orbitals, depending 
on whether the interference of the electrons is constructive or destructive. If the 
interference is constructive, the electron has a high interaction between both nuclei and 
the energy of the molecule decreases. In contrast, when the interference is destructive, 
electrons are excluded from the internuclear region and they are forced to be in a location 
less favorable in energy, increasing the total energy of the molecule. These differences in 
energy can be depicted in what is called energy diagram of the molecular orbitals. In this 
diagram is it possible to understand in an easy way the differences in energy between the 
bonding and antibonding orbitals and how the electrons are distributed in them. 
 
Using as an example the 1,3-butadiene specie, which contains four 2p atomic orbitals, 
there are four different combinations of these orbitals. In this case, the conjugation will 
give two bonding orbitals and two antibonding orbitals. As the bonding orbitals will have 
only constructive interactions, their energy will be lower than the previous energy of the 
π-orbital. In contrast, the antibonding orbitals will have no constructive interactions, 
which confers a higher energy in comparison to the energy of a π-orbital. Following the 
Aufbau principle, electrons will be located in the lowest available energy levels, which in 
this case corresponds to the bonding orbitals. The Pauli exclusion principle limits to two 
the number of electrons in the same orbital, which in this case means that only the 
bonding orbitals will be filled, lowering the total energy of the molecule. As a 
consequence of this electronic distribution, this configuration confers to the simple bond 
between C2 and C3 properties related to the double bond, as a shorter distance and the 
impossibility to rotate. This new behavior of the single bond between C2 and C3 on this 
molecule is a consequence of the π-conjugation. 
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Figure 1-3. Molecular orbital representation for a 1,3-butandiene molecule. 

 
A special case of π-conjugation is the so-called aromaticity, which is the characteristic of 
cyclic compounds that present an unusual stability thanks to this electronic configuration 

12. In order for a molecule to be aromatic, it has to fulfil four conditions: 
• The molecule must be cyclic 
• Every atom of the ring must be conjugated 
• Molecule must be flat 
• It has to contain [4n+2]π electrons, where n can be any integer 

 
Aromaticity gives special magnetic and spectroscopic properties due to their electronic 
configuration. In the case of the magnetism, they present a large magnetic anisotropy and 
diamagnetic behaviour12–14. 
 
A well-known example of aromaticity is the benzene ring (Figure 1-4), which was 
discovered by Michael Faraday in 182515. This molecule is presented as a flat cyclic 
molecule with 6 π-electrons (fulfilling the last condition [4x1+2]). The delocalization of 
the electrons makes the length of the single and double bonds of the molecule equal (1.39 
Å), instead of 1.47 Å for the single bond and 1.34 Å for the double bond. 
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Figure 1-4. Different molecular representation of the benzene ring. a) Kekulé structure (Resonance forms). b) 
Representation of the π-orbitals. 

 
With the idea of discovering large π-conjugated systems presenting interesting electronic 
and magnetic behaviour, synthesis of conductive polymers and metal-organic systems 
started to grow in popularity in the last decades.  
 
On one hand, in the decade of the 70s, some publications related to the discovery of 
conductive π-conjugated polymers caught the eyes of the scientific community in this 
phenomenon16,17. Polymers are large molecules which are composed of repeating 
monomers. For many years, they were considered intrinsically insulators, but it was 
demonstrated that some conjugated polymers can present electrical and optical 
properties similar to an inorganic semiconductor. These is due to the delocalization of 
the electrons of the π-bonds, which acts as a generator of charge carriers, being the 
responsible of the conductivity in these materials18. Conductive polymers have 
demonstrated a great electronic, optical and magnetic properties, enhanced with the use 
of n and p dopants 19–21. Up to date, conductive polymers have been widely studied and 
applied in many fields as optoelectronic devices and solar cells22, memories23, catalysis24, 
among others. 
 
In the case of metal-organic systems, the overlap of the π orbitals of the conjugated 
molecules and the d orbitals of the metal, facilitates the charge delocalization, showing in 
some cases high electrical conductivity. The conductivity of these porous materials can 
be tuned by changing the building blocks that conforms these systems: the metal nodes 
and the functional groups of the conjugated linkers25,26. This ease of changing its 
electrical properties can become a new powerful avenue to explore in the field of the 
creation of new nanodevices. Conductive metal-organic frameworks have been used in 
fields as diverse as energy storage27, sensors28, light emission29, catalysis30 and so on31. 
Furthermore, these materials show new quantum properties that can be applied in 
electronic, magnetic and spintronic devices 32,33. 
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In this thesis, we focus on the on-surface synthesis of novel one-atom thick nanomaterials 
presenting π-conjugation, both polymers and MOFs, taking advantage of the capabilities 
of growing our nanomaterials in ultra-high vacuum and on a solid surface. Within this 
field, one of the goals is the creation of π-conjugated systems which present conductivity 
and magnetic properties and also to explore new complex phases of condensed matter, 
with the aim to implement in the near future this new knowledge in optolectronic, 
magnetic and quantum information devices. In this work, we aim to show some systems 
which we envision could be used for those purposes, showing interesting potential for 
future scientific and industrial research.  

 

1.3 Outline of the thesis 
 

This thesis is organized as follows: 
 
In chapter 2 the theoretical background of the different experimental techniques used 
during the thesis is explained. The basic principles on which these techniques are based 
and the procedure to analyze the obtained data are described. Also, a brief introduction 
to the techniques used at the ALBA Synchrotron is given. 
 
In chapter 3 the new nc-AFM/STM system located at IMDEA is described in detail. The 
inherent instrumentation that complements the system and the procedures to clean and 
prepare the samples in an ultra-high vacuum system are described. At the end of the 
chapter, the set-up used for the experiments at ALBA synchrotron is briefly explained. 
 
Chapter 4 presents the synthesis and characterization of a new π-conjugated polymer 
based on prochiral [1,2-b]indenofluorene molecules as monomers. The polymer is grown 
on three different surfaces and it is observed a tendency to promote homochiral 
segments on Ag(111) and Ag(100), while on Au(111) polymers tend to grow as racemic. 
The resonance form of the polymer is assessed with the nc-AFM technique, revealing a 
cumulene-like bridge between polymers. Finally, STS confirms the closed-shell 
configuration of the polymer and the absence of edge-states. 
  
Chapter 5 introduces the study of metal-organic systems based on the coordination of 
cobalt, a transition metal of the d-group, with specific organic linkers, recently used in 
the field of conductive metal-organic networks. In this chapter the self-assembly and the 
synthesis of two metal-organic networks using two molecules equipped with hydroxyl 
groups, H6HOTP and H6HOB, are reported.  
 
In the first case, H6HOTP molecules are deposited on Au(111), showing two different 
phases.  Upon cobalt deposition, a metal-organic system is formed. The structure is 
studied by nc-AFM, showing a system with a central six-fold coordinated molecule, 
surrounded by six four-fold coordinated species. The Co atoms are 3-fold coordinated. In 
addition, magnetic properties are characterized using XAS, XMCD and XLD, which 
altogether confirm the theoretically predicted antiferromagnetic character, and, 
surprisingly, reveal a large unquenched orbital moment never encountered for metal-
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organic architectures, thus introducing novel pathways to engineer robust 
antiferromagnetic nanomaterials.  
 
In the second part of chapter 5, H6HOB molecules are also sublimated on Au(111), 
revealing a self-assembly conformation similar to the one observed when cobalt atoms 
are deposited. However, STM images using low voltage and differences in the desorption 
temperature corroborate the formation of a metal-organic hexagonal lattice. The 
characterization of magnetic properties also reveals an antiferromagnetic ground state.  
Using STS it was possible to observe that both Co-HOTP and Co-BOH systems are 
semiconductors featuring a very narrow bandgap.  
 
In chapter 6 two supramolecular architectures based on cyano groups are introduced. 
First, we present the self-assembly on Au(111) of a new acceptor species (OCNQ), which 
is based on a tetracyano quinoidal thiophene and a tetracyano quinoidal bithiophene 
moieties cores disposed in an antiparallel fashion. Both individual OCNQ species and self-
assembled islands driven by intermolecular interactions are studied. Importantly, 
theoretical calculations compared to experimental results show a twisted molecular 
conformation in vacuum, versus a folded conformation upon adsorption. Such changes in 
the conformation affect directly to the electrical dipole moment, changing from an in-
plane orientation when the molecule is in twisted conformation to out-of-plane when the 
molecule features a folded conformation on the surface.  
 
Second, we introduce the on-surface synthesis of a new 1D metal-organic system based 
on an anthracene core equipped with two cyanamide groups (DCAAQ species). First, the 
self-assembly of DCAAQ on Au(111) reveals three different molecular architectures, 
depending on the conformer. With the increase in temperature, it was shown the 
feasibility to control these conformations by thermal reactions, being the syn-
conformation more stable at higher temperatures. After cobalt dosage, the anti-
conformation becomes predominant, being stabilized by the metal-organic interaction. 
STM and nc-AFM images reveal a 2D system with a square lattice where 1D metal-organic 
rows are linked by Van der Waals interactions thanks to additional interstitial linkers. 
DFT calculations reveal a band crossing the Fermi level, but spectroscopy experiments 
are still ongoing to ratify the metallic nature of the supramolecular architecture.   
 
Finally, chapters 7 and 8 summarize the main conclusions of the thesis and the future 
perspectives, in English and Spanish, respectively. 
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2. Theoretical fundaments of 

surface science techniques 
 

In this chapter we will review the surface science techniques used to study the systems 
object of this thesis. First, the basis of scanning tunnelling microscopy (STM) will be 
described. Two different STM techniques were used: topographic imaging and scanning 
tunnelling spectroscopy (STS).  Second, atomic force microscopy (AFM) will be 
introduced, emphasizing the non-contact atomic force microscopy mode (nc-AFM). 
Finally, X-ray absorption spectroscopy (XAS), X-ray magnetic circular (XMCD) and linear 
dichroism (XLD), the techniques used in the synchrotron experiments, will be briefly 
discussed. 
 

2.1 Scanning Probe Microscopy 
 

As it was introduced in the first chapter of this thesis, in 1959, at the Annual meeting of 
the American Physical Society, Richard Feynman ventured to say, during his famous talk 
entitled There’s plenty of room at the bottom7, that we were close to be able to study and 
manipulate materials at atomic scale. But it was not until 1981 when G. Binnig and H. 
Rohrer showed to the scientific society their first experiments with a scanning tunnelling 
microscope8. Five years later, Binnig, Gerber and Quate invented the atomic force 
microscope9, another SPM technique that solves the limitations of STM, that only works 
with conductor and semiconductor samples.  Since then, the family of scanning probe 
microscopes has made a great contribution to the study of matter at the nanometre scale, 
providing not only topographic images of the sample, but allowing access to other 
important physico-chemical properties, which can be measured at the ultimate spatial 
scale.  
 
The scanning probe microscopy technique is based on measuring a physical magnitude 
between a probe and a sample: current, in STM, and force, in nc-AFM. All scanning probe 
microscopes share the same fundamental working principles and contain the same 
elements: a probe (the tip), a feedback loop system, a piezoelectric scanner and a 
computer with a data acquisition program (Figure 2-1). The piezoelectric scanner moves 
the tip with atomic precision in the X, Y and Z directions, while the feedback loop system 
controls the vertical movement of the tip, maintaining the gap between tip and sample 
constant, or moving the tip to let one parameter constant, depending on the mode of 
operation selected. The movements of the tip are recorded by a computer34. Measuring 
different interactions between the probe and the sample, it is possible to represent a 
graphical image of properties such as topographic structure, local density of states, 
elasticity, capacitance or adhesion35. Depending on the probe and the shape of its apex, 
the resolution can change, being better with tips that end in only one atom. Due to the 
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possibility to use it in different environments, SPM is applied in diverse fields such as 
surface physics, electrochemistry, biochemistry, biology, or material science.36,37 
 
The on-surface designed nanomaterials developed during this thesis have been 
characterized by means of scanning tunnelling microscopy, scanning tunnelling 
spectroscopy and non-contact atomic force microscopy, which are described below. 

 

Figure 2-1. Scheme of the main components of a SPM. 1) Sample; 2) Probe; 3) Piezoelectric system; 4) Electronics; 
5) Analysis computer. 

 

2.1.1 Operation mode 

 
Since the distance between tip and sample can be controlled with picometric precision 
due to the piezoelectric system, two operation modes can be applied, depending on which 
parameters remain constant and which ones are allowed to change. 
 
In constant-interaction mode, the tip moves along the X and Y axis, keeping one chosen 
physical interaction constant (Figure 2-2a). The feedback loop controls the probe 
movement and response, adjusting the distance of the tip at each spot according to the 
selected interaction. In STM, constant-current mode maintains the current tunnel and the 
bias voltage constant adjusting the distance between the tip and the sample. The voltage 
applied to move the piezoelectric system is recorded and easily converted to a 
topographic image of the surface. However, it is important to consider that the 
interaction comes not only from the topography, but from the convolution of this one 
with the electronic structure. This is the mode most commonly used, since the feedback 
loop provides a protection mechanism for the tip, preventing it from crashing with the 
surface of the sample. 
 
In constant height mode, the vertical position of the tip is kept constant (Figure 2-2b). 
The resulting variation of a specific interaction (tunnel current, frequency shift, 
oscillation amplitude…) between the tip and the sample along the X and Y axis is 
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recorded. In STM, constant height mode is used to acquire the variation of the tunneling 
current along the surface, It(x). This mode is only used to scan small and flat regions to 
prevent the risk of crashing the tip.  
 
To define the resolution of the images, the number of lines and points per line are 
established by Δx and Δy, giving rise to the number of pixels per image34. 
 

 

Figure 2-2. STM modes of operation. Sketch illustrating the movement of the tip in Z axis and the variation of the 
tunnel current in a) constant current mode and b) constant height mode. 

 

2.1.2 Atom manipulation 

 
Scanning probe microscopy not only allows us to study the nanomaterial, but also to 
produce atomic changes of the distribution of the atoms and molecules. Interactions 
between tip and sample, as atomic forces, electric field and tunnelling current, can 
disturb the studied surface. In a controlled way, it is possible to use these interactions to 
manipulate the sample or functionalize the apex of the tip.  
 
There are two modes to manipulate the sample at the atomic scale: Lateral manipulation 
and vertical manipulation. 
 
In the lateral manipulation mode, target atoms or molecules are displaced horizontally 
on the surface (Figure 2-3). To carry out such process, first the tip is located over the 
target. Then, parameters are changed to a perturbative condition in order to approach 
the tip towards the surface and to induce an interaction. Then the tip is moved following 
a desired path, displacing the target atom or molecule, and finally the conditions are 
changed to a normal scanning setting. If the conditions applied are the required ones, the 
target will move to the chosen place. It can be done by three different interactions, 
depending on if the forces are attractive (pulling), repulsive (pushing) or a temporary 
weak bond is formed between tip and sample, moving both together (sliding). 
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Figure 2-3. Lateral manipulation processes. 1. Tip is approached to the target atom/molecule; 2. Perturbative 
conditions are applied to the tip; 3. Target is moved via pulling mode, sliding mode or pushing mode (b); 4. Normal 
scanning conditions are settled again. 

In vertical manipulation mode, it is possible to pick up and drop molecules with the tip, 
changing the scanning parameters to modify the tip-sample distance and the electric field 
between the tip and the target (Figure 2-4). This method can be used to functionalize the 
apex of the tip with molecules, CO for example, to obtain submolecular resolution. 
 

 

Figure 2-4. Vertical manipulation process. a) Scanning parameters are modified to approach the tip to the target; 
b) Atom/molecule is picked up with the tip; c) Atom/molecule is dropped. 
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2.1.3 Scanning Tunnelling Microscopy (STM) 

 
Scanning tunnelling microscopy is a scanning probe microscopy technique based on the 
quantum mechanical phenomenon called tunnelling effect. In classical mechanics, a 
particle cannot penetrate a potential energy barrier with a height greater than its kinetic 
energy. However, classical mechanics can be applied only to macroscopical objects. In 
nanoscale, particles obey the laws of quantum mechanics, where, due to the wave-
particle duality, the probability to travel across the potential energy barrier is not zero, 
and the particle can “tunnel” to the other side. 

 
Figure 2-5. Cartoon drawn by B. Bleaney in 1984, illustrating the tunnel effect with a macroscopical situation.  
On top, a scenario ruled by classical mechanics: the lion (particle) cannot penetrate the wall (potential energy). On the 
bottom, the same scenario ruled by quantum mechanics: there is a probability that the lion “tunnels” through the wall 
to attack the man38. 

The wavefunction of the particle can be described with the Schrödinger equation: 
 

𝑖ℏ
𝜕

𝜕𝑡
𝜓(𝑡) = Η𝜓(𝑡) (2.1) 

 
where Η is the Hamiltonian, ℏ is the Planck constant and 𝜓 the wave function. Doing some 
mathematics, it is possible to find a time independent Schrödinger expression for a free 
particle: 
 

−
ℏ2

2𝑚

𝜕2𝜓(𝑥)

𝜕𝑥2
+ 𝑈(𝑥)𝜓(𝑥) = 𝐸𝜓(𝑥) 

 
(2.2) 

where 𝑚 is the mass and 𝐸 the energy of the particle. In the case of a particle with a linear 
movement in 𝑥, this equation has two solutions for 𝜓(𝑥) depending on the energy regime: 
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𝜓(𝑥) {
𝜓(0)𝑒

√2𝑚(𝐸−𝑈)
ℏ

𝑥
= 𝜓(0)𝑒𝑖𝑘𝑥           𝑖𝑓 𝐸 > 𝑈

𝜓(0)𝑒−
√2𝑚(𝑈−𝐸)

ℏ
𝑥 = 𝜓(0)𝑒−𝑘𝑥       𝑖𝑓 𝐸 < 𝑈

 

 

(2.3) 

where 𝑘 =
√2𝑚(𝐸−𝑈)

ℏ
 if E>U and 𝑘 =

√2𝑚(𝑈−𝐸)

ℏ
  when E<U is satisfied and there is a 

probability to find the particle in the forbidden region. From these two expressions we 
can deduce that, if the potential barrier has a finite and short length, it is possible to find 
the particle at the other side of the barrier. Such phenomenon is the so called “tunnelling 
effect” and it is depicted in Fig. 2-6. 
 

 
Figure 2-6. Schematic explanation of the quantum tunnel effect.  a) The particle is defined as a wave function, 
moving to positive X. The thickness of the barrier is big enough to make the wave function decrease until fading. b) The 
barrier is thin enough to preserve part of the wave function across it. 

STM relies on a metallic tip and a conductive sample working both as electrodes. The 
vacuum atmosphere between the two electrodes represents the short barrier in the 
previous scheme (Fig. 2-6b). When the tip is approached to the sample up to a distance 
of a few angstroms and a bias voltage is applied between the tip and the sample, then a 
net current, the tunnelling current, is induced.  
 
The tunnelling effect is schematically illustrated in the energy diagrams of Figure 2-7. In 
the absence of a bias voltage, the Fermi levels of sample and tip are at the same energy 
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and the net current is zero. When a negative bias voltage is applied to the sample, its 
energy level shifts upwards and a tunnelling current is established from the sample to 
the unoccupied states of the tip. The opposite situation takes place when a positive bias 
voltage is applied to the sample and the electrons from the tip tunnel to the unoccupied 
states of the sample. 
 

 
Figure 2-7. Tunnelling current at the tip-sample junction for different bias voltages. a) If no bias voltage is 
applied, the Fermi levels from tip and sample are aligned and no tunnelling current is detected; b) When a negative 
bias voltage is applied to the sample, electrons tunnel to the unoccupied states from the tip, generating a net current; 
c) When a positive bias voltage is applied to the sample, a tunnelling current is established from the tip to the sample. 

In 196139, before the discovery of the scanning tunnelling microscopy, the two times 
Nobel Prize awarded John Bardeen published a model to calculate the tunnelling current 
through an insulator barrier between two electrodes, with the following assumptions 
must40: 

1. Tip and sample states have to be orthogonal 
2. Electron-electron interactions are weak enough to be ignored 
3. Tip and sample occupation probabilities are independent between them and are 

not perturbed despite the tunnelling 
4. The tip-sample junction is in electrochemical equilibrium  

 
Under such circumstances, the equation that describes the tunnelling current by first-
order perturbation theory can be expressed as: 
 

𝐼𝑡 = (
2𝜋𝑒

ℏ
) ∑ 𝑓(𝐸𝜇)[1 − 𝑓(𝐸𝑣 + 𝑉𝑏)] × |𝑀𝜇𝑣|

2
𝛿(𝐸𝜇 − 𝐸𝑣)

𝜇𝑣

 
(2.4) 

 
where 𝑓(𝐸) is the Fermi function, 𝑉𝑏 is the applied voltage and 𝑀𝜇𝑣 is the tunnelling 

matrix element between tip and sample states. Within Bardeen´s approximations, it is 
possible to calculate 𝑀𝜇𝑣 as: 
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𝑀𝜇𝑣 = − (
ℏ2

2𝑚
) ∫ 𝑑𝑆 · (𝜓𝜇

∗ ∇𝜓𝑣 − 𝜓𝑣∇𝜓𝜇
∗ ), (2.5) 

 
where the integral is calculated over the region within the barrier formed between the 
electrodes. 
In 1983, J. Tersoff and D. R. Hamann presented an approximation to calculate the 
tunnelling current at the tip-sample junction based on the Bardeen´s model41. In a STM 
system, where we can assume a small bias voltage and a low temperature, the expression 
to calculate the tunnel current can be written as: 
 

𝐼𝑡 = (
2𝜋

ℏ
) 𝑒2𝑉𝑏 ∑ |𝑀𝜇𝑣|

2
𝛿(𝐸𝑣 − 𝐸𝐹)𝛿(𝐸𝜇 − 𝐸𝐹)𝜇𝑣 , (2.6) 

 
where 𝐸𝐹 is the Fermi level. To estimate the value of 𝑀𝜇𝑣 we can assume that, due to the 

fact that one of the electrodes is a metallic tip, it is possible to model it as an s orbital with 
a radius r0 associated. Then, 𝑀𝜇𝑣 (from now on 𝑀𝑡𝑠) becomes proportional to the wave 

function of the sample at a distance r0: 
 

𝑀𝑡𝑠 ∝ 𝜓𝑡(𝑟𝑜) (2.7) 

 
And the tunnelling current can be expressed as: 
 

𝐼𝑡 ∝ 𝑉𝑏 ∑ |𝜓𝑠(𝑟0)|2𝛿(𝐸𝑠 − 𝐸𝐹)𝑠 ≡ 𝑉𝑏 · 𝜌𝑠(𝑟0 + 𝐷, 𝐸𝐹), (2.8) 

 
where 𝜌𝑠(𝑟0 + 𝐷, 𝐸𝐹) represents the local density of states of the sample (LDOS) at the 
Fermi Energy. Replacing 𝜌𝑠(𝑟0 + 𝐷, 𝐸𝐹) as 𝜌𝑠(0, 𝐸𝐹) 𝑒−2𝑘(𝑟0+𝐷) in equation 2.8 we can 
deduce the dependence of the tunnelling current with the bias voltage and the tip-sample 
distance: 
 

𝐼𝑡 ∝ 𝑉𝑏𝜌𝑠(0, 𝐸𝐹)𝑒−2𝑘(𝑟0+𝐷), (2.9) 
 
where d is the distance between tip and sample. Here, 𝑘 can be expressed as: 
 

𝑘 = √
2𝑚

ℏ2

(𝜑𝑡 + 𝜑𝑠)

2
− 𝐸𝐹 +

𝑒𝑉

2
 (2.10) 

 
Therefore, the tunneling current varies exponentially with the distance, which is the key 
that explains the spatial resolution. 

 

2.1.3.1 Scanning Tunnelling Spectroscopy 

 
Scanning tunnelling spectroscopy (STS) provides access to the local density of states 
(LDOS) of the sample. The combination of this technique with STM images makes it 
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possible to obtain a detailed map of the electronic structure of the sample, including the 
location of the frontier orbitals of the system, with ultimate spatial resolution.  
 
For STS, the tip is located above the point of the sample where the properties want to be 
studied. Then, the feedback loop is switched off, to fix the tip-sample distance, and the 
bias voltage (Vb) is varied within a pre-established range, tracking the changes in the 
current versus bias voltage (I/Vb). From equation 2.9, it is possible to deduce that the 
DOS of the sample is proportional to the derivative of the tunnelling current respect to 
the bias voltage, assuming a constant value for the density of states from the tip: 
 

𝑑𝐼𝑡

𝑑𝑉
∝ 𝜌𝑠(𝑒𝑉𝑏𝑖𝑎𝑠)𝜌𝑡(0) 

(2.11) 

 
However, when trying to apply the theory to the experimental measurements, the noise 
in the current signal is too strong to calculate directly the first derivative. To avoid this 
problem, the signal is modulated with a lock-in amplifier, amplifying the experimental 
signal over the noise. When the measurements are taken using the lock-in amplifier, an 
AC signal (Vrms) is added to the bias voltage. Since this modulation is small (~20mV), the 
signal of the tunnelling current can be expanded in Tayor series, and the resulting signal 
obtained from the lock-in can be treated as the derivative of the tunnelling current versus 
de modulated voltage. 
 
Two powerful techniques that make use of dI/dV spectra are dI/dV maps and CITS: 
 

o The first one, dI/dV mapping, allows us to obtain an image of the distribution of 
the local density of states at a specific bias voltage 

o The second one, current imaging tunnelling spectroscopy (CITS), takes a dI/dV 
versus Vb spectrum at each pixel of an image and provides information about the 
LDOS distribution on a specific area in a Vb range 

 
Both techniques can be carried out in constant height or constant current mode. In this 
thesis, CITS and most of the dI/dV maps were performed in constant current mode 
(unless otherwise specified). 

 

2.1.4 Non-contact Atomic Force Microscopy (nc-AFM) 

 
Atomic force microscopy is a powerful non-invasive high-resolution technique for 
surface analysis. As previously stated, it was discovered in 1986 by Binnig, Gerber and 
Quate while they were trying to develop a scanning probe microscope based on 
measuring forces instead of tunneling currents. The advantage of atomic force 
microscopy relies on the possibility to measure both conducting and insulating 
samples9,42 . The combination of different surface science techniques with AFM is one of 
the most powerful developments in the field of characterization of nanomaterials.43 
 
AFM technique uses the mechanical movements of a cantilever to sense the force 
between the sharp probing tip and the sample surface. Images are obtained scanning the 
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selected area with the piezo movements in X and Y axis and recording the movements in 
Z depending on the interaction between tip and sample. This method works with 
molecules adsorbed flat on the substrate. However, recently papers show AFM images 
with good resolution also of non-planar molecules44. 
 
This kind of microscopy can operate in three different ways depending on the interaction 
between tip and the sample surface. If the tip is in contact with the surface, the operation 
mode is called contact mode (C-AFM). On the other hand, if the tip is away from the 
contact, but it is still oscillating with a small vibration amplitude without touching the 
surface, it is call non-contact mode (nc-AFM). Somewhere between these two modes, 
the tip is touching intermittently the surface and, as a result, been partially influenced by 
the repulsive forces while it is oscillating, is the so-called “tapping” mode. Even if C-AFM 
mode is easier to interpret, nc-AFM presents certain advantages, as the improvement in 
force sensitivity, stability of the force measurement and low thermal offset noise45.  
 
Depending on the movements of the tip, it is also possible to distinguish between static 
mode and dynamic mode. On the first one, the probe is continuously in contact with the 
surface while scanning, and the mechanical contact forces are measured. This mode is 
characteristic of C-AFM mode. On the last one, the cantilever is vibrating freely, and the 
amplitude, the resonance frequency and the phase shift of the oscillations can be used as 
a feedback parameter46. This last mode can be used with nc-AFM and with “tapping” 
mode. 
 
The dynamic mode can be operated in two ways: Amplitude modulation mode and 
Frequency modulation mode.  In both modes, the tip is oscillating with a small amplitude 
and a frequency. In Amplitude modulation AFM (from now on AM-AFM) the vibration 
amplitude of the cantilever is measured to estimate the tip-sample distance and used as 
a feedback parameter. The tip is excited by an external force at a fixed frequency close to 
the free resonance frequency. As the forces measured change with the tip-sample 
distance, the oscillation frequency changes (which is registered as a frequency shift) and, 
consequently, a change in the amplitude of the tip oscillation amplitude is registered. In 
frequency modulation AFM (from now on FM-AFM), a fixed oscillation amplitude is 
maintained, and the frequency shift (∆𝑓) from point to point is measured. As a result, it 
is possible to create an X,Y image of the frequency shifts, whose fundamental origin is the 
variation of the forces between tip and sample at the specific probing point.45,47 FM-AFM 
is usually performed in UHV conditions, while AM-AFM is the most common on air or 
liquid conditions. UHV conditions allow us to achieve atomic resolution, which is not 
possible with AM-AFM due to the intrinsic limitation of the mode, explained in the next 
section46. 
 

2.1.4.1 Nc-AFM Theory 

 
A cantilever works as a spring system, where the resonance frequency is described as9,48: 
 

𝑓0 =
1

2𝜋
√

𝑘0

𝑚
 , (2.12) 
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where 𝑚 is the cantilever mass and 𝑘0 the spring constant. The minimum frequency shift 
(Δf) detectable depends on the parameters 𝑘0, 𝑓0, 𝑄 and 𝐵 (which is the detection 
bandwidth) and is given by49: 
 

𝛥𝑓 = 𝑓 − 𝑓𝑜 = √
𝑓0𝑘𝐵𝑇𝐵

4𝜋𝑘𝑄〈𝑧𝑜𝑠𝑐
2 〉

, (2.13) 

 
where 𝑘𝐵𝑇 is the thermal energy at a temperature 𝑇 and 〈𝑧𝑜𝑠𝑐

2 〉 is the mean-square 
amplitude of the driven cantilever vibration. 
 
In order to increase the sensitivity, it is necessary to augment the value of 𝑄. Q factor is 
defined as the quality factor and it can be mathematically represented as the ratio of the 
energy W stored in an oscillating system with the ΔW dissipated per cycle50. There are 
three principal mechanisms that contribute to define the Q factor: the intrinsic damping 
of the cantilever, the fixation of the cantilever in the microscope and the air damping50. 
In UHV conditions, 𝑄 factor take values around 104 to 105, that are more than an order of 
magnitude larger than the 𝑄 factor in air (102 to 103). However, the increase of the 𝑄 
factor reduces the bandwidth of the system. After perturbing the system (moving the 
scan to the next position), amplitude modulation as a function of time has two transient 
terms that decrease with time, limiting the available bandwidth. These transient terms 
are small on air, but they become large in UHV, making the detection of the amplitude 
measurement impossible in vacuum systems. This limitation is solved with the FM-AFM, 
where it is possible to increase the 𝑄 factor without perturbations on the bandwidth. This 
is possible due to the constant oscillation of the cantilever during the measurement at a 
current resonant frequency with a constant amplitude. In FM-AFM the image depicted is 
a map of constant frequency shift over the surface, varying the tip-sample distance to 
achieve the ∆𝑓.  
 
The minimum frequency shift possible to detect by FM-AFM mode is given by51: 
 

𝛿(∆𝑓) = 𝛿(𝑓 − 𝑓0) = √
𝑓0𝑘𝐵𝑇𝐵

2𝜋𝑘𝑄〈𝑧𝑜𝑠𝑐
2 〉

=  √
𝑓0𝑘𝐵𝑇𝐵

𝜋𝑘𝑄𝐴0
2  (2.14) 

 
where 𝐴0

2 is the constant mean-square amplitude. 
 
Since the 𝑄 factor and the bandwidth 𝐵 are not linked in FM-AFM, sensitivity can be 
increased in that mode by using a high 𝑄, and it is possible to obtain atomic resolution in 
UHV systems. Some recent investigations are trying to enhance the AM-AFM technique 
using a Q-controller to reduce this factor44,52. 
 
In order to perform FM-AFM experiments it is necessary to obtain the following 
parameters53: 

• 𝑘, spring constant 
• 𝑓0, eigenfrequency 
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• 𝑄, quality factor 
• 𝐴, oscillation amplitude 
• ∆𝑓, frequency shift 
• 𝑉𝑏, bias voltage 

 
𝑘, 𝑓0 𝑎𝑛𝑑 𝑄 𝑓𝑎𝑐𝑡𝑜𝑟 depends on the tip used for the experiments and 𝐴, ∆𝑓 𝑎𝑛𝑑 𝑉𝑏 are 
parameters that can be adjusted to obtain better resolution. 
 
It is possible to extract the forces from the frequency shift if the cantilever is considered 
as a harmonic oscillator sensitive to external forces, as we saw in eq. 2.12. To extract this 
information, a deconvolution algorithm is required. 
 
The cantilever is vibrating with a resonance frequency, 𝑓0, but when it is brought near 
the sample surface, external forces are interacting with it and the oscillation frequency 
can be described as 𝑓 = 𝑓0 + ∆𝑓. The frequency shift can be approximated as the 
following equation due to the small and positives values of the amplitude of the external 
forces: 
 

∆𝑓 = 𝑓 − 𝑓0~
1

2𝜋
(√

𝑘𝑡𝑠 + 𝑘0

𝑚
− √

𝑘0

𝑚
) (2.15) 

 
where 𝑘𝑡𝑠 is the spring constant derived from the potential energy between tip and 
sample when external forces are applied.  
If 𝑘𝑡𝑠 ≪ 𝑘, the square root can be treated as a Taylor series. Then we can correlate the 
forces between the tip and the sample and the frequency shift as46,54: 
 

∆𝑓~
𝑓0

2𝑘0
𝑘𝑡𝑠 (2.16) 

where 𝑘𝑡𝑠 = −
𝜕𝐹𝑡𝑠

𝑧
. 

 
If we consider the case where 𝑘𝑡𝑠 varies during the oscillation cycle, frequency shift has 
to be recalculated. This is, for example, the case known as “classic FM-AFM”, that uses as 
initial parameters ∆𝑓 ≈ −100 𝐻𝑍, 𝑘 ≈ 20 𝑁 𝑚⁄ , 𝑓0 ≈ 200 𝑘𝐻𝑧 𝑎𝑛𝑑 𝐴 ≈ 10 𝑛𝑚. 
Frequency shift can be calculated with the Hamilton-Jacobi method53: 
 

∆𝑓 = −
𝑓0

𝑘𝐴2
〈𝐹𝑡𝑠𝑞′〉 =

𝑓0
2

𝑘𝐴2
∫ 𝐹𝑡𝑠[𝑑 + 𝐴 + 𝑞′(𝑡)]𝑞′(𝑡)𝑑𝑡

1/𝑓0

0

 (2.17) 

 
where 𝑞′(𝑡) is the deflection of the cantilever that can be calculated as 
𝑞′(𝑡) = 𝐴𝑐𝑜𝑠(2𝜋𝑓0𝑡). 
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Figure 2-8. Graphic representation of the curve resonance and the force contribution in tip-sample junction. 
a) Graphic representation of the correlation between the forces experimented at the tip-sample junction versus the 
distance. Orange: electrostatic forces; blue: VdW forces; green: chemical forces; purple: total forces; b) Representation 
of the amplitude and frequency changes when the tip is moved back and forward to the sample. In purple it is 
represented the resonance when the tip is far away from the sample and cannot notice any interaction, in orange the 
attractive forces and in green the repulsive forces. 

Interaction forces are the analysis source of this technique. They can be classified as 
attractive forces and repulsive forces, depending on the distance between the tip and the 
sample. In Figure 2-8a it is possible to observe a graphical representation of the forces 
depending on the distance between the tip and the sample and, on Figure 2-8b, how this 
distance affects to the frequency signal. Attractive forces are predominant when the tip 
is approached to the sample, producing a frequency shift to negative values and an 
increase of the amplitude oscillation. If the tip is approached more to the surface, at a 
certain point the forces become repulsive. In this scenario, the frequency shift takes 
positive values and the amplitude oscillation decreases. 
 
We now pay attention to the forces involved in our experiments. The most predominant 
attractive forces are Van der Waals interactions, electrostatic forces and chemical forces 
(See Figure 2-8a). On the other hand, hard sphere repulsion, Pauli-exclusion interaction 
and electron-electron Coulomb interaction are repulsive forces to consider. 
 
This thesis was performed completely in FM-AFM mode, therefore attractive forces are 
the ones that we will describe in detail.  
 
Van de Waals interactions are weak intermolecular force based on the Coulomb 
interaction between electrically neutral atoms that can form a dipole due to their local 
charges. These forces decrease exponentially with the distance.  
 
Van de Waals forces can be described as a combination of: 
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• London dispersion interactions, where an attractive force results when a 
temporary dipole is formed by the distribution of the electrons of two adjacent 
atoms. That interaction is so-called induced dipole – induced dipole attraction. 
 

• Pauli exclusion principle, that does not allow two electrons having the same four 
quantum numbers. That means that in an orbital it is not possible to find two 
electrons having the same orientations of the spin. 
 

• Keesom interactions are attractive or repulsive forces that result from the 
interactions between permanent dipoles of the polar molecules. 
 

• Debye forces, resulting from the interaction between the dipole from a polar 
molecule and the dipole that they induce in non-polar molecules. 

 
Van der Waals forces between the tip and the sample can be calculated using Hamaker’s 
approach. 

𝐹𝑣𝑑𝑊 = −
𝐴𝐻𝑅

6𝑧
2

 (2.18) 

 
where 𝐴𝐻  is the Hamaker constant, determined by the physical properties of materials, 
𝑅 is the radius of the tip and z is the closest distance between the tip and the sample43,45. 
 
Electrostatic forces are attractive long-range interactions between two charged or 
conductive atoms that present and electrostatic potential difference, in our case, between 
the tip and the sample. If the distance (𝑧) between the tip and the sample are smaller than 
the tip radius (𝑅), electrostatic forces can be described as: 
 

𝐹𝑒𝑙(𝑧) = −
𝜋𝜖0𝑅𝑈2

𝑧
 (2.19) 

 
where 𝜖0 is the dielectric constant45. 
 
Chemical forces are short-range attractive forces resulting from the overlapping of the 
atomic orbitals between tip and sample. These interactions follow the Pauli exclusion 
principle, which prevents the occupation of states with the same quantum number. 
Chemical forces can be described by a Lennard-Jones-type potential as: 
 

𝐹𝐿𝐽 =
12𝐸𝑏𝑜𝑛𝑑

𝑧0
[(

𝑧0

𝑧
)

13

− (
𝑧0

𝑧
)

7

] (2.20) 

 
where 𝐸𝑏𝑜𝑛𝑑 is the energy of the bond between tip and sample, 𝑧 is the distance between 
tip and sample, and 𝑧0 is the distance where the potential of Lennard Jones reaches the 
minimum43,45. 
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2.2 X-Ray magnetic circular and linear dichroism (XMCD/XLD) 
 

In this section, a brief description about X-ray magnetic circular and linear dichroism will 
be given, since some experiments of the present thesis have taken place in Boreas 
beamline, at ALBA Synchrotron. 
 
The term dichroism can be split in two to understand better this technique. The prefix 
“Di” means two and the particle “Chroic” means coloured. Then, dichroism refers to any 
change in the absorption of polarized light when it interacts with any materials passing 
through it in two different directions. Dichroism effect appears due to the presence of 
anisotropies in the charge or spin in the sample. XMCD is a powerful technique for the 
characterization of magnetic properties. 
 
X-ray absorption spectroscopy (XAS) is an element sensitive technique, which means 
that for each element it will be a specific binding energy associated. In this technique, the 
electrons from the atomic core are excited to the valence band. As a consequence, a hole 
in the core level is formed, which is immediately filled with an electron of a higher energy 
level. This process carries different electronic process, as the scattering of secondary 
electrons, which contribute to the final signal detected. 
XAS also provides information about the oxidation state of the studied element. This 
technique can be performed at different angle of incidence (in our case, normal (NI, 0o) 
and grazing (GI, 70o respect to the surface normal) incidences were chosen). 
In this thesis, the binding energies studied were between 778.1 eV and 793.2 eV, as are 
the energies associated with cobalt. 
 
X-ray Magnetic Circular Dichroism (XMCD) spectroscopy was introduced by Gisela 
Schütz in 1987 in her paper “Absorption of Circularly Polarized X Rays in Iron”55. XMCD 
spectroscopy is based in the different absorption spectra measured with right and left 
circularly polarized X-rays in the presence of a magnetic field.  
This technique can be explained as a two-steps process (Figure 2-9). In a first step, 
electrons from the occupied orbitals are excited to orbitals with higher energies using X-
rays with positive and negative helicities in independent experiments. In a second step, 
electrons suffer a transition from the core level to the unoccupied orbitals, following the 
Pauli exclusion principle. Depending on the amount of spin-up or spin-down holes 
available, will have negative or positive contribution at XMCD spectrum56.  
Sum rules, derived in 1992, help to study the quantum moments of the ground state 
through the integrated intensities over the absorption edges. To understand the 
mathematical concept, there are some papers referred to the sum rules applied to XMCD 
and XLD57–59. In chapter 5, sum rules are explained in detail and calculated for the case of 
the Co, which is the metal used in the metal-organic synthesis proposed on this thesis. 
Transitions L3 and L2 (which are the transition from 2p3/2 and 2p1/2 core levels) are the 
ones studied. 
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Figure 2-9. XMCD as a two-steps process. Diagram representing the two-steps process for a single electron in the 
resonance excitation process in a magnetic material. The circularly polarized photon excites a spin polarized electron 
from 2p level (in this case, 2p3/2 and 2p1/2). Then, the spin polarized electron finds a place in the unoccupied 3d band, 
having a resulting difference if the 3d electron is spin polarized. Figure extracted from the paper X-ray magnetic circular 
dichroism—A versatile tool to study Magnetism. Gerrit van der Laan, Adriana I. Figueroa. 56 

Finally, X-ray linear dichroism (XLD) is based on the use of vertical and horizontal 
linearly polarized radiation 60. This technique provides information about changes in the 
anisotropy and the charge distribution in the sample. 
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3. Experimental techniques 
 

 
This chapter introduces the experimental facilities and techniques used to prepare and 
characterize the samples studied during this thesis. An important part of this thesis has 
been the commissioning of a new ultra-high vacuum system for scanning probe 
microscopy, hosting a commercial Omicron low-temperature nc-AFM/STM. In the 
following, the two main parts of such ultra-high vacuum system, comprising the 
preparation chamber and the analysis chamber, as well as distinct subsystems will be 
detailed. Finally, a brief description of the ultra-high vacuum system located at the Boreas 
end-station at ALBA synchrotron will be presented.  
 

 
Figure 3-1.The low-temperature nc-AFM/STM set-up. Omicron low-temperature nc-AFM/STM system, consisting 
of a manipulator (orange), a preparation chamber (green), a load-lock (pink), an analysis chamber (purple), the 
pumping system (blue) and the antivibration system (yellow). 

 

3.1 Low temperature nc-AFM/STM UHV system set-up 
 
Figure 3-1 highlights the main parts of the nc-AFM/STM UHV system, composed of two 
main chambers: the preparation and the analysis chamber. A manipulator connects both 
chambers, making possible the transfer of samples between them. In addition, the 
manipulator hosts a sample heater to anneal the substrates during the cleaning cycles or 
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for sample preparation. Attached to the preparation sample, there is a load-lock chamber, 
provided with its own ultra-high vacuum system, in order to introduce monocrystals and 
tips, while protecting the vacuum of the main preparation chamber. Finally, the whole 
system is under ultra-high vacuum conditions thanks to the pumping system. 
 

 
Figure 3-2.Scheme of the main components of the low-temperature nc-AFM/STM set-up.  Courtesy of Dr. Koen 
Lauwaet. 

 

3.1.1 Preparation chamber 

 
The preparation chamber is designed to clean and prepare samples. Furthermore, it 
hosts instruments to characterize the samples with different techniques. The main parts 
of the preparation chamber are numbered in Figure 3-2 and briefly described in the 
following. 
 

• Quadrupole Mass Spectrometer (QMS) 

The preparation chamber is equipped with a HAL/3F RC 1501-3 PIC quadrupole, 

from Hidden Analytical, in order to determine the amount of residual gases 

present in the chamber. It is an extremely sensitive and fast analytical technique 

which provides quantitative and qualitative data of small amount of masses up to 

510 umas. This model is provided with a quartz head, which avoids the impurities 

that can come from the edges, focusing on the measurement of one spot. Also, QMS 
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is used to follow the desorption mechanism of some reactions in thermal 

programmed desorption (TPD) measurements. To control the process, a Python 

program was designed to control the temperature and to display the results. 

 

• Low Energy Electron Diffraction (LEED) 

A BDL800IR-MCP2 LEED optics from OCI Vacuum Microengineering is installed in 

the preparation chamber to determine the surface geometrical structure of 

materials by back diffraction with low energy electrons. Signal is depicted as spots 

on a fluorescent screen, which can be observed at the computer using an 

integrated camera. This model enables us to characterise samples of organic 

molecules without damaging them due to its microchannel plates, which increase 

its sensitivity, allowing us to operate with low emission currents. 

 

• Quartz Crystal Microbalance (QCM) 

The preparation chamber contains a QCM from INFICON. It measures the mass 

variation per unit area by mean of the frequency changes (Hz) of the quartz crystal 

sensor, whose main resonance depends on the mass of the deposited film, letting 

us to monitor and calculate the evaporation rate of the sublimated species. 

 

• Manipulator 

A commercial manipulator XL-R Multicenter 4-Axis resistive + e-beam heating from 

UHV design allows to move the samples between the preparation chamber and the 

analysis chamber. It is designed to be used with Omicron flags style sample 

holders. It can be moved in the X, Y and Z directions and rotated from 0o to 360o 

in order to facilitate transfers and perform procedures such as TPD, sputtering or 

LEED, among others. The manipulator has an integrated thermal system, Prevac 

Heat 3, which allows to anneal the samples at a desired temperature (until 900 0C 

or until 1200 0C with HV). Also, the inner system makes it possible to cool down 

the head at LN2 temperature by a constant flux of liquid nitrogen. 

 

• Organic Molecular Beam Epitaxy (OMBE) 

A KENTAX TCE-BSC organic molecular beam evaporator has been employed to 

prepare the samples studied at this thesis (Figure 3-3). The molecular precursors 

are typically provided as chemical powders. To sublimate them, molecules are 

charged in quartz crucibles and introduced in one of the three cell positions that 

this model allows. The sublimation of the molecular precursor is controlled by 

regulating the temperature through an electronics set-up. 
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Figure 3-3.Organic molecular Epitaxy. a) KENTAX TCE-BSC organic molecular beam epitaxy; b) Quartz crucible 
charged with molecules. 

• Metal evaporator 

A homemade metal evaporator was used to deposit cobalt atoms on the substrate 

(scheme in Figure 3-4). The metallic rods used for this thesis are from Advent 

research materials. An ultrapure (more than 99.9%) cobalt rod was employed as 

source of cobalt. Cobalt atoms are sublimated by electron beam heating of the rod, 

applying a voltage difference between the rod and the filament emitting the 

electrons. Parameters are monitored by a Knürr Heinzinger high voltage power 

supply and a Delta Elektronika ES 030 – 10 power supply. 
 

 

Figure 3-4. Scheme of the homemade metal evaporator, displaying its main components. 

 

3.1.1.1 Sample cleaning 

 
The cleaning procedure of the sample was extensively described before in previous thesis 
of this group61,62. In the following we summarize such process. 
  
In this thesis the experiments were carried out on Au(111), Ag(111) and Ag(100), which 
can be cleaned following the steps described below. First, the surface of the monocrystal 
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must be cleaned by a sputtering procedure. To this purpose, the preparation chamber is 
filled with Ar gas from a MiniCan connected with a leak valve to the chamber until the 
pressure reaches 2.0x10-6 mbar. Then the gas is ionized with an ion gun from SPECS and 
directed towards the monocrystal surface at 1.5 keV. The current measured from the 
sample is typically in the range from 9 to 12 µA. Second, the sample is annealed at 450 0C 
with the heater attached to the manipulator to achieve a flat surface. Duration and 
repetition of this cycle depends on the amount of contaminants. Therefore, a new 
monocrystal will need more cycles than one that is in vacuum and comes from a previous 
experiment. In this sense, a previous overnight annealing at low temperature (100 0C- 
200 0C) is used to be done when a monocrystal is completely new to speed up the cleaning 
process. After some cleaning cycles, samples can be checked with the LEED and finally 
with the STM to corroborate their cleanliness.  
 

 

Figure 3-5. Sample holder and manipulator. a) A Au(111) monocrystal welded on a homemade sample holder 
compatible with Omicron. b) Photograph of the manipulator head. 

 

3.1.2 Analysis chamber 
 

The analysis chamber comprises the cryostats and the scanning probe microscope, both 
from Scienta Omicron. Also, it is equipped with a magnetic wobble stick to transfer 
samples from the manipulator to the microscope, and a carousel parking stage to store 
up to six samples and tips. 
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Figure 3-6. Photograph of the interior of the analysis chamber. Parking, wobble stick and outer shield. 

 

3.1.2.1 Scanning probe microscopy set-up 

 
Since the STM is a commercial model and the analysis chamber is extendedly explained 
in a previous thesis of this group62, such set-up is going to be briefly described here, 
highlighting the changes done to optimize the measurements.  
 
The nc-AFM/STM scanner is thermal contact with the inner cryostat, which can be filled 
with nitrogen or helium, in order to maintain the system at low temperature, 77 K or 4.3 
K, respectively. The external cryostat is filled with liquid nitrogen to prevent the quick 
evaporation of the liquid in the inner cryostat. The inner cryostat can be filled with 
nitrogen or helium. Two radiation shields also help to prevent this fast evaporation, 
allowing to manipulate the samples through a main entrance. These two shields can be 
operated with a magnetic wobble stick, which is also used to introduce and remove 
samples and tips (Figure 3-6). 
 
The head of the STM is composed of two main parts: the sample stage and the 
piezoelectric tube where the tip is located. The sample stage has two rails where the 
sample can be placed. The monocrystal must face upwards to the tip, which in our case 
means upside down. Outside the microscope, the tip is mounted in a three legs carrier 
(see Figure 3-8) and then, this carrier is placed magnetically on a piezoelectric ceramic, 
located at the head of the STM, which is in charge of the fine movements of the tip (see 
Figure 3-7). Piezoelectric materials have the particularity to expand or contract 
depending on an electric potential. By using this characteristic, the movement of the 
piezoelectric ceramic can be controlled by a software, which also controls the speed and 
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the scan direction during the measurements. With this purpose, the piezo is surrounded 
by five electrodes, which allow the tip to move in X, Y and Z direction in a sub-nanometric 
scale. For the macro-movements, this subsystem is mounted on a slip-stick piezomotor 
that allows the movement in X, Y and Z using the coarse control. This coarse movement 
helps us to approach the tip to the sample and to change the tip for another that is stored 
in a tip holder.  
 
To start scanning, first it is necessary to approach the tip with the coarse control, avoiding 
by eye crashing into the sample, thanks to a camera that allows to visualize the 
macroscopic movements of the tip. Next, the software has an auto-approach option, 
which activates a feedback loop to prevent the tip-sample crash. Setting a value for a 
tunnelling current, the tip is going to get closer to the sample in steps until the tunnelling 
current is detected and, at that moment, it will stop and we will say that “we are in 
tunnelling”. 
 

Due to the complexity of the Matrix software, many program failures were registered. To 

restart Matrix, hardware must be switched off manually, which was a problem when a 

remote measurement was performed. To solve the problem, a remote switch controlled 

with a Python program was implemented. It allows us to switch ON and OFF Matrix 
controller from home, being able to restart the system. 

To reduce the number of problems that the Matrix software was given when nc-AFM 

mode was used, a Python program was installed to replace the one from Omicron, in 

order to control manually all the parameter to calibrate the nc-AFM measurements. It 

makes the process of tip calibration more complicated, but the number of times that the 

software crashes has been reduced.  

 

Figure 3-7. Main parts of the STM. a) Outer cryostat (1) and outer shield (2). b) Suspension springs for vibration 
isolation (3), Sample stage (4), STM Piezoelectric stage for fine movements (5), Magnetic eddy current dampers (6). 
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3.1.2.2 Types of tips 

 
Three different kinds of tips have been used during these experiments. Tungsten tips and 
Platinum-Iridium alloy tips were handmade. qPlus sensors were commercial tips from 
Omicron. All of them are mounted on a special tip-holder with three legs from Scienta 
Omicron. 
 

 

Figure 3-8. STM sensor tips. a) qPlus sensor from Omicron; b) Tip holder containing a W tip and c) Optical microscope 
image of a W tip made by etching. 

Tungsten tips were prepared by electrochemical etching using a tungsten wire of 0.25 
mm of diameter and KOH solution. Applying a voltage between the tungsten wire, acting 
as an anode, and a metalling cathode, shaped to surround the tungsten wire, both 
immersed in the KOH solution, it is possible to create a meniscus that eventually breaks 
to form a sharp tip. 
 
Platinum-Iridium alloy tips are easier to prepare, by cutting with regular scissors a PtIr 
wire of 0.25 mm of diameter with a certain angle to obtain a tip as sharp as possible. 
 
qPlus sensors are composed of a tungsten tip connected to the free prong of a quartz 
tuning fork sensor that allows the tip to oscillate with a certain frequency. The 
immobilized part is glued to a ceramic substrate. 
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Figure 3-9. Scheme of a STM/nc-AFM tip. Scheme of a qPlus sensor of a nc-AFM. Electrodes of the tuning fork are 
connected to the sensors separately to the tunnelling current circuit. A zoom-in shows the apex of the tip functionalized 
with a CO molecule. 

This thesis was performed in the FM-AFM mode. In this mode, the frequency variation is 
measured to produce nc-AFM images (see chapter 2). Here, the eigenfrequency of the 
sensor must remain stable and we need to avoid changes with temperature. First sensors 
were fabricated with quartz or silicon. However, quartz has the particularity that can be 
cut in a certain crystal orientation, which leave the variation of the frequency at the 
tuning fork at zero. Also, quartz sensors have higher Q-factor and low internal dissipation 
than silicon sensors, which is crucial for this measurement mode. Consequently, quartz 
sensors have become a perfect option to be used in FM-AFM mode53. 
 
With qPlus sensors it is possible also to study topography and perform STS 
measurements. To obtain this information, the tip is connected with two separated 
circuits to avoid the crosstalk between deflection channel and tunnel current detected 
(see Figure 3-9). nc-AFM images can provide information also about molecular structure, 
which sometimes cannot be well resolved only with STM due to the convolution of the 
topography with electronic states (see Figure 3-10). In order to improve the spatial 
resolution of the nc-AFM images, the tip is functionalized with different atoms and 
molecules as CO, Br, Cl and Xe. The one that shows better results, and therefore the one 
used during the experiments, is the CO-functionalized tip63. 
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Figure 3-10. STM/ncAFM image of a Co-HOTP metal-organic network. Co-HOTP network geometry (see Chapter 
5) would not have been possible to understand without nc-AFM images. Up: nc-AFM image where the distribution of 
the Co-O bond can be resolved. Down: STM image where it is not clear how the metal-organic network is connected. 

It is possible to change between these tips with a simple mechanism. An empty “tip holder 
holder” is introduced at the sample stage and the piezo is moved with the coarse control 
until the tip is correctly placed on the holder. Then, this is removed and placed at the 
carousel. Next, another holder with the tip that is going to be used is introduced and the 
operation with the coarse control is reversely repeated. When a qPlus sensor is 
introduced, some extra steps to calibrate the tip with a software must be done. As it was 
mentioned previously, the Matrix program that came for default with the analysis 
software gave many problems and, for that reason, it was decided to change it for a 
LabOne version. Although it is not as intuitive as the previous version, the problems with 
the software decreased considerably. Zurich instruments lock-in provides the control for 
checking the resonance curve and adjusting the parameters for the nc-AFM experiments. 
This program fits the phase and the amplitude of the tip, allowing to change the frequency 
range where the experiments are going to be performed. The values expected for these 
parameters have to be around 0 degrees for phase and between 5 and 7 KHz for 
amplitude. If the resonance curve is not between these parameters, the tip has to be 
adjusted and checked again (see Figure 3-11). Once the obtained resonance curve has the 
optimal parameters, PLL (phase-locked loop) and PID (proportional-integral-derivative) 
are settled, determining the relation signal/noise and therefore enabling us to obtain 
better resolution for nc-AFM images. 
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Figure 3-11. Resonance curve of a qPlus tip. Highlighted in red, a common problem when the tip is calibrated to 
start constant-height frequency shift measurements. In that case, the tip has been located in a way that its vibration is 
interfering with the desired signal, then tip has to be readjusted manually. 

 

3.1.2.3 Cryostats 

 
Working at low temperature presents many advantages in the surface science field, since 
it reduces the thermal energy, preventing the diffusion of adsorbates. Consequently, the 
measurements in this thesis were performed at low temperature (around 4 K), which 
was possible thanks to cryostats implemented in the analysis chamber.  
 
The low-temperature set-up is made up of two cryostats. As it was explained before, the 
inner one is filled with liquid helium (LHe) to achieve a temperature around 5 kelvin and 
the outer cryostat is filled with liquid nitrogen (LN2) to minimise the quick evaporation 
of the liquid helium. Surrounding these two cryostats, two radiation shields are placed to 
further minimize the quick evaporation of the liquid Helium. These shields are placed on 
a rail to be able to move with the help of the magnetic wobble stick.  In addition, the set-
up allows to set the sample in thermal contact with the shields to cool it down in less 
time. 
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To control the liquid Helium level inside the inner cryostat, there is a helium depth 
indicator from Twickenham Scientific Instruments. It consists in a long probe made with 
a superconductor material introduced inside the inner cryostat. By measuring the 
resistivity of this material, it is possible to know the level of a specific cryogenic liquid64. 
 

3.1.2.4 Vibration isolation system 

 
As it was shown in the previous chapter, small changes of the distance between the tip 
and the sample can strongly modify the tunnelling current. For this reason, a good 
vibration isolation system is mandatory. 
 
Different isolation systems are implemented in order to prevent the noise: 
 

o First, the laboratory is isolated from external noise by been placed on an isolated 
floor from the building.  
 

o Second, the whole structure is hold by three absorption vibration isolation 
damping units (AVI400-M/3/LP from HWL Scientific Instruments GmbH). Inertial 
feedback isolates the microscope from lab vibrations and inner vibrations sources 
from the system. 

 
o Third, the STM head has three modes: thermal contact, stand-by and 

measurement position. The last one isolates the whole STM head by suspending it 
with four springs. That mechanism isolates the STM from low frequency noises 
and from the vibrations coming from the evaporation of the cryogenic liquids 
from the cryostats. 

 
o Finally, there is an eddy current damping mechanism that suppresses the 

mechanical system vibration by creating a magnetic field between a conductor 
and a permanent magnet located in the inner shield. 

 
 

3.2 Pumping system 
 
Both systems used in this thesis work under UHV conditions in order to prevent 
adsorbates and contamination on our samples and to preserve them clean for a period of 
days. To achieve a pressure below 10-10 mbar, the system is equipped with three different 
pumping systems, it est, scroll pump, turbo molecular pump and ion pump. 
 
The system has a scroll pump (Leybold SCROLLVAC 7 plus) to first pump down the system 
from atmospheric conditions to 10-3 mbar. To avoid any risk of contamination of the UHV 
chamber, these pumps are oil-free. Scroll pump helps the turbo to decrease the pressure 
below 10-1 mbar, which is necessary for its operation. 
 
The turbo molecular pump (Pfeiffer HiPace 300H) is connected in series to the scroll 
pump. This model has a high index of compression. This particularity allows to use plastic 
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tubes between turbo and scroll pump, which minimizes the noise at the system, although 
the vacuum is not as good as with the metal ones. Turbo pumps reduce the pressure of 
the system to ~10-10 mbar by compressing the residual gasses with the rotors and 
transferring them to the scroll pump. We have two turbo molecular pumps. One of them 
is connected to the preparation chamber through an electro-pneumatic UHV gate valve. 
The other turbo molecular pump is connected to the load lock, which is the tiny UHV 
chamber that allows us to insert and extract tips and samples without breaking the 
vacuum inside the other two chambers. These electro-pneumatic UHV gate valves are 
regulated by a flow of compressed air. Thanks to an electronic homemade switch these 
valves automatically close to preserve the vacuum inside the chambers if a cut in the 
power supply is detected. 
 
Both preparation and analysis chambers have their own ion pump (Gamma Vacuum), 
which can pump down the pressure to even lower magnitudes (10-11 mbar). An ion pump 
is composed of two titanium plates working as a cathode and steel tubes working as an 
anode. The working procedure is based on applying a strong electrical potential between 
them, which produces the ionization of the residual gases, sticking the particles into the 
titanium electrode. An advantage of this kind of pumping system is that they do not 
produce any mechanical vibration, which makes it appropriate to reduce the vibration 
while STM is scanning. 
 
Additionally, there are two more subsystems to preserve the UHV inside the system. One 
is the titanium sublimation pump, which consist in a titanium filament at the ion pump. 
Titanium is sublimated by a high current, and the sublimated titanium atoms react with 
the contaminants, collecting them. The other one is the cold trap, which is a nitrogen 
refrigerated system that condenses the contaminants over its surface. In our system, the 
cryostat of the analysis chamber has also this supplementary function. 
 
In order to measure the pressure in the chamber, one of the most sensitive sensors for 
low pressure measurements is used:  a Bayard-Alpert hot cathode ion gauge from Agilent. 
 

3.3 Synchrotron 
 
The magnetic properties of the metal-organic networks presented on this thesis were 
studied at Boreas Beamline in ALBA Synchrotron. Some recent papers describe in an 
extended way the specifications of the set-up and the measurement procedures65,66. 
Therefore, here we present the most remarkably specifications that are important to 
understand the next chapters. 
 
The set-up of the preparation and STM chambers is very similar to the one used at IMDEA, 
being here briefly described. Figure 3-12 highlights the main parts of the RHK PanScan 
flow STM/AFM system set-up. The entire system is under ultrahigh vacuum thanks to a 
pumping system similar to the one at IMDEA (highlighted in blue). The preparation 
chamber is pumped by a turbomolecular pump and an ion pump, whereas the analysis 
chamber is pumped by an ion pump with a Ti sublimation system. 
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The preparation chamber (highlighted in green) has a horizontal manipulator and a 
vertical manipulator (highlighted in orange). The last one is able to rotate 360o, and 
equipped with two sample stages, a QCM and a filament for sample preparation. This 
chamber is also equipped with an ion gun from SPECS, a metal evaporator from SPECS, a 
3-cell Kentax evaporator for organic molecules, and a mini LEED from OCI vacuum. 
 
The analysis chamber (highlighted in purple) hosts a PanScan flow STM/AFM qplus from 
RHK. It allows to work at room temperature, LN2 temperature, and LHe temperature with 
a continuous flow cryostat. This chamber is connected to the beamline end-station 
through a radial distribution chamber (highlighted in pink). 
 

 
Figure 3-12. RHK PanScan flow STM/AFM system set-up. Composed by the manipulators (orange), the preparation 
chamber (green), the analysis chamber (purple), the radical distribution chamber (pink) and the pumping system 
(blue). 

The end-station has a High Field Vector Magnet (HECTOR) with superconductive 
magnets that reaches fields up to 6 T along the X-ray beam direction and 2 T 
perpendicular to the beam. The sample temperature inside the magnet chamber can be 
settled from 1.5 K to 350 K. The beam energy range can be adjusted between 80 eV and 
4000 eV. HECTOR allows the investigation of the magnetic and chemical properties by 
means of XAS, XMCD and XLD. 
 

In this thesis, XMCD experiments were done at normal incidence, with the sample parallel 
to the X-ray beam, or at grazing incidence, with the sample at 70o with respect to the X-
ray beam. XMCD was performed at 6 T and 2 K, while XLD was performed at 6 T and 0.05 
T at 2 K. 
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Magnetization curves were measured in normal and grazing incidences at 2 K, varying 
the field from 6 T to -6 T. The magnetization curves are constructed by measuring the 
variation of the XMCD intensity of the L3 edge with the applied magnetic field. The 
experimental procedure consists in measure the XMCD intensity in two points, the 
maximum of L3 edge and the pre-edge. The difference between these two points is 
computed for different fields varying the field from positive to negative values as also 
from negative to positive. With this it is possible to determine the dependence of 
magnetization with the magnetic field. 
 

 
Figure 3-13. BOREAS beamline end-station at ALBA synchrotron. Experimental set-up for measuring 
XAS/XMCD/XLD. X-ray pathway (1), sample location on the scattering chamber (2) and preparation chamber (3). 
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4. Synthesis of π-conjugated 

polymers 
 
In this chapter, we present the on-surface synthesis of cumulene-like bridged indeno[1,2-
b]fluorene π-conjugated polymers on different metal surfaces. 
The molecular precursor to fabricate this polymer was synthesized by the group of Prof. 
Nazario Martín, from Universidad Complutense de Madrid, Spain. Scanning Tunnelling 
Microscopy, Scanning Tunnelling Spectroscopy, non-contact Atomic Force Microscopy 
and Temperature Programmed Desorption (TPD) measurements were performed with 
the LT-STM/nc-AFM microscope located at IMDEA Nanociencia, Spain. Density-
Functional Theory (DFT) calculations were performed by Prof. Pavel Jelínek, from the 
Institute of Physics of the Czech Academy of Science, Czech Republic. 
Partial results of this chapter were published in reference 67. 

 

4.1 Introduction 
 

During the last decades, the study of polycyclic aromatic hydrocarbons has increased due 
mainly to two factors. First, technology improvements have made possible the study of 
their structure and properties more accurately. Second, the investment in the field of new 
materials, where they can be used due to their optoelectronic properties, has increased 
substantially68. 
 
Among the family of polycyclic aromatic hydrocarbons, indenofluorenes have been 
studied for a long time due to their possible applications68. Indenofluorenes are π-
conjugated compounds with a carbon skeleton formed by the fusion of an indene core 
and a fluorene core (see Fig. 4-1). This fusion lets five possible regioisomers with unique 
properties (formal antiaromaticity, open-shell biradical character, and narrow 
bandgaps) of possible use in different applications, such as non-linear optics, molecular 
spintronics and organic photo-voltaic devices69.  
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Figure 4-1. Indenofluorene regioisomers. Chemical structure of the five different indenofluorene regioisomers. a, b 
and c notation represent the location of the Indene moiety respect to the fluorene. 

In particular, the regioisomer used for these experiments, indeno[1,2-b]fluorene,  shows 
attractive characteristics for its application in organic light-emitting diode (OLEDs), field-
effect transistors (OFETs) and photovoltaics (OPVs)70–74. 
 

 

Figure 4-2. Chemical structure of 6,12-bis(dibromomethylene)-6,12-dihydroindeno[1,2-b]fluorene. Ball and 
stick model of the indenofluorene precursor used in the synthesis. The distance between extreme carbon atoms 
(highlighted with a red star) in gas phase is 11.2 Å. Carbon atoms are coloured in blue, bromine atoms in yellow, and 
hydrogen atoms in white. 
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In this chapter, the on-surface synthesis of a new π-conjugated polymer based on an 
indeno[1,2-b]fluorene backbone is presented. Herein, the structure, the resonance form 
and the electronic structure have been addressed at the ultimate spatial resolution.  In 
addition, we have paid attention to the expression of chirality directed by the nature of 
the substrate. 
 

4.2 Synthesis of indenofluorene polymers on metal surfaces 
 
The synthesis of fully conjugated indenofluorene polymers without bulky groups on the 
apical carbons is not straightforward in traditional chemistry conditions75,76: their 
inherent reactivity and the use of highly reactive compounds in their synthesis limit their 
practical application68. The synthesis of this π-conjugated polymer on a solid surface 
makes possible to skip part of these problems, due to the extensive control of the on-
surface synthesis in UHV conditions. In this scenario, the surface acts as a template for 
the synthesis of the polymer and the UHV environment avoids the presence of the 
reactive compounds that can interfere during the polymeric reaction. 
 
The indeno[1,2-b]fluorene π-conjugated polymers were designed via on-surface 
synthesis using 6,12-bis(dibromomethylene)-6,12-dihydroindeno[1,2-b]fluorene as a 
precursor. This molecule consists of an indenofluorene backbone equipped with two 
dibromomethylene groups, each one attached to one five-member ring (Fig. 4-2).  
 
The synthesis of the precursor (see Fig. 4-3), developed by the group of Prof. Nazario 
Martín, consists of a mixture of indenofluorenedione with CBr4 and PPh3 in anhydrous 
toluene at 110 0C, with a subsequent reflux for 12 hours. When the mix reaches room 
temperature, methanol is added, and the resulting precipitate is collected by filtration. 
The molecular precursor is dried and presented as a yellow powder. 

 
Figure 4-3. Synthetic route to form cumulene-linked indeno[1,2-b]fluorene polymers. On the metal surface, 
debromination takes place and the polymers are formed by connecting the indenofluorene units by cumulene bridges. 

6,12-bis(dibromomethylene)-6,12-dihydroindeno[1,2-b]fluorene was thermally 
deposited on three different surfaces held at room temperature: Au(111), Ag(111) and 
Ag(100). The quartz crucible was heated up to 190 0C, the sublimation temperature, with 
a deposition rate of 0.4 Å min-1.  
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The reaction of polymerization, via debromination and subsequent homocoupling of 
carbenes intermediates, was successful on the three surfaces. Figure 4-5 shows STM 
pictures of the three surfaces after the polymer formation. On Ag(111) and Ag(100) the 
reaction takes place already at room temperature, but on Au(111) only short clustered 
chains are obtained, and a post-annealing to 200 0C was necessary to complete the 
reaction (see Figure 4-4). This difference is probably due to the higher reactivity of the 
silver surface, which has a lower debromination barrier when compared to gold77,78. 
After this, long molecular chains are visible on the three surfaces. Close-up images (Fig. 
4-5 d and e) show that the chains are composed of units connected by carbon atoms at 
the pentagon rings. That is, after losing the bromine atoms, polymeric wires are formed 
by homocoupling at the previous dibromometilene positions, in a similar way as it was 
observed in the formation of ethynylene-bridged anthracene polymers in a previous 
work published by our group79.  
 

 
Figure 4-4. Indenofluorene polymers on Au(111) before annealing. STM images of short polymeric wires on 
Au(111) before annealing at 200 0C. a) 50 nm x 50 nm, 250 pA, 1.0 V; b) zoom-in on the chains formed on Au(111) (15 
nm x 15 nm, 500 pA, -1.0 V). 

As a rule, the polymers are not following the high symmetry directions of the substrates, 
but in the case of Au(111) they tend to follow the FCC areas of the herringbone 
reconstruction, as previously encountered for many molecular adsorbates80. 
Importantly, on the surface the molecular fingerprint is chiral, affording two 
enantiomers. As we will see later, depending on the nature of the substrate, the 
stoichiometry between both enantiomers can be modified, enhancing homochiral 
sections while going from Au(111) to Ag(111) and from Ag(111) to Ag(100). 
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Figure 4-5. Formation of indenofluorene polymers on different surfaces. STM images of polymeric wires. a) On 
Au(111) the polymers are obtained after deposition at room temperature and annealing at 200 0C (25 nm x 25 nm, 80 
pA, 0.2 V). In the case of b) Ag(111) (25 nm x 25 nm, 10 pA, 0.05 V), and c) Ag(100) (25 nm x 25 nm, 10 pA, 0.05 V)) 
the reaction takes place already at room temperature. d) and e) zoom-in on the chains formed on Au(111) and on 
Ag(111) with the molecular model superimposed on the images. d) on Au(111) (5 nm x 5 nm, 80 pA, 0.05 V); e) On 
Ag(111) (5 nm x 5 nm, 10 pA, 0.05 V). 

 

4.2.1 Bromine desorption 
 

On Ag(111) and Au(111) the bromine atoms are visible as protrusions surrounding the 
chains and on the border of the steps (and for Au(111) also on the highly reactive elbows 
of the herringbone reconstruction). On Ag(100) the bromine atoms can be observed 
surrounding the polymer but also dispersed all over the surface (see Figure 4-5c), 
probably as the result of a higher diffusion barrier. Bromine atoms are very reactive, and 
they can interact with the tip while scanning the surface. Thus, we have explored the 
desorption of these residues with annealing temperature.  
 
First, temperature programmed desorption experiments (TPD) were performed to study 
the bromine desorption from the Au(111) surface. The desorption takes place via 
hydrogenation of the bromine atoms (HBr), where the hydrogen comes from the residual 
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hydrogen gas in the vacuum chamber. The temperature was increased until 450 0C, with 
a heating rate of 2 0C s-1. Using the quadrupole mass spectrometer, it was possible to 
detect and depict (Fig. 4-6) that the maximum desorption rate of HBr molecules takes 
place at 360 0C. 
 

 
Figure 4-6. Temperature programmed desorption graph. TPD depicts the desorption of HBr molecules adsorbed 
on Au(111). The maximum desorption rate is observed at 360 0C (heating rate 2 0C s-1). 

Second, the sample on Ag(111) was annealed in three steps to observe how the 
temperature affects the wires (Fig. 4-7). At 150 0C and 250 0C, the polymeric wires remain 
intact, but the bromines surrounding the chains can still be observed. At 325 0C bromine 
atoms are desorbed, but, at the same time, other intramolecular reactions between the 
carbon atoms forming the indenofluorene units take place. 
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Figure 4-7. STM images of the polymeric wires on Ag(111) after annealing at different temperatures. At 150 0C 
and 250 0C, bromines remain surrounding the chains. At 325 0C it is possible to observe some intramolecular reaction. 
a) (11.9 nm x 11.9 nm, 50 pA, 0.05 V). b) (13 nm x 12 nm, 30 pA, 0.16 V). c) (5 nm x 5 nm, 120 pA, 0.2 V). d) Constant-
height frequency-shift nc-AFM image acquired with a CO-functionalized tip of the sample at 325 0C (3 nm x 3 nm, 0.005 
V). 

 

4.2.2 The nature of the bridge in the indeno[1,2-b]fluorene polymer 

 
The indeno[1,2-b]fluorene units forming the polymer can present two dominant 
resonance forms, as illustrated in Figure 4-8. In the first one, the bridge between these 
units is an ethynylene link, whereas in the other it is a cumulene. In a previous work from 
this group with anthracene-based polymers, the ethynylene bridge resonant form was 
observed with nc-AFM 81. In this case, the triple bond of the bridge is clearly visualized as 
a bright protrusion82. On the contrary, for pentacene-based polymers a cumulene bridge 
is detected and visualized as a single line83. 
 
Clar’s sextet rules84 allow us to understand the aromatic character of the species 
containing six-member rings. A Clar’s sextet is defined as a six π-electron structure in a 
benzene-like ring, separated from another ring structure. Figure 4-8 shows two possible 
conformations of the indenofluorene units depending on the type of bond between units, 
with the Clar’s sextets highlighted in blue. In the case of this particular indenofluorene, 
the maximization of the number of Clar’s sextets is obtained for the cumulene 
conformation, where three Clar’s sextets appear in the central and in the two terminal 
rings of the indenofluorene units. In contrast, in the ethynylene case, only two Clar’s 
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sextets appear at the terminals of the indenofluorene units. Thus, the cumulene-like 
resonance seems the most favorable, where the three 6-carbon rings are aromatic and 
there is no open-shell character. 
 

 
Figure 4-8. Indeno[1,2-b]fluorene resonances. Indeno[1,2-b]fluorene closed-shell singlet resonant structure are 
related to the type of bond connecting the indenofluorene units. Clar’s sextets are coloured in blue. 

 

To study the nature of the bridge, nc-AFM images were acquired. Fig. 4-9 shows constant-
height frequency-shift images taken with a CO-functionalized tip on Au(111) and 
Ag(111), both showing a similar 1D polymeric structure. Indeno[1,2-b]flourene units are 
linked to each other by a sharp line connecting positions C6 and C12, that belong to the 
five-membered rings, in contrast to the bright protrusion that an ethynylene bond would 
have shown at its center. From this feature, we conclude that the nature of the bridge is 
cumluene-like. As the nc-AFM images show, this conclusion is valid for both surfaces. 
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Figure 4-9. Constant-height STM images and frequency-shift nc-AFM images of cumulene-like bridged 
indeno[1,2-b]fluorene polymer on different surfaces. On Au(111): a) High-resolution constant-height STM image 
of a fragment of a polymer chain (3.12 nm x 3.12 nm, 0.005 V) and b) constant-height frequency-shift nc-AFM image 
acquired with a CO-functionalized tip (3.12 nm x 3.12 nm, 0.005 V). On Ag(111): c) High-resolution constant-height 
STM image of the end of a polymer chain (4 nm x 4 nm, 0.005 V) and d) constant-height frequency-shift nc-AFM image 
acquired with a CO-functionalized tip (4 nm x 4 nm, 0.005 V). e) Graphic representation of (b). 

DFT theoretical calculations for the free-standing polymer confirm these results: the 
formation of the cumulene bridge and the almost aromatic character of the three 6-
carbon rings (see Fig. 4-10). The length of the C=C=C=C bond is 3.96 Å, which is in 
agreement with the experimental result of 4.0±0.2 Å.  

 

Figure 4-10. Theoretical bond lengths. DFT calculated bonds length for the gas-phase molecular precursor and the 
free-standing polymer. The theoretical length of the bridge between two indenofluorene units (3.96 Å) is in agreement 
with the experimental distance. 
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Previous experiments85 from this group have demonstrated the emergence of topological 
non-trivial quantum phases of matter in cumulene-bridged pentacene, bisanthene and 
peripentacene polymers. Steered by such findings, indeno[1,2-b]fluorene polymers 
edges were studied with constant-height STM images and nc-AFM images (Fig. 4-11). 
However, no end-state was observed and the nature of the termini of the polymers 
remains unclear. A possible explanation is the hydrogenation of the termini of the chain 
due to the residual hydrogen present in the analysis chamber. Thus, we cannot conclude 
experimentally the topological classification of such polymers. 
 

 
Figure 4-11. High-resolution STM and nc-AFM images of the end of a polymeric chain on Au(111). In a) it is 
possible to see the bromine atoms surrounding the four indeno[1,2-b]fluorene units on the bottom of the polymer (3 
nm x 3 nm, 60 pA, 0.05 V). b) Constant height STM image of (a) (3 nm x 3 nm, 0.005 V). c) Constant-height frequency-
shift nc-AFM image of (a) acquired with a CO-functionalized tip (3 nm x 3 nm, 0.005 V). 

 

4.2.3 Electronic structure 

 
The electronic properties of the polymers grown on Au(111) were studied with scanning 
tunnelling spectroscopy. Spectra measured at selected positions (Fig. 4-12) show one 
resonance peak at 0.50 V, which was identified as the conduction band maximum (CBM), 
and another strong resonance peak at -1.58 V, which corresponds to the valence band 
minimum -1 (VBM-1). The valence band peak is not clearly visible due to the strong 
contribution of the VBM-1 and can be detected only as a small increase in the density of 
states around -0.75 V (see the inset in Fig. 4-12c).  
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Figure 4-12. Electronic structure of indeno[1,2-b]fluorene polymeric chains on Au(111). a) dI/dV spectra 
acquired on the polymeric chain shown in (d). The positions where the spectra were taken are depicted as dots over 
the image (3 nm x 3 nm, 10 pA, 0.05 V) with blue and red colours. Orange colour shows the spectra taken on Au(111) 
with the same tip. The VBM is depicted in a different dI/dV spectra (c) due to the difficulty to elucidate it, since the 
contribution of the VB-1 is very strong. b) Calculated band structure and projected density of states (PDOS) of the free-
standing infinite polymer. 

The spatial distribution of these resonances was measured by acquiring dI/dV maps. 
Constant-current maps of the dI/dV signal, taken at -1.5 (VBM-1), -0.75 eV (VB) and at 
0.5 eV (CBM) are shown in Figures 4-13c, d and e. The good agreement with DFT 
theoretical calculations (Fig. 4-13f, g and h) confirms our interpretation of the electronic 
band structure and reveal a bandgap of 1.25 eV. This value is 0.2 eV lower than the 
calculated for the free-standing polymer (1.42 eV, Fig. 4-12b), a small difference that can 
be explained by the screening effect of the metallic substrate. 
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Figure 4-13.  dI/dV maps with the corresponding DFT calculated dI/dV maps at the energetic positions shown in Figure 4-
11.  a) and b) High-resolution STM zoom-in of the polymeric chains where the dI/dV maps were taken. (a) corresponds to 
the topographic image of (c) and (d) and (b) to the topographic image of (e). a) (Scale bar= 1 nm, 100 pA, 0.1 V); b) (4 nm x 
4 nm, 100 pA, -0.05 V). (c), (d) and (e) correspond to the measured constant-current differential conductance (dI/dV) maps. 
Tunnelling parameters for the dI/dV maps: VB (200 pA, -0.75 V), CB (300 pA, 0.5 V), VB-1 VB (600 pA, -1.5 V). (f), (g) and (h) 
correspond to the DFT calculated dI/dV maps at the energetic positions found with the punctual dI/dV spectra. 
 

Previous experiments performed with aromatic systems demonstrated that the diradical 
character of the molecules is closely related to the resulting bandgap. In the case of the 
antiaromatic systems, they tend to show a small bandgap, which increases the diradical 
character of the molecules86. A strong diradical character is related with open-shell 
systems, which are interesting due to their applications related with their electronic and 
magnetic structure87,88. As mentioned previously, indenofluorene can have five different 
regioisomers (see Fig. 4-1) with different biradical character, ranging from open-shell to 
closed-shell. While for indeno[1,2-b]fluorene, the monomer forming the polymer 
described here, a bandgap of 1.25 eV is expected, showing a closed-shell configuration, 
for indeno[2,1-b]fluorene a narrow bandgap of 0.4 eV is expected, with an open-shell 
configuration89. Furthermore, we do not observe any fingerprint of magnetic inelastic 
excitations in the polymer, and the DFT reveals the close-shell character of it. Altogether, 
it is reasonable to conclude that the indeno[1,2-b]fluorene polymers synthetized on this 
thesis present a close-shell configuration. 
 

4.3 A word on “chirality” 
 
Chirality has an important role in science due to the changes that produces in the 
properties of the molecular systems. This particularity of the conformation of the 
molecules is of great importance in all the scientific areas, such as chemistry, physics, 
pharmacology and biology. 
Since Pasteur discover it in 184890, the study of chirality in solution and on-surface has 
become an important field of study, highlighting its importance in the study of the 
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biological life-forms and pharmacology. One example of the importance of the chirality is 
the well-known case of the Thalidomide in the decade of the 50s. One of the enantiomers 
of the molecule used to synthetize this medication affects directly to the formation of the 
fetus of the pregnant women, causing serious malformations, while the other chiral form 
was harmless. 
 
Chirality was described by Prelog as the property of an object that has no congruence 
with its specular image if it is rotated or translated. The only symmetry elements that the 
two species have in common are the ones derived from the reflection as the mirror-
planes, improper rotational axes and inversion centres91. In chemistry, the molecules that 
fulfil this definition are called enantiomers, which in Greek means “opposite”. They can 
be described by different nomenclature, considering a specific characteristic. The first 
method is the used by Pasteur and consists in the study of the rotation of the in plane-
polarized light in an aqueous solution. If the polarization plane rotates to the right, it is 
denominated d or dextro; if it rotates to the left, it is denominated l or levo. 

 

Figure 4-14. A chiral object reflected on a mirror plane presents a non-superimposable image. The image 
obtained from the reflection is the chiral form. The chiral configurations can be denominated as L (levo) and D (dextro) 
depending on the rotation in plane-polarized light. 

Chirality has been widely studied in 3D systems since it was discovered. But more 
recently, due to the improvement in the characterization techniques, the interest on the 
study of the 2D chiral systems has increased92–96. On-surface, chirality can be a 
consequence of the molecular conformation after adsorption. The disposition of the 
molecules depending on the influence of the substrate is a matter still under study97,98. 
As the substrate is presented as a 2D surface, some symmetry elements are sacrificed  
after adsorption, and molecules that does not present chirality in vacuum, can become 
chiral on the surface. This kind of molecules are called prochiral (see Fig. 4-15). 



 
52 

Synthesis of π-conjugated polymers 

    
Figure 4-15. Prochiral molecule adsorbed on a substrate. A chiral molecule (in this case, our molecular precursor) 
adsorbed on a substrate becomes chiral due to the broken symmetry. 

 

4.3.1 Polymer configuration 
 

As the indeno[1,2-b]fluorene is a prochical molecule (Fig. 4-2 and 4-15), it can be 
adsorbed on the surface in two different configurations, i.e. giving two enantiomers (A 
and B in Figure 4-16). This leaves the possibility of two different connections when the 
polymer is synthetized (A-A/B-B or A-B), and thus the probability of forming racemic 
polymeric chains (see figure 4-16). One of the challenges of the on-surface synthesis with 
chiral molecules is to drive them to be connected with a specific enantiomer, i.e. the 
increment of homochirality. 

 
 

Figure 4-16. A and B prochiral conformations of indeno[1,2-b]fluorene and their possible conformations 
forming the polymer. 

In order to study the influence of the surface in the enantiomeric distribution, the 
structure of indeno[1,2-b]fluorene polymers was statistically studied on three different 
surfaces: Au(111), Ag(111) and Ag(100). Two different statistical analyses were 
performed over more than 1400 molecules.  
 
First, the amount of A and B isomers adsorbed on the three different surfaces was 
counted. It was observed that the amount of each one is around 50%, regardless of the 
employed surface (Table 4-1). 
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Table 4-1. Statistical study of the adsorption position of the 6,12-bis(dibromomethylene)-6,12-
dihydroindeno[1,2-b]fluorene on three different substrates: Au(111), Ag(111) and Ag(100). Statistics out of 
1400 molecules, the data below the graph corresponds to the percentage of the molecules. Lower panel corresponds 
to the calculated standard deviation and the error of the statistic. 

Second, the predisposition of the molecules to be connected to a specific enantiomer was 

studied (Table 4-2). It was observed that by changing the metal substrate and surface 

orientation, the predisposition of one enantiomer to be linked to the same one can be 

modified, thus affording racemic or homochiral segments. In the case of the polymers 

formed on Ag(111) and Ag(100), the indeno[1,2-b]fluorene units prefer to be connected 

to the same enantiomer. In contrast, in the case of Au(111) the distribution was random. 

Regarding the surface orientation, the results indicate that on Ag(111) around the 60% 

of the molecules were connected to the same enantiomer, while on Ag(100) this number 
increases up to 70% . 

 

 
Au(111) Ag(100) Ag(111) 

St. Dev. Error St. Dev. Error St. Dev. Error 

A 4.7 2.1 5.9 3.0 4.4 2.2 

B 4.7 2.1 5.9 3.0 4.3 2.2 



 
54 

Synthesis of π-conjugated polymers 

 

 

 

 

 

 

Table 4-2. Statistical study of the carbon-carbon connection of the 6,12-bis(dibromomethylene)-6,12-
dihydroindeno[1,2-b]fluorene molecules using three different substrates: Au(111), Ag(111) and Ag(100). 
Statistics out of 1400 molecules, the data below the graph corresponds to the percentage of the molecules. Lower panel 
corresponds to the calculated standard deviation and the error of the statistic. 

A reason for this phenomenon is not completely clear, but a possible explanation might 
be found in the minute differences in adsorption energies for the different molecular 
configurations. As shown in Figure 4-17a, when two indenofluorenes are in the A-A (or 
B-B) configuration, their main axes are almost parallel, while this is not true for the A-B 
configuration. Thus, if there is a preferred adsorption orientation, they will tend to adopt 
the same configuration (A-A or B-B), with both molecules following this orientation. This 
preference will be more important when the difference in adsorption energy between 
the preferred orientation and any other is larger. As an example, we have calculated the 
adsorption energy of a single indenofluorene molecule on the three different surfaces 
(see Figure 4-17b). In these calculations the molecule is placed on the substrate with the 
central carbon ring on top of a surface atom, and the energy of the system is calculated 
as a function of the angle between the main symmetry axis of the molecule and one of the 
high symmetry directions of the surface. The results show that the variation in energy is 
much larger for Ag(100), implying that on this surface (more than in the other two) all 
the molecules would tend to be aligned with the same orientation. Of course, this is not 
the whole story, because depending on the substrate, surface orientation, and polymer 
direction, the registry with the substrate between adjacent indenofluorene units may be 

 
Au(111) Ag(100) Ag(111) 

St. Dev. Error St. Dev. Error St. Dev. Error 

A-A/B-B 1.6 0.5 7.6 2.6 5.6 1.9 

A-B/B-A 1.0 0.3 2.9 1.0 3.5 1.2 
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very different, but in principle these results might explain the predominance of A-A (or 
B-B) bonds on this surface. In any case, we can conclude that the formation of polymers 
that present large regioregular segments may be favored by a judicious choice of the 
metal and the surface orientation. 

Figure 4-17. Relative orientation of adjacent units in a polymeric chain on Au(111). a) High-resolution STM 
image of a fragment of a polymeric chain with a B-B-A-A sequence (Scale bar= 1 nm, 100 pA, 0.1 V). b) Calculated 
adsorption energies for a single molecule on the three different surfaces as a function of the angle between the main 
symmetry axis of the molecule respect to one of the high symmetry surface direction. Ag(100) (blue line) presents a 
large energy respect to the one calculated for Ag(111) (red line) or Au(111) (black line). 

4.4 Conclusions 
 
In this chapter, the on-surface synthesis of a new polymer based on indeno[1,2-
b]fluorene monomers on three different surfaces, Au(111), Ag(111) and Ag(100), was 
described.  
 
The polymeric chains were studied using STM and nc-AFM, revealing the cumulene-like 
nature of the bonds between indenofluorene units and a closed-shell electron 
configuration. DFT theoretical calculations corroborate these results. Scanning 
tunnelling spectroscopy reveals a bandgap of 1.25 eV, also in agreement with the 
theoretical results. 
Importantly, the monomers are prochiral on the surface. A statistical analysis of the STM 
images show that there is a relationship between the chosen substrate and the tendency 
of a monomer to be connected with the same. On the Ag(100) surface, and in a less 
amount also on Ag(111), indenofluorene units prefer to be connected with the same 
enantiomer, resulting in the formation of long homochiral segments. On the contrary, on 
Au(111) a pure racemic sample is obtained. 
 
These experiments open a new investigation line of indenofluorene polymers and the 
possibility to drive the formation of specific homochiral segments on surfaces, which 
could pave new avenues for chirality-driven optoelectronic phenomena.  
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5. Synthesis of two-dimensional Co-

directed metal-organic networks 

exploiting hydroxyl functional 

groups 
 

In this chapter, the synthesis and characterization of two unprecedented Co-directed 
metal-organic networks on Au(111) is reported. To that aim we employ as molecular 
precursors 2,3,6,7,10,11-Hexahydroxytriphenylene (H6HOTP) and Benzene-1,2,3,4,5,6-
hexaol (H6HOB), which have been recently used to form conducting metal-organic 
frameworks in wet chemistry99.  
 
Scanning tunnelling microscopy, scanning tunnelling spectroscopy, and non-contact 
atomic force microscopy were performed with the LT-STM/nc-AFM microscope at 
IMDEA Nanoscience, Spain. X-ray absorption spectroscopy (XAS), X-ray linear dichroism 
(XLD) and X-ray magnetic circular dichroism (XMCD) experiments were done at BOREAS 
line in ALBA Synchrotron, in collaboration with Manuel Valvidares, Pierluigi Gargiani, 
Miguel Ángel Valbuena, Beatriz Muñiz and Julio Camarero. Density-Functional Theory 
(DFT) calculations were performed by Dr. J. I. Martínez and Dr. José M. Gallego, from the 
Institute of Materials Science of Madrid (ICMM-CSIC), Spain. 
 

5.1 Introduction 
 
During the last decades the synthesis of metal-organic frameworks (MOFs) has proven 
itself a useful pathway for the fabrication of advanced materials with potential 
applications in many fields. These new materials are the result of the coordination of 
organic molecules (linkers) with metallic atoms (nodes), resulting in a porous crystalline 
materials with, most of the times, a high surface area100. MOFs have been extensively 
studied due to the ease by which their properties can be modified by changing the linkers 
or the metal nodes26,101. Thanks to this chemical versatility, MOFs have been used in fields 
such as storage or separation of gases102–105, catalysis106–108, drug delivery109–111 and 
fluorescence112,113, to name just a few. Although these systems have been widely studied 
in wet chemistry, the interest in them has also been exported to surface physics, whereby 
a large plethora of novel surface-confined metal-organic architectures has been 
developed114. 
 
Electrical conductivity is one important area of research both in wet and surface-confined 
metal-organic networks. In solids, charge transport can be done by two different 
mechanisms: hopping transport and band-like (or ballistic) transport. On one hand, in 
hopping transport, the charge is transferred between discrete sites where the charge 
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carriers are localized. This mechanism is typical in disordered materials such as organic 
semiconductors or glasses. On the other hand, in ballistic transport, continuous energy 
bands with delocalized charge carriers are formed due to the strong interaction between 
the sites. This mechanism is more common in crystalline inorganic materials. Hopping 
transport is always favored by increasing the temperature of the system. In contrast, 
ballistic transport can be both thermally activated and deactivated, depending on the 
amount of charge carriers that the system has26. 
 
One important drawback is that most of the well-studied MOFs are insulators, presenting 
a large bandgap and low electrical conductivity. However, some MOFs offer the 
possibility to tune their electrical conductivity by varying both the linkers and the metal 
constituents115. Steered by such capability, as well as their low-cost fabrication, these 
new materials arouse the interest of science and technology due to the possibility of using 
their electronic properties in applications such as solar cells115, light emitters116,117, 
electrocatalysis118,119, sensors120, and energy storage121 . 
 
The strategies to improve charge mobility in MOFs are based on two different 
approaches: through-bond pathway and through-space pathway (see Fig. 5-1). In the 
through-bond pathway, charge transfer takes place between the ligands and the metal 
nodes (in the so-called extended conjugation the organic cores are also involved). These 
systems may show small bandgaps and high mobilities. On the other hand, transport can 
be through-space, involving non-covalent interactions between organic components 
(especially π-π interactions)26122. 
 

 
Figure 5-1. Charge transport pathways in a metal-organic system. Figure adapted from the review ‘Electrically 
Conductive Metal−Organic Frameworks’26. 
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In this scenario, many of the reported conductive metal-organic networks adopt a 
graphite-like or a Kagome structure, containing benzene or triphenylene cores with 
functional groups ortho-substituted such as -NH2, -OH, -SH or –SeH, while  the nodes are 
transition metal ions such as Fe, Cu, Co, or Ni, that are oxidised when the 2D MOFs are 
formed, forming a lattice with a planar coordination, and thus affording 2D coordinative 
sheets (and usually termed 2D metal-organic networks). Some of these 2D metal-organic 
systems can form layers stacked along the Z axis, connected by - interactions to the 
next layer123. More recently, other species with different ligands, symmetries and sizes 
have been proposed. Figure 5-2 (adapted from Ref 27) shows the ligands most commonly 
used for the synthesis of conductive two-dimensional metal-organic networks. 

 

 
Figure 5-2. Most used molecules for the synthesis of conductive two-dimensional metal-organic networks. 
Figure adapted from the paper “2D Conductive Metal-Organic Frameworks: An Emerging Platform for Electrochemical 
Energy Storage”27, with the two molecules used on this chapter highlighted in blue. 

Within such 2D MOFs, enhanced electrical conductivity occurs due to the overlap of the 
π-orbitals coming from the organic ligand and the d orbitals from the metal node, 
allowing an efficient charge delocalization. This kind of transport is the already 
mentioned extended conjugation, since it involves the participation of the organic 
conjugated core, the functional groups and the metal ligand26. These 2D conducting MOFs 
have received a huge attention since they could be used as an electrode material in 
electrochromism and energy storage (the so-called EES) devices. Besides their large 
electrical conductivity, the possibility to tune their porosity and redox-active nature 
could represent an important advance in the industry of nanodevices124. 
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Material  σ (S cm-1) 

Cu-BHT  1580 

Ag-BHT  250 

Co-HAB  1.57 

Ni-HAB  70 

Cu-HAB  11 

Cu-DBC  1 

Cu3(HOTP)2  1.5 

Ni3(HITP)2  50 

 
Table 5-1. Electronic conductivity of selected MOFs. Table adapted from the review “Recent advances in the 
development of electronically and ionically conductive metal-organic frameworks”125. 

In addition to their prospects regarding electrical conductivity, some two-dimensional 
metal-organic materials are also candidates for complex quantum phases of matter.  
 
On one hand, thanks to the inherent symmetries of the networks, as well as the 
incorporation of metal centers featuring high spin-orbit coupling, it has been predicted 
that it is possible to obtain exotic quantum phases such as topological and quantum 
anomalous Hall insulators, flat-band or superconducting nanomaterials126,127. Due to 
their low cost, mechanical flexibility and ease of fabrication, organic topological 
insulators could be an important advance for spintronics applications128. Until now, two 
main groups of two-dimensional organic networks involving metals have been proposed 
as theoretical candidates to form organic topological insulators. The first one has a 
hexagonal lattice where the metal atom is engaged in organo-metallic bonding with three 
phenyl groups (Figure 5-4a)129, and, thus, not properly a metal-organic network. The 
second one shows a Kagome lattice, where the metal atom is coordinated with two 
neighboring molecular groups (Figure 5-4b)130. To date, the hexagonal lattice described 
as the first example has not been achieved experimentally. There are some papers 
reporting the synthesis of the Kagome lattice, but none shows topological properties131–

133. 
 
On the other hand, magnetic interactions affording anti- or ferro-magnetism in 2D-MOFs 
are also important, due to the growing interest in creating antiferromagnetic or 
ferromagnetic one-atom thick nanomaterials for their applications in spintronics134,135. 
Furthermore, it has been recently anticipated that Kagome metal-organic networks that 
feature antiferromagnetic spin coupling are candidates to quantum spin liquids136,137, a 
theoretical concept not observed in 2D-MOFs yet. The synthesis of a system with this 
characteristic would represent an important advance in the on-surface synthesis field 
and the study of the spin phenomena in magnetic systems. 
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Figure 5-3. Honeycomb and Kagome lattice. Models of the honeycomb and Kagome lattices with predicted 
topological properties. M = metal, X = -NH2, -OH, -SH, -SeH. 

In Figure 5-4 there is a scheme, extracted from Ref. 138  , summarizing the metal elements 
reported in the on-surface design of metal-organic networks, showing that transition 
metals of the d-block are the most commonly used. Metals of the d-block use to give 
networks with two-fold, three-fold and four-fold coordination on surfaces, but the 
oxidation state is not easy to know due to its interaction with the metal substrate. 
Techniques such as XPS, XAS or DFT calculations can help to elucidate this oxidation-
state. 
 
More recently, metals of the f-block, the so-called rare-earths, have also been used in the 
synthesis of metal-organic systems on surfaces. The interesting difference with metals 
from the d-block is that 4f orbitals are internal, protecting the valence electrons against 
the interaction with the environment, which results in a metal-organic bond mostly 
based on ionic interactions. As a result, f-block elements allow higher coordination 
numbers (five-fold or six-fold) than their d-block counterparts.  
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Figure 5-4. Metals most commonly used in the synthesis of surface-confined metal-organic networks. Figure 
from the review “Self-assembly of metal–organic coordination structures on surfaces”138. 

Based on previous work in wet chemistry about conductive metal-organic 
frameworks139,140, we have undergone the design of 2D metal-organic networks 
employing 2,3,6,7,10,11-Hexahydroxytriphenyene (H6HOTP) and 1,2,3,4,5,6-
hexahydroxybenzene (H6HOB) species as linkers, targeting to design the first conducting 
and magnetically interacting one-atom thick metal-organic networks. These two 
molecules belong to the family of semiquinoid linker-based materials, and show a 
conjugated organic core equipped with a redox catechol group, which in wet chemistry 
confers a strong electrical conductivity upon forming the metal-organic networks.  
 

 
Figure 5-5. Molecular structure of the molecular species used in this chapter. a) 1,2,3,4,5,6-hexahydroxybenzene 
(H6HOB). b) 2,3,6,7,10,11-Hexahydroxytriphenyene (H6HOTP). 
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H6HOTP species has been widely used in the synthesis of MOFs, both in solution139,140 and 
in on-surface synthesis140,141. It is composed of an organic core, formed by four hexagonal 
conjugated rings (triphenylene core), one in the middle and the other three surrounding 
it (Figure 5-5a). It is equipped with six hydroxyl groups, which are easily deprotonated 
on the surface upon thermal activation, facilitating the coordination with the desired 
metal. The H6HOTP linker presents interesting characteristics and properties on wet 
chemistry that makes it a candidate for the formation of unprecedented metal-organic 
architectures on surfaces. First, these molecules form extended conjugated layers, with a 
strong π-d interaction between the molecule and the metal forming the MOFs. In 
addition, these 2D layers can be stacked with π-π conjugation between sheets122,142. 
Second, the oxidation of the catechol moieties gives place to the formation of semiquinoid 
radicals, which act as charge carriers in the MOFs.  
 
H6HOB linkers are based on a benzene equipped with six hydroxyl groups, one in each 
carbon atom (Figure 5-5b). In previous studies it was demonstrated that 
benzenehexathiol (BHT) species, where the hydroxyl groups are replaced by thiols 
groups, is a promising precursor in the formation of new 2D metal-organic networks. 
These networks, with Cu as the metal, present interesting potential properties such 
superconductivity127,143,144. 2D-MOFs using H6HOB were reported by Zhenan Bao 
group145. In addition, recent investigations in Nian Lin’s group show the route to 
synthesize on-surface 2D metal-organic networks using H6HOB and two different metals, 
Fe and Cu, as the metal linker146,147.  Importantly, in those studies, the system with Cu 
shows an efficient charge delocalization due to the O-Cu-O coordination, which gives this 
system a good carrier mobility. In addition, the system with Fe seems to present a 
Kagome antiferromagnetic structure, which is an interesting system, as mentioned 
before, since the geometrical frustration produced by the Kagome motif gives rise to a 
highly degenerated ground state, which can help to elucidate further routes to achieve a 
quantum spin liquid. 
 
Inspired by those results and by the extensive knowledge about cobalt, this element was 
chosen as the metal node for the synthesis of our potentially conductive Co-directed 
metal-organic networks148,149. In wet chemistry, in coordination complexes containing C-
donor ligands, cobalt presents a low oxidation state and complexes with an oxidation 
state higher than +2 are not common. Square-planar geometry for complexes with Co(II) 
can be achieved if the ligand is a rigid multidentate molecule. The electronic 
configuration of Co in these complexes is d7, and they can present high-spin or low-spin 
states depending on the nature of the ligand. If the ligand field strength is not too rigid, 
the interconversion between HS and LS is easily tuned by external stimuli. This is the so-
called spin-crossover and is more common in Co(II) than in Co(III) (See Fig. 5-6)150,151. 
On the other hand, Co(III) is one of the most studied oxidation states and easily to achieve 
from Co(II). Co(III) usually presents a low-spin electronic configuration, and a square-
planar geometry can be stabilized by amide ligands or similar152. On surface, cobalt atoms 
tend to form trigonal coordination with organic molecules, creating large honeycomb 
structures with a high interaction with the surface153–155. 
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Figure 5-6. Scheme of the electronic configuration of Co(II) and Co(III). Spin crossover is more common in d7 
metals. 

Given the previous studies on surfaces, the expected structures of the metal-organic 
networks formed by these two linkers with cobalt atoms on a metallic surface are 
presented In Figure 5-7. In both cases the molecules were expected to be coordinated 
with the cobalt metal forming a Kagome lattice, where the coordination number of the 
cobalt would be 4. As mentioned above, theoretical calculations predict an 
antiferromagnetic state which can be an initial step for the realization of a quantum spin 
liquid156.  
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Figure 5-7. Expected lattices from the coordination of H6HOTP and H6HOB with cobalt, giving rise to a Co-
directed Kagome lattice. M = Co and  X = -O. 

Having in mind all these prospects, both linkers were sublimated on Au(111), followed 
by the subsequent deposition of cobalt. Both structures were studied electronically and 
magnetically with scanning probe microscopies and synchrotron spectroscopies.  
 
In the first part of the chapter, experiments about the self-assembly and coordination of 
H6HOTP with cobalt are presented. First, we have investigated the distinct self-
assembled phases formed at room temperature and upon annealing without the 
presence of cobalt adatoms. Next, after cobalt deposition and sufficient annealing, an 
unprecedented metal-organic network, different from the expected one (Fig. 5-7a), is 
observed, revealing a very low bandgap, a unique preservation of a high orbital magnetic 
moment, and an antiferromagnetic ground state, thus opening fascinating opportunities 
for robust antiferromagnetic materials of great interest for spintronics and magnetic 
memories.   
 
In the second part of the chapter, a novel hexagonal metal-organic network based on the 
coordination of H6HOB species with cobalt is presented. Such network features a lower 
bandgap than the one observed for the Co-HOTP architecture. Magnetic measurements 
were also performed at ALBA, revealing a week antiferromagnetic behaviour with strong 
in-plane anisotropy and smaller orbital magnetic moment.  
 

 

5.2 Synthesis of Co-HOTP networks on Au(111) 
 
Co-HOTP two-dimensional metal-organic networks were grown on Au(111). The core of 
the molecular precursor (H6HOTP, Fig. 5-8) is a triphenylene, a polycyclic aromatic 
hydrocarbon formed by four carbon rings which has 18-π-electron delocalized in a 
planar structure. The 2,3,6,7,10 and 11 carbons of the triphenylene structure are 
equipped with hydroxyl groups, which can be deprotonated on surface. Structurally, the 
distance between opposite hydroxyl groups in the gas phase relaxed geometry is 9.88Å. 
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Figure 5-8. Chemical structure of 2,3,6,7,10,11-Hexahydroxytriphenylene (H6HOTP). Ball and stick model of the 
molecular precursor used in the synthesis of the two-dimensional metal-organic network. The distance between 
opposite hydroxyl groups in gas phase is 9.88 Å. Carbon atoms are coloured in blue, oxygen atoms in red and hydrogen 
atoms in white. 

First, the different self-assembly phases formed depending on the annealing temperature 
have been studied in order to corroborate previous results140,157. H6HOTP molecules 
(commercial) where sublimated on Au(111) with the substrate held at room 
temperature. Subsequently, upon annealing, molecules could be found in different self-
assembly phases, forming islands where the molecules are connected by hydrogen bonds 
and Van der Waals interactions, as it was observed before on Ag(111)139 and on Au(111) 
140,157. 
 
Figure 5-9 shows the evolution of a submonolayer coverage of H6HOTP upon annealing. 
At room temperature, it is detected the so-called “bow-tie” phase, coexisting with some 
disordered islands. In previous works140,157, no ordered phase could be observed before 
annealing. This discrepancy could be due to the fact that, in our case, the molecules were 
deposited when the sample was still warm from the previous cleaning cycle; in other 
words, our base room temperature was probably higher than 25 ⁰C.  After annealing the 
sample at 250 ⁰C a novel phase emerges (termed “ribbon” phase) in coexistence with the 
bow-tie phase (Figures 5-9c-f). There are also minor disordered regions, but we didn´t 
detected an additional phase reported in reference 139. Finally, molecules are destroyed 
after annealing at 300 0C (Figures 5-9g-h).  
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Figure 5-9.  Self- assembly of H6HOTP on Au(111). High-resolution STM images of H6HOTP molecules on Au(111) 
surface, deposited and annealed at different substrate temperatures. (i) and (j) model of H6HOTP superposed on STM 
images. Scanning parameters: a) 25 nm x 25 nm, 0.5 V, 200 pA; b) and j) 6.8 nm x 6.8 nm, 0.1 V, 500 pA; c) 100 nm x 
100 nm, 0.5 V, 200 pA; d) 22.66 nm x 22.66 nm, 0.5 V, 100 pA; e) 60 nm x 60 nm, 0.5 V, 200 pA; f) 25 nm x 25 nm, 0.5 
V, 200 pA; g) 100 nm x 100 nm, 0.5 V, 200 pA; h) 8 nm x 8 nm, 0.5 V, 150 pA , i) 7.7 nm x 7.7 nm, 0.5 V, 100 pA. 
 

In order to synthesize a cobalt-directed metal-organic network, cobalt atoms were 
thermally sublimated on top of a submonolayer coverage of H6HOTP on Au(111) and the 
resulting samples were inspected after annealing from 100 to 250 0C, in steps of 50 0C  
(Figs. 5-10a-f). The coordination of the molecules starts when cobalt is deposited with 
the sample maintained at 100 0C, but just a few of them are forming the final motif (see 
Figs. 5-10a-b), remaining the self-assembly phases as predominant. When the sample is 
annealed to 200 0C, most of the molecules are engaged in coordination with cobalt atoms, 
(Figs. 5-10c-d), but it is not until after annealing to 250 0C when the molecules are 
completely coordinated (Figs. 5-10e-f). In order to corroborate that the new metal-
organic architecture was not the consequence of a lack in the amount of cobalt, we 
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doubled such quantity. The resulting architecture was the same as before, though with 
some concomitant presence of metal clusters surrounding the islands (see Fig. 5-10g). 
 

 
Figure 5-10. Growth of the metal-organic network. High-resolution STM images of H6HOTP molecules on Au(111) 
surface upon deposition of cobalt with the substrate at 100 0C, changing the temperature of the annealing and the 
amount of deposited cobalt. (a) and (b), correspond to the deposition of the H6HOTP and the metal without annealing, 
(c) and (d) correspond to the sample annealed at 200 0C and (e) and (f) correspond to the sample annealed at 250 0C.  
(g) corresponds to the standard metal-organic network preparation doubling the amount of Co. Scanning parameters: 
a) 15 nm x 15 nm, 100 pA,0.5 V; b) 7.4 nm x 7.4 nm, 100 pA 0.5 V, c) 50 nm x 50 nm, 100 pA 0.5 V; d) 15 nm x 15 nm, 
100 pA 0.5 V; e) 40 nm x 40 nm, 200 pA 0.5 V; f) 5 nm x 5 nm, 200 pA 0.5 V; g) 48.4 nm x 48.4 nm, 200 pA, 0.4 V. 
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Thus, for the metal-organic synthesis, the H6HOTP precursor was thermally deposited on 
Au(111) by heating a quartz crucible to 251 ⁰C, with the monocrystal held at room 
temperature, The molecular coverage was always lower than a monolayer to facilitate 
the metal-organic reaction. Cobalt deposition rate was previously calibrated with the 
QMB to avoid an excess of metal and the consequent formation of clusters. The Co metal 
atoms were deposited with the sample at 100 ⁰C to promote molecular mobility. Finally, 
the sample was annealed at 250 ⁰C for 30 minutes to promote the deprotonation. 
 
This process leads to the formation of two-dimensional supramolecular islands of Co-
directed metal-organic Co-HOTP networks, featuring long range order. The islands 
display a rounded shape, covering approximately 50% of the Au(111) surface (see Figs. 
5-11). The molecular species form a hexagonal unit cell, with a lattice parameter a = 2.15 
±0.01 nm, and contains four molecules, with three molecules with the same orientation 
surrounding another molecule with the opposite orientation (see Fig. 5-11b).  
 

 
 
Figure 5-11. The Co-HOTP metal-organic network. High-resolution STM images of the two dimensional Co-HOTP 
metal-organic network formed on Au(111) after molecular deposition at room temperature, Co deposition with the 
substrate at 100 0C, and post annealing at 250 0C. a) Long-range image of an island (50 nm x 50 nm, 150 pA, 1.0 V). b) 
Zoom-in high-resolution of an island (11.7 nm x 11.7 nm, 120 pA, 0.02 V) with the unit cell highlighted in pink (�⃗� = 2.15 
±0.01 nm). c) and d) Zoom-in of the island with a superposed model of the molecular distribution. In the center, a 
H6HOTP molecule is surrounded by six Co atoms. Connected to these atoms, there are six molecules, each one 
connected to four Co atoms (4 nm x 4 nm, 100 pA, 0.02 V). 
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5.2.1 Study of the metal-organic motif using nc-AFM method 

 
Since the STM images do not allow to find out the exact position of the Co atoms, constant-
height frequency-shift nc-AFM images were taken in order to clarify the geometric 
structure of the metal-organic network. Although these images neither detect these 
atoms, their location can be inferred from the bonds coming out of the O atoms. They 
indicate that the three oxygen atoms from adjacent species point to an apparently empty 
site, which is an energetically unfavourable situation (due to the electrostatic repulsion), 
unless they are coordinated with a Co atom in such position, though not visible at such 
bias voltage. Such findings allow us to propose a model for the geometric structure (see 
Figure 5-11c and Figure 5-14). In this model the metal-organic architecture is directed 
by a six-fold Co-coordinated species surrounded by six four-fold Co-coordinated linkers 
as illustrated in Figure 5-14. The average Co-O projected distance deduced from this 
model is 1.91 Å, which is similar to the one observed for analogous 2D-MOFs158,159. DFT 
calculations of a free-standing layer based on this model give a lattice parameter a = 23.5 
Å, in good agreement with the experimental results. 
 

 
 
Figure 5-12. Constant-current and constant-height STM frequency-shift nc-AFM images of Co-HOTP metal-
organic network on Au(111). a) High-resolution STM image of a six-fold molecule, surrounded by six four-fold 
molecules, connected by six Co atoms (3.2 nm x 3.2 nm, 100 pA, 0.38 V). b) Constant-height frequency-shift nc-AFM 
image acquired with a CO-functionalized tip of (a) with a trio surrounded in blue (3.2 nm x 3.2 nm, 0.005 V). c) Zoom-
in of (b) where is it possible to observe two trio of O surrounding a Co metal atom. 

This new supramolecular assembly is different from the previous two-dimensional 
networks reported for H6HOTP140,160 and related molecules (even with Co), that feature 
a Kagome lattice (Fig. 5-7a), thus indicating the importance of the surface confinement. 
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The main difference relies on the coordination motif of the Co atoms: while in the 
previously reported networks the Co atom is bonded to 4 oxygen atoms, in our case every 
Co atom is bonded to only 3 oxygen atoms. The reason behind this variation is most 
probably related to the interaction of the Co atoms with the gold substrate. 
 

 
 
Figure 5-13. Synthetic route to form the two-dimensional metal-organic Co-HOTP networks. 

 
 
Figure 5-14. Structure of the Co-HOTP network. Cobalt atoms are coloured in blue, oxygen atoms in red, carbon 
atoms in grey and hydrogen atoms in white. The unit cell is indicated by a dashed line. 

To gain a deeper insight, DFT+U calculations were performed for the Co-HOTP network 
on the Au(111) substrate (the value for U has been taken as 3.75 eV, in agreement with 
literature)161. Different geometrical starting-points, compatibles with the geometry 
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deduced from the nc-AFM images, were considered. The experimental results are 
compatible with an 8 x 8 unit cell (Figure 5-15). In the relaxed geometry the molecular 
ligands lie flat at 3.3-3.4 Å above the surface. Not all the Co atoms share the same registry 
with the substrate: while some of them occupy 3-fold hollow sites, others are closer to 
top positions. Consequently, the cobalt atoms lie at 2.2 (hollow) or 2.8 Å (top) above the 
surface, i.e., much closer than the organic layer, indicative of their strong interaction with 
the gold substrate. The Co-O bond lengths range between 1.86 Å and 1.92 Å, which is in 
agreement with the experimental results. A Bader analysis of the atomic charges gives a 
result of ~+1.4 |e-| for the Co atoms, which is in principle compatible with a Co(II) 
oxidation state. 
 

 
 
Figure 5-15. Theoretical model of the metal-organic network on Au(111). Top and side view of the DFT optimized 
structure of the Co-HOTP network on Au(111). 

 

5.2.2 Electronic structure  
 

High-resolution constant-height STM images at low bias voltage (5 meV) (Figure 5-16) 
reveal that 6-fold coordinated and 4-fold coordinated species are electronically different.  
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Figure 5-16. Constant-current and constant-height STM images of Co-HOTP metal-organic network on 
Au(111). a) High-resolution STM image of a six-fold molecule, surrounded by six four-fold molecules, connected by six 
Co atoms (3.2 nm x 3.2 nm, 100 pA, 0.38 V). b) High-resolution constant-height STM image of (a) (3.2 nm x 3.2 nm, 
0.005 V). 

 
 
Figure 5-17. Electronic structure of the Co-HOTP metal-organic network on Au(111). a) dI/dV spectra acquired 
on metal-organic unit network. The positions where the spectra were taken are depicted as dots over the image. The 
grey colour spectra has been measured on the clean Au(111) surface, and shows clearly  the surface state at 0.5 eV. 
(b) STM image (300 pA, -1.1 V) showing with orange, green, pink and blue colours where the spectra where measured. 
c) dI/dV spectra on the positions where the cobalt atoms are placed. The grey curve has again been measured on the 
clean surface. d) Computed DFT+U (U = 3.75 eV for Co+2) electronic band structure for the in-plane spin network 
configuration in ground-state. 

Such electronic properties were further inspected by scanning tunnelling spectroscopy 
at selected positions on the network. The difference between 6-fold and 4-fold 
coordinated molecules can be clearly seen in Figure 5-17a. While the first ones show a 
strong resonance at ~ -1.0 eV, for the second ones this resonance shifts to ~-0.7 eV. 
Additionally, there are two frontier resonances located on the 4-fold and 6-fold 
coordinated molecular species (orange and blue lines in Fig. 5-17a, respectively) at ~ -
0.21 eV and ~ +0.07 eV, as well as on Co atoms at ~ -0.16 eV and ~ +0.13 eV (see Figure 
5-17c).  
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Figure 5-17f shows the calculated band structure, depicting a very narrow electronic 
band gap of 0.03 eV and a band extremum at  point of 0.25 eV. Consequently, the 
experimental features might reflect the predicted band extrema at the  point.  The linear 
decrease in the DOS leading to a minimum at the Fermi level might be consistent with the 
very small gap predicted by theory.  
 
The spectra in Figure 5-17 allow to measure dI/dV maps at selected voltage (Figure 5-
18), which confirms that 4-fold and 6-fold species show different electronic structures, 
as expected due to the distinct coordination of the species and show the location of the 
different resonances. 
 

 
 
Figure 5-18. dI/dV maps at the energetic positions shown in figure 5-17 for the Co-HOTP network. a) High-
resolution STM zoom-in (with a superposed model) where the dI/dV maps were taken (4 nm x 4 nm, 300 pA, -1.3 V). 
b-e) Constant-current differential conductance (dI/dV) maps measured at selected voltages. Tunnelling parameters 
for the dI/dV maps: (b) 300 pA, 0.1 V, (c) 300 pA, -0.1 V, (d) 300 pA, -0.3 V and (e) 300 pA, -0.9 V. 

 

5.2.3 Magnetic properties 
 

The magnetic properties of the Co-HOTP metal-organic network were further studied by 
performing XAS, XMCD and XLD experiments at Synchrotron ALBA. The samples were 
prepared following the same procedure developed at IMDEA, and their structure was 
previously checked using the STM of the beamline. A sample with only cobalt clusters on 
Au(111) was also measured to compare the results obtained with the metal-organic 
network. All the magnetic measurements were performed in a UHV chamber at 2 K. XAS 
was obtained at grazing (GI, 70o) and normal (NI, 0o) incidences, applying a field of up to 
6 T. 
 
When XAS spectra are taken at the Co L2,3-edge, two broad peaks around 778 eV and 794 
eV can be measured, corresponding to the spin-orbit splitting of the electrons forming 
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the 2p core shell (Figure 5-19a). Depending on the oxidation number of the cobalt atom, 
the peak at L3 will show a different structure: a series of multiple peaks when the 
oxidation number is +2 (depending on the local crystal field), and one main peak  around 
780 eV when the oxidation number is +3 (see Figure 5-20)162–165. Analyzing the XAS data, 
it is possible to conclude that the oxidation state of the Co at the metal-organic network 
is +2, which is consistent with the DFT calculations. 
 

 
Figure 5-19. XAS and XMCD results for the Co-HOTP metal-organic network on Au(111) and Co cluster. a) XAS 
spectra with positive (μ+, red) and negative (μ-, green) circularly polarized light and XMCD (μ--μ+) taken at Co L2,3-edges 
at grazing (70°, blue) and normal (0°, pink) incidences (B = 6 T, T = 2 K), b) XAS and XMCD spectra on the Co cluster 
sample, using the same conditions than in Co-HOTP metal-organic network. 

The intensity of the XMCD results changes appreciably depending on the incidence angle 
(Figure 5-19). Measurements at GI show a much stronger intensity than measurements 
at NI, which can be translated as a strong in-plane magnetic anisotropy. In the case of the 
Co clusters, this difference in intensity is not observed.  
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Figure 5-20. Comparison of different XAS spectra of the Co L2,3-edge for Co+3 and Co+2 oxidation states. (a,c) 
representation of the XAS spectra for Co+3 and theoretical simulations for high spin (HS) and low spin (LS), (a)  
YBaCo4O7 as extracted from the subtraction of the YBaCo4O7 spectrum with the YBaCo3AlO7 extracted from 
reference162,  (c) Sr2CoO3Cl and EuCoO3 extracted from reference163 . (b, d) XAS spectra for Co+2, (b) Nix Co1−x o island 
on Ru(0001) extracted from reference164 , (d) Rutile-type Ti1−xCoxO2−δ samples for x = 0.05 extracted from reference165. 
(e) XAS spectra for Co-HOTP network extracted from our experiments. 

 

DFT theoretical calculations were also performed to understand the magnetic 
configuration, considering different possibilities (including spin-orbit coupling 
interaction and non-collinearity of the spins). In particular, the following interfacial spin-
configurations have been computed: i) spin-unpolarized case, ii) ferro- and 
antiferromagnetic out-of-plane spin cases, and iii) distinct inequivalent in-plane spin 
cases, as illustrated in Figure 5-21. The calculations reveal that the most energetically 
favourable configuration for both the free-standing and the surface-confined network, 
correspond to the antiferromagnetic state of Figure 5-21a, with all the spins in-plane.  
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Figure 5-21. Spin-configurations considered in the DFT+U calculations. Out-of-plane spin: spin-unpolarized, 
ferromagnetic and antiferromagnetic spin configurations. In-plane spin: representation of inequivalent spin 
configurations. 

Magnetization curves were acquired at GI and NI (Fig. 5-22) by measuring the intensity 
of the XMCD peak as a function of the magnetic field. In the case of GI, the graphic shows 
a curve with an “S” shape with no magnetic remanence. On the other hand, at NI the 
graphic remains almost linear, with low intensity even at 6 T, confirming the in-plane 
anisotropy. As a whole, these results, as also XLD/XMCD, are compatible with a weak 
antiferromagnetism, as predicted by the DFT calculations. 
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Figure 5-22. Magnetization curves constructed by measuring the XMCD intensity at the highest peak of Co L3-
edge. Measures were acquired at grazing (70°, blue) and normal (0°, pink) incidences (T = 2 K). 
 

In order to calculate values of the effective spin (〈𝑆𝑒𝑓𝑓〉) and orbital (〈𝐿𝑧〉) operators and 

the effective spin (𝑀𝑒𝑓𝑓), orbital (𝑀𝐿) and total (𝑀𝑇) magnetic moments, sum rules were 

applied to the XMCD results. Calculations were done for both GI and NI at the 
experimental conditions (6 T, 2 K). 
 
Sum rules are a practical tool used to obtain separately spin and orbital contribution from 
the integrated XMCD and XAS curves that are measured experimentally166,167. The 
application of these sum rules to solve the magnetic values from XMCD was presented in 
1993 by Paolo Carra and B.T.Thole166. In their work, the group introduces two terms to 
study separately the orbital and the spin contribution in XMCD. 
 

𝜌 =
∫ 𝑑𝜔(𝜇+ − 𝜇−)

.

𝑗++𝑗−
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𝑗++𝑗−
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〈𝐿𝑧〉 (5.1) 
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3𝑐(4𝑙 + 2 − 𝑛)
〈𝑆𝑧〉

+
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6𝑙𝑐(𝑙 + 1)(4𝑙 + 2 − 𝑛)
〈𝑇𝑧〉 

(5.2) 

 
The term (4𝑙 + 2 − 𝑛) in equation 5.1 and 5.2 represent the number of holes in the 
valence band and it will be denoted as nh from now on. In the case of Co2+ the theoretical 
number of holes in the valence band is 3, however in this chapter we used a number of 
holes of 2.74 that was extracted from DFT calculations and is especific for this system. c 
and l represent the numbers of core and valence electrons respectively. In our case, the 
transition studied for Co2+ is 2p → 3d. Therefore, the term c will correspond to 1 and the 
term l to 2. The operator 〈𝑇𝑧〉 is related to the anisotropy of the field of the spin when the 
cloud of electrons is deformed by the effect of the spin-orbit interaction or by the crystal-
field effect. Defining the integrals:  
 
                                                    𝑝 = ∫ 𝑑𝜔(𝜇+ − 𝜇−)

.

𝑗+
                                                       (5.3) 

 
                                                 𝑞 = ∫ 𝑑𝜔(𝜇+ − 𝜇−)

.

𝑗++𝑗−
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                                                   𝑟 = ∫ 𝑑𝜔 (
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2
)

.

𝑗++𝑗−
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Then the magnetic moments can be expressed as: 
 

                                                              〈𝐿𝑧〉 =
2𝑞

3𝑟
𝑛ℎ                                                              (5.6) 

 

                                                    〈𝑆𝑧〉 +
7

2
〈𝑇𝑧〉 =

(3𝑝−2𝑞)

𝑟
𝑛ℎ                                                (5.7) 

 
 
Finally, the effective spin was calculated as the double of 〈𝑆𝑧〉 (𝑀𝑒𝑓𝑓 = 2〈𝑆𝑧〉), and the total 

magnetic momentum as the sum of the effective spin and the orbital operator (𝑀𝑇 =
2〈𝑆𝑧〉 + 〈𝐿𝑧〉). 
 
The calculated values for the Co centers on the Co-HOTP metal-organic network on 
Au(111), for the two incidence angles, are shown in Table 5-2. (Spin (〈𝑆𝑒𝑓𝑓〉) and orbital 

(〈𝐿𝑧〉) operators are given in ℏ units and the effective spin (𝑀𝑒𝑓𝑓), orbital (𝑀𝐿) and total 

(𝑀𝑇) magnetic moments in μB units). 
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Incidence 
angle (o) 

〈𝑺𝒆𝒇𝒇〉 (ℏ) 〈𝑳𝒛〉 (ℏ) 𝑴𝒆𝒇𝒇 (μB) 𝑴𝑳 (μB) 𝑴𝑻 (μB) 

70 0.61 (6) 0.98 (9) 1.22 (12) 0.98 (10) 2.20 (22) 

0 0.14 (1) 0.19 (2) 0.28 (3) 0.19 (2) 0.47 (5) 

Table 5-2. Calculated values applying sum rules for grazing and normal incident. Calculated values for effective 
spin (〈Seff〉) and orbital (〈Lz 〉) operators in ℏ units, and effective (Meff), orbital (ML) and total (MT) magnetic moments 
in μB extracted by XMCD sum rules for grazing (70°) and normal (0°) incidences for Co centres on Co-HOTP network 
on Au(111).  

It is important to point out that the sum rules give the real magnetic moments only for 
full saturated samples. Otherwise, they give just the values of the projections of these 
moments onto the incidence direction, and it will therefore represent a lower limit for 
the real magnetic moments. From the hysteresis curves, it is obvious that the sample is 
not saturated at NI, and so the calculated values are much lower at NI than at GI. At GI the 
sample must be close to complete saturation. Wether it is or not, the results give a large 
orbital moment close to 1 μB, which is similar to the one observed for isolated Co atoms 
on Pt(111) (1.1 𝜇𝐵)168, but has not been observed before for Co, or any other 3d metal, 
within a metal-organic network153. Note that the orbital magnetic moment measured at 
GI is 5.2 times greater than the one obtained at NI, signal of a very large magnetic 
anisotropy. This value is even larger than the one observed for cobalt atoms on 
gr/Pt(111).169 
 
The effective spin for Co-HOTP metal-organic network was calculated as 〈𝑆𝑒𝑓𝑓〉 = 〈𝑆𝑧〉 +
7

2
〈𝑇𝑧〉 and the result for GI was 〈𝑆𝑒𝑓𝑓〉 = 0.61. Since there is no uniaxial symmetry on this 

system, the dipole term cannot be deduced by angle dependent measurements, which 
means that it is not possible to deduce the spin state based on the experimental data. 
Even so, it is important to highlight that the DFT+U calculations determine a spin 
quantum number <Sz> = 0.95 for the Co atoms (this number is an average of the spin 
quantum number obtained from the Co atoms adsorbed on the hollow (<Sz> = 0.90) and 
the Co atoms adsorbed on top (<Sz> = 1.05), taking into account that there are 4 hollow 
Co and 2 top Co atoms per unit cell (see Fig. 5-23)). However, it is worth to note that the 
real 〈𝑆𝑒𝑓𝑓〉 at full saturation could be larger and the dipole term could be negative, which 

would make the experimental 〈𝑆𝑧〉 go in agreement with the calculation. 
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Figure 5-23. Theoretical calculation of the spin quantum number and total magnetic moment for the Co atoms 
that conform the Co-HOTP metal-organic network on Au(111). On the lower, side view of the metal-organic 
network observed from the side indicated by an arrow, where one Co atom is on top of a Au atom of the surface and 
the other two are in the hollows of it. 

Note that, at GI, a large orbital-to-effective spin moment ratio is observed. This ratio, 
calculated as 〈𝐿𝑧〉/2〈𝑆𝑒𝑓𝑓〉, gives 0.8. This result is obtained from XMCD alone, with no 

assumptions about the number of holes. This result is similar to the observed in the case 
of 3d adatoms on top of an alkali films170 and, so far, the biggest reported for 3d-based 
2D metal-organic networks. 
 
Additionally, XLD measurements were performed, with both a magnetic field of 6 T and 
a low magnetic field of 0.05 T (Fig. 5-24). In both cases a giant anisotropy is observed, 
with more than 90% of dichroism, but showing little differences between them. This can 
be explained if there is a strong charge density anisotropy coming from the coordination 
crystalline field. Then, any minor magnetic contribution to the XLD measurements would 
be screened by the charge effect. As expected, no XLD is observed for the Co clusters. 
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Figure 5-24. XAS and XLD results for the Co-HOTP metal-organic network on Au(111) and the Co cluster. a) XAS 
spectra acquired with vertical (μV, purple) and horizontal (μH, grey) linearly polarized light and XMLD (μV - μH) taken 
at Co L3-edge at grazing (70°) incidence for fields of 0.05 T (black) and 6 T (orange) (T = 2 K). b) XAS and XLD spectra 
on Co cluster sample, using the same conditions than in Co-HOTP metal-organic network. 
 
 

5.3 Synthesis of Co-HOB network on Au(111) 
 
As mentioned before, the H6HOB species were chosen to try to synthetize a two-
dimensional metal-organic system with Kagome structure using cobalt as the metal 
linker. The selected specie is composed of a six-member carbon ring functionalized with 
six hydroxyl groups, each one attached to a distinct carbon atom. The linker has 6 π-
electrons delocalized in a flat structure. The distance between opposite hydroxyl groups 
in the gas phase relaxed geometry is 5.54 Å, as illustrated in Figure 5-25. 
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Figure 5-25. Chemical structure of H6HOB species. Ball and stick model of the molecular precursor used in the two-
dimensional metal-organic network synthesis. Distance between opposite hydroxyl groups in gas phase is 5.54 Å. 
Carbon atoms are coloured in blue, oxygen atoms in red and hydrogen atoms in white. 

First, we deposited a submonolayer coverage of H6HOB on Au(111) in order to study the 
self-assembly. The species were sublimated by heating a quartz crucible to 150 0C, with 
the substrate held at room temperature. Constant-height STM images and constant-
height frequency-shift nc-AFM images were performed on the self-assembly architecture 
in order to compare them later with the Co-directed metal-organic network (see Fig. 5-
26). The species are self-assembled on the surface thanks to hydrogen bonds between 
the O atoms and the H atoms of neighbours’ molecules, forming large islands, with an 
almost perfect hexagonal unit cell of length |�⃗� |= 7.29 ±0.06 Å. The experimental results 
are compatible with a commensurate structure with an epitaxial relationship with the 

substrate described by the matrix (
3 1

−1 2
), which has a lattice parameter of 7.63 Å. 

Figure 5-26d shows the results of a DFT calculation based on this model. The organic 
layer is almost flat and located ~3.4 Å above the top surface layer. 
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Figure 5-26. Self-assembly of H6HOB on Au(111). a) High-resolution STM image of H6HOB molecules self-assembled 
on Au(111) (25 nm x 25 nm, 100 pA, 0.5 V), b) High-resolution constant-current STM image (2.5 nm x 2.5 nm, 30 pA, 
0.2 V) with the unit cell highlighted in pink (α: 59.16 ± 0.32 o, �⃗� = 7.29 ±0.06 Å). c) Constant-height frequency-shift nc-
AFM image acquired with a CO-functionalized tip (2.5 nm x 2.5 nm, 0.005 V). d)  DFT optimized structure of the self-
assembly. 

 
To find out the desorption temperature, the sample was annealed at different 
temperatures. After annealing to 200 0C, which is the annealing temperature applied in 
the synthesis of the metal-organic network described below, all the molecules desorb 
from the sample. The experiment was repeated decreasing the annealing temperature 
from 200 0C to 125 0C, but the result was the same (see Fig. 5-27). Thus, due to their low 
molecular weight and a weak interaction with the substrate, the species get desorbed 
from the surface at a relatively low temperature.  
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Figure 5-27. H6HOB desorption. High-resolution STM images of H6HOB on Au(111), after deposition at room 
temperature (left) and after annealing to 125 0C (right). Scanning parameters: left) 50 nm x 50 nm, 0.5 V, 100 pA;  right) 
50 nm x 50 nm, 0.5 V, 100 pA. 

 

5.3.1 Synthesis of the two-dimensional metal-organic network  

 
In order to synthesize the Co-HOB network, H6HOB species were sublimed on Au(111), 
with the monocrystal held at room temperature, by heating up a quartz crucible to 150 
0C. The deposited coverage was close to a monolayer, since we observed a considerable 
decrease of the coverage after cobalt deposition (although the substrate was nominally 
at room temperature). As an example, Figure 5-28 shows some STM images after 
depositing Co on a submonolayer coverage of H6HOB on Au(111). After depositing the 
metal, the molecular coverage decreases considerably. Just some small islands remain on 
the elbows of the herringbone reconstruction. Due to this reason, in subsequent 
experiments with cobalt the coverage of molecules was increased to close to the 
monolayer. 
 

 
Figure 5-28. H6HOB desorption after Co deposition. STM images taken after depositing cobalt at room temperature 
on a monolayer of H6HOB. a) 100 nm x 100 nm, 0.5 V, 100 pA; b) 50 nm x 50 nm, 0.5 V, 100 pA; c) 12 nm x 12 nm, 0.5 
V, 100 pA. 

 
Thus, after depositing a monolayer of H6HOB, the sample was annealed at different 
temperatures in order to synthesize the metal-organic network and check the desorption 
temperature. Immediately after deposition, the STM images (Figure 5-29a) show that the 
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molecular coverage has decreased considerably, as already mentioned, but in this way it 
is possible to preserve the desired amount of molecules on the surface without the 
formation of metal clusters. Then, the sample was annealed at three different 
temperatures: 125 0C, 200 0C and 300 0C (Figures 5-29b-d). After annealing at 125 0C, the 
amount of material on the surface has decreased considerably, and only small rounded 
islands with an irregular shape can be observed. At 200 0C the coverage is approximately 
the same, although the islands are somewhat smaller. At 300 0C, however, almost all the 
molecules have desorbed from the surface.  
 

 
Figure 5-29. Formation of a metal-organic Co-HOB network on Au(111). High-resolution STM images of H6HOB 
molecules on Au(111) surface with Co atoms, deposited and annealed at different temperatures, forming the metal-
organic network. Scanning parameters: a) Self-assembly with Co atoms, 50 nm x 50 nm, 0.5 V, 100 pA; b) 125 0C 
annealing, 50 nm x 50 nm, 0.5 V, 100 pA; c) 200 0C annealing, 50 nm x 50 nm, 0.5 V, 100 pA; d) 300 0C annealing, 100 
nm x 100 nm, 0.1 V, 110 pA. 

 
Since at 200 0C, in the absence of Co, molecular desorption is complete, we can safely 
assume that the islands in Figure 5-29c are patches of a metal-organic layer result of the 
deprotonation of the hydroxyl groups and the coordination of the hydroxyl groups with 
the Co atoms.  
 

High resolution STM images (Figure 5-30) show what we assume are small metal-organic 
islands with rounded shape, with a size around 10 nm, covering approximately 30% of 
the Au(111) surface (see Fig. 5-30a). Island with two different orientations can be found, 
differing in ±20o from the high symmetry directions of the Au(111) surface. Figure 5-30f 
shows the molecular arrangement within one of these islands. The unit cell, marked in 
the image, is hexagonal, with a lattice parameter of 7.25 ± 0.05 Å, which is almost the 
same as the observed when there are no Co atoms on the sample: 7.29 ± 0.06 Å (Figure 
5-26), The experimental results are compatible with a hexagonal lattice with an epitaxial 

relationship with the substrate that can be described by the matrix (
3 1

−1 2
), the same as 

the self-assembly formed by H6HOB molecules only. 
 
At certain voltages the molecules appear with a donut shape (Figure 5-30c), as it was 
previously observed in a similar metal-organic network using H6HOB species 
coordinated with Fe atoms after ligand deprotonation147. But STM images taken with 
high current and low bias voltage (Figure 5-30d) show two lobules surrounding the 
center of the molecule, giving the molecule a uniaxial symmetry. Although within the 
islands there seems not to be a preferred molecular orientation, at the island edges all 
the molecules share the same direction, with the symmetry axis perpendicular to the 
island edge (Fig. 5-30b). Although the exact mechanism is still unknown, we assume that 
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this phenomenon is the result of the lack of coordination with Co atoms at the island 
edges. However, given the irregular structure of most of the islands and their small size, 
molecular interactions within the islands turn these orientations into a seemingly 
random direction (Fig. 5-30d). Thus, although the symmetry of the network is very 
similar to that found when there are no Co atoms, the apparent shape of the molecules at 
certain voltages is different. 
 

 

 

Figure 5-30. Formation of a two dimensional metal-organic Co-BHO network on Au(111). High-resolution STM 
images of two dimensional Co-BHO network on Au(111). Molecular deposition at room temperature, Co metal 
deposition and post annealing at 200 0C. a) Long-range image of an island (50 nm x 50 nm, 100 pA, 0.5 V). b) STM image 
of a metal-organic island (8.0 nm x 8.0 nm, 100 pA, -0.3 V). c) Zoom-in of the molecules forming a doughnut shape (2.2 
nm x 2.2 nm, 1000 pA, -0.6 V). d) Zoom-in of the molecules where it is possible to differentiate two lobules disposition 
(1.9 nm x 1.9 nm, 1000 pA, -0.02 V). e) 2D model of the Co-BHO network with different edge terminations.  f) Zoom-in 
high-resolution of an island (5.0 nm x 5.0 nm, 800 pA, -0.5 V) with the unit cell highlighted in pink (Angle α: 61.36 ±0.82 

o, �⃗� = 7.25±,0,06 Å). g) Zoom-in of the island with a superposed model of the molecular distribution. Molecules are 
surrounded by six Co atoms forming the network (5 nm x 5 nm, 800 pA, -0.5 V). 
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Molecules observed by constant-height STM image on a sample where cobalt atoms were 
deposited display two lobules per molecule , which is something observed also when the 
tip is scanning at low voltage (Fig. 5-31 a,b). In contrast, in the case of the pristine H6HOB 
self-assembly, these two protrusions are never observed (Fig. 5-31c,d). This difference, 
along with the different desorption temperature, further confirms the formation of a 
metal-organic network.  
 

 
 
Figure 5-31. Constant-current and constant-height STM images of self-assembly and metal-organic network on 
Au(111). (a) and (c) are the STM images acquired at constant-current and (b) and (c) are the images acquired at 
constant-height. a) Short-range high-resolution STM image of a six-fold molecule connected by Co atoms to the six 
surrounding molecules (2 nm x 2 nm, 30 pA, 0.2 V). b) High-resolution constant-height STM image of (a) (2 nm x 2 nm, 
0.005 V). c) Short-range high-resolution STM image of molecular self-assembly motif (2.5 nm x 2.5 nm, 30 pA, 0.2 V). 
d) High-resolution constant-height STM image of (c) (2.5 nm x 2.5 nm, 0.005 V). 

 

5.3.2 Study of the metal-organic interaction using nc-AFM method  

 
Although we have shown that the two molecular arrangements, without and with Co, 
show some differences, from the STM images alone we cannot deduce the positions of 
the Co atoms, so once again we use constant-height frequency-shift images to find out the 
atomic architecture of the network (Fig. 5-32). Like in the Co-HOTP case, the position of 
the bonds coming out from the O atoms indicate the location of the Co atoms, which allow 
us to propose a model for the geometry of the Co-BHO network (see Figure 5-30e,g). DFT 
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calculations of a free-standing layer based on this model give a lattice parameter for the 
optimized geometry of 7.62 Å, in agreement with the experimental results. Like in the 
previous case, the structure of the MOFs is not the expected Kagome, but a honeycomb 
structure. Every molecule is coordinated to 3 Co atoms, and again, the coordination 
number of the cobalt atoms is 3, i.e., every Co atom is linked to three O atoms, and not 
four, most surely due to the influence of the substrate (see below). 
 
Notably, nc-AFM taken on the Co-HOB coordinated network and on the HOB self-
assembled islands (without Co) show a very similar appearance (Fig. 5-32), although 
there is a small but significant difference: for the metal-organic network, the bonds 
coming out from the carbon rings seem to point to the same site where supposedly the 
Co atoms are located. On The contrary, when there is no Co, the bonds to the centre of the 
void are slightly displaced, indicating a small rotation of the molecular species to favour 
the formation of O···H hydrogen bonds between adjacent functional groups.  
 

  
Figure 5-32. Comparison of the molecular nc-AFM image depending on the presence or the absence of cobalt 
atoms. On the left, Constant-height frequency-shift nc-AFM image of MOF (2 nm x 2 nm, 0.005 V). And on the right, 
Constant-height frequency-shift nc-AFM image of self-assembly (2.5 nm x 2.5 nm, 0.005 V).  
 

DFT+U calculations were performed for the Co-HOB network on the Au(111) substrate 

using the experimental epitaxial relationship (
3 1

−1 2
), (the value for U has been taken 

as 3.75 eV, in agreement with literature)161 (Figure 5-33). In the relaxed geometry, the 
molecular ligands lie flat at 3.1 Å above the surface, while the Co atoms, that occupy 
hollow sites, are only 2.3 Å above, much closer than the organic layer, again indicating 
their strong interaction with the gold substrate. A Bader analysis of the electron density 
gives +2.80 |e-| for the Co atoms, which is in principle compatible with a +3 oxidation 
number (see Table 5-3). 
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Figure 5-33. DFT optimized structure of the Co-HOB metal organic network. The unit cell, highlighted in white, 
contains one molecule and two cobalt atoms. 
 

 
 
Figure 5-34. Synthetic route to form two-dimensional Co-HOB metal-organic network. On surface, 
dehydrogenation takes place and the post annealing leads the formation of a metal-organic network based on hydrogen 
bonds and Van der Waals interactions with the cobalt atoms. 

 

5.3.3 Electronic structure 
 

The electronic properties of the Co-HOB network were inspected with scanning 
tunnelling spectroscopy. dI/dV spectra acquired at the center of the molecule show two 
weak resonances close to the Fermi Level, at ~-0.08 eV and ~0.06 eV (see Fig. 5-35). 
Considering these resonances as the frontier orbitals, the resulting experimental 
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bandgap is approximately 0.14 eV. (Similar results were previously obtained for a Fe-
HOB network designed previously by Nian Lin group147). 
 
Maps at the resonance voltages, -0.08 eV and 0.06 eV, shows a bright rod in the middle of 
each species and surrounding them, displaying a bow-tie shape, while the two lobes 
detected in normal imaging are seen as dark lobes, i.e. with a diminished density of states 
in comparison (see Fig. 5-35e, f).  
 

 

Figure 5-35. Electronic structure of organic Co-HOB metal-organic network on Au(111). a) dI/dV spectra on 

metal-organic unit network. The position where the spectrum was taken is depicted as a dot over the image (b) (6.45 

nm x 6.45 nm, 100 pA, -0.5 V) with blue colour. Yellow colour represents the surface state of Au(111). c) zoom-in of 

the dI/dV spectra on (a) to appreciate better the resonances. Colour patron is conserved. d) High-resolution STM zoom-

in where the dI/dV maps were taken (2.8 nm x 2.8 nm, 120 pA, -0.2 V). (e) and (f) corresponds to the constant-current 

differential conductance (dI/dV) maps. Tunnelling parameters for the dI/dV maps: (e) 600 pA, -0.08 V and (f) 600 pA, 

0.06 V. 

The DFT+U calculations (see Figure 5-36) indicate that the network is not metallic, but 
there is band gap of 0.42 eV (the indirect gap is 0.32 eV), which is slightly larger than the 
experimental result. Furthermore, the out-of-plane spin-polarized calculations reveal an 
antiferromagnetic ground state. Calculations with different in-plane spin configurations 
are on-going. 
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Figure 5-36. Electronic structure of the Co-BHO metal-organic network. DFT computed electronic band structure 
with U=0 eV (left) and U=3.75 eV (right). 

 
 
Table 5-3. Possible out-of-plane spin-configurations considered in the DFT+U calculations for the Co-HOB 
network on Au(111). Non-magnetic (ΔEtotal = +2.20 eV), ferromagnetic (ΔEtotal = +0.06 eV) and antiferromagnetic 
(ΔEtotal = +0.0 eV). The oxidation number for an antiferromagnetic system is closer to +3. (U=3.75 eV). 

 

5.3.4 Magnetic properties 

 
Magnetic properties of the Co-HOB metal-organic system were studied at Synchrotron 
ALBA, performing XAS, XMCD and XLD experiments. The samples were synthetized at the 
BOREAS beamline with the same procedures performed at IMDEA, and then checked 
with the STM of the line. All the measurements were taken at 2K in a UHV chamber, with 
a base pressure below 5x10-10 mbar. XAS and XMCD were performed taken the 
measurements at the Co L2,3-edges for the Co-HOB metal-organic networks and also for a 
sample with cobalt clusters, to compare both spectra (Fig. 5-37). XAS was performed with 
a field of 6 T, using two different angles of incidence: grazing incidence (GI, 70o), and 
normal incidence (NI, 0o). Results obtained from the synchrotron experiments match 
with a system with a +2 oxidation state, thus in disagreement with the theoretical 
calculations, which at the date of submission of this thesis are being re-evaluated.  
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XMCD results are shown in Figure 5-37. Comparing the results for GI and NI, it is possible 
to observe a strong in-plane magnetic anisotropy. 

 

 

Figure 5-37. XAS and XMCD representation of Co-HOB metal-organic network on Au(111) and Co cluster. a) 
XAS spectra with positive (μ+, red) and negative (μ-, green) circularly polarized light and XMCD (μ--μ+) taken at Co L2,3-
edges at grazing (70°, blue) and normal (0°, pink) incidences (B = 6 T, T = 2 K), b) XAS and XMCD spectra on Co cluster 
sample, using the same conditions than in Co-BHO metal-organic network. 

Magnetization curves were acquired also at GI and at NI (Fig. 5-38). In both cases the 
magnetization is almost linear with the field, with a very low intensity, even at 6 T. In 
principle, these results could be indicative of an antiferromagnetic system, in agreement 
with the DFT calculations. 
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Figure 5-38. Magnetization curves constructed by measuring the XMCD intensity at the highest peak of Co L3-
edge. Measures were acquired at grazing (70°, blue) and normal (0°, pink) incidences (T = 2 K). 

 

Sum rules were applied for a system with an oxidation number +2, as deduced from the 
XAS experiments. Effective spin (〈𝑆𝑒𝑓𝑓〉) and orbital (〈𝐿𝑧〉) operators and effective spin 

(𝑀𝑒𝑓𝑓), orbital (𝑀𝐿) and total (𝑀𝑇) magnetic moments were calculated for GI and NI with 

experimental conditions of 6 T magnetic field and 2 K. The results are shown in Table 5-
4, where the spin (〈𝑆𝑒𝑓𝑓〉) and orbital (〈𝐿𝑧〉) operators will be represented in ℏ units and 

effective spin (𝑀𝑒𝑓𝑓), orbital (𝑀𝐿) and total (𝑀𝑇) magnetic moments in units of μB.  

Calculated values for the magnetic moments measured at NI are very low, which is a 
consequence of the small dichroism. For the measurements at GI, the XMCD presents a 
higher intensity and large moments. 
 

Incidence 
angle (o) 

〈𝑺𝒆𝒇𝒇〉 (ℏ) 〈𝑳𝒛〉 (ℏ) 𝑴𝒆𝒇𝒇 (μB) 𝑴𝑳 (μB) 𝑴𝑻 (μB) 

70 0.21 0.29 0.42 0.29 0.72 

0 0.06 0.07 0.12 0.07 0.19 

 
Table 5-4. Calculated values applying sum rules for grazing and normal incident for the Co-HOB network on 
Au(111). Calculated values for effective spin (〈Seff 〉) and orbital (〈Lz 〉) operators in ℏ units, and effective (Meff), orbital 
(ML) and total (MT) magnetic moments in μB extracted by XMCD sum rules for grazing (70°) and normal (0°) incidences 
for Co centers on Co-BHO network on Au(111).   

 

Finally, XLD was measured applying two magnetic fields, 6 T and 0.05 T. In both cases, 
the sample presents a giant anisotropy, with more than 90% of dichroism (Fig. 5-39), 
indicating a strong charge density anisotropy as a result of the coordination crystal field. 
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Figure 5-39. XAS and XLD results for the Co-BHO metal-organic network on Au(111) and the Co cluster. a) XAS 
spectra acquired with vertical (μV, purple) and horizontal (μH, grey) linearly polarized light and XMLD (μV - μH) taken 
at Co L3-edge at grazing (70°) incidence for fields of 0.05 T (black) and 6 T (orange) (T = 2 K). b) XAS and XLD spectra 
on a sample with cobalt clusters, using the same conditions than in Co-BHO metal-organic network.  
 
 

5.4 Conclusions 
 

In the first part of this chapter it was demonstrated the feasibility to grow on Au(111) a 
Co-HOTP metal-organic network, using 2,3,6,7,10,11-hexahydroxytriphenylene and 
cobalt as the metal node, upon thermal activation of the OH ligands, giving rise to a new 
architecture not reported before for this species. STM and nc-AFM images corroborate 
the formation of a quasi-1D metal-organic coordination network.  
 
The inherent electronic properties of Co-HOTP networks on Au(111) were studied using 
point STS and dI/dV maps, and it was concluded than the metal-organic network is a 
semiconductor with a very narrow bandgap (less than 0.30 eV).  
 
The oxidation number of the Co forming this metal-organic network is calculated as +2, 
displaying an antiferromagnetic ground state. These results are in agreement with the 
experiments performed at Synchrotron ALBA. XAS, XLD and XMCD experiments 
corroborate the oxidation state of Co, which presents a large and unprecedented 
unquenched orbital magnetic moment, close to 1 μB. 
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In the second part of this chapter, the synthesis of a Co-HOB metal-organic network on 
Au(111) was presented. This new network features a honeycomb lattice based on a 
three-fold coordination of the cobalt atoms, in contrast with the expected Kagome lattice.  
STM and nc-AFM imaging, complemented by STS and thermal desorption experiments 
ratify the formation of the network.  
 
Electronic properties were studied using point STS and dI/dV maps and it was 
corroborated that the network is also a semiconductor with a very narrow bandgap 
(~0.14 eV). DFT+U experiments point to +3 as the oxidation number for cobalt in this 
system, in contrast with the magnetic experiments, whereas the XAS indicate a +2 
oxidation state. A feasible explanation could be that the Bader analysis of the charges is 
not providing a proper description of the oxidation state. The magnetic experiments 
show a weak antiferromagnetic system with a strong in-plane anisotropy. Sum rules 
were performed for cobalt +2 and it was observed a small dichroism, with an unquenched 
orbital magnetic moment of 0.29 μB. This project is still on-going and further analysis are 
required to understand the oxidation number of cobalt in this system and the magnetic 
properties. 
 
The design of metal-organic networks presenting a large magnetic moment is one of the 
main goals of this century in surface science. In addition, antiferromagnetic 
nanomaterials have the particularity to protect their functionalities against magnetic 
perturbations. With these results, we open new opportunities for the engineering of 
antiferromagnetic low dimensional materials with strong magnetic anisotropy. 
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6. Synthesis of supramolecular 

nanoarchitectures based on 

carbonitrile functional groups 
 
 
This chapter focuses on the self-assembly and coordination with cobalt atoms, on 
Au(111), of two novel linkers equipped with terminal carbonitrile functional groups. 
 
In the first part of the chapter, the self-assembly on Au(111) surfaces of a new trapezoidal 
octacyanoquinoid acceptor, to be termed OCNQ, is studied, as well as its coordination 
with cobalt atoms. The OCNQ precursor was synthesized by the group of Prof. Nazario 
Martín, from Universidad Complutense de Madrid, Spain. Scanning Tunnelling 
Microscopy, Scanning Tunnelling Spectroscopy and non-contact Atomic Force 
Microscopy measurements were performed with the LT-STM/nc-AFM microscope at 
IMDEA Nanociencia, Spain. Density-Functional Theory (DFT) calculations were 
performed by Dr. J. I. Martínez, from Institute of Materials Science of Madrid (ICMM-
CSIC), Spain. Results of this part of the chapter were published on Angewandte Chemie, 
2021 International Edition171. 
 
In the second part of the chapter, the design and characterization by scanning probe 
microscopy, complemented by density functional theory calculations, of a Co-DCAAQ 
metal-organic network grown on Au(111) is described. The molecular synthesis of 
DCAAQ (N,N'-(anthracene-9,10-diylidene)dicyanamide) was done by the group of Prof. 
Nazario Martín, from Universidad Complutense de Madrid, Spain. Scanning Tunnelling 
Microscopy, Scanning Tunnelling Spectroscopy and non-contact Atomic Force 
Microscopy measurements were performed with the LT-STM/nc-AFM set-up at IMDEA 
Nanociencia, Spain. X-ray absorption spectroscopy (XAS), X-ray linear dichroism (XLD) 
and X-ray magnetic dichroism (XMCD) experiments were performed at BOREAS line in 
ALBA Synchrotron, Spain. Synchrotron data were analysed by Dra. S. O. Parreiras, in 
collaboration with M. A. Valbuena’s group, and Prof. J. Camarero, and discussed among 
the members of our group. Density-Functional Theory (DFT) calculations were 
performed by Dr. José Ignacio Martínez and Dr. José María Gallego, from Institute of 
Materials Science of Madrid (ICMM-CSIC), Spain.  
 

6.1 Introduction 
 
On-surface synthesis of metal-organic networks based on TCNQ and DCNQI have been 
extensively studied before by the group of Prof. Rodolfo Miranda and Dr. José M. 
Gallego172, and the group of Prof. Amadeo López Vázquez and Dr. Fabián Calleja173, both 
groups from the of Universidad Autónoma de Madrid and IMDEA Nanociencia. These 
species, TCNQ and DCNQI, are part of a family of cyano-containing electron acceptor 
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molecules where the core structure is formed by a quinoid ring, which makes them a good 
choice for the synthesis of metal-organic conductors. 
 
In the first part of the chapter, 2,2',2'',2'''-(benzo[1,2-b:6,5-b':3,4-c'']trithiophene-2,4,6,8-
tetraylidene)tetramalononitrile (from now on OCNQ) is presented as a new π-conjugated 
molecule with interesting electronic properties, due to the particular bichromophoric 
structure. The structure of this new molecule is based on the coupling of two tetracyano 
substituted thienoquinoidal compounds, having a double π-electron quinoidal array. 
These structures, as in the case of TCNQ, are part of the bichromophoric system as a π-
subchromophores. Also, the excess of the charge in π-conjugated compounds forming the 
new molecule can be distributed on the molecule in an interesting way, making possible 
their use in organic electronics and energy storage devices and in photo and electrically 
active systems174,175. Another interesting characteristic of these molecules is the change 
in the conformation depending on its environment. In this case, these changes were 
studied in solution and on a metal surface and affect directly to the orientation of the 
dipole moment, which is an interesting property for the development of molecular 
switches. 
 

 
 
Figure 6-1. Constitutional fragments of OCNQ. Schematic representation of tetracyano substituted thienoquinoidal 
fragments that forms the studied molecule. 

 
OCNQ molecules were deposited on Au(111) to compare their properties with the ones 
observed in solution. The self-assembled structure and the structure of an isolated 
molecule are presented. Since this new species can be used as a ligand with acceptor 
properties, the synthesis of a metal-organic network based on cobalt was attempted, but 
with no success. 
 
In the second part of this chapter, N,N'-(anthracene-9,10-diylidene)dicyanamide (DCAAQ 
from now on) is presented as a candidate to synthetize metal-organic systems  due to its 
electron acceptor character. This molecule is a ring extension of DCNQI, with a three-ring 
structure as the molecular core. Here we carry on the study of the self-assembly of this 
molecule on Au(111) and its coordination with cobalt atoms to form a new metal-organic 
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system. The synthesis of the network is presented, characterizing their distribution, bond 
structure, electronic structure and magnetic properties. 
 

6.2 Synthesis of a trapezoidal octacyanoquinoid acceptor (OCNQ) and its 

self-assembly on Au(111) 
 
2,2',2'',2'''-(benzotrithiophene-2,4,6,8-tetraylidene)tetramalononitrile, to be termed 
OCNQ, was synthesized as a new molecular acceptor. The main idea of this section is to 
explore its self-assembly on Au(111) and compare the physicochemical results with 
those from solution. Furthermore, we unsuccessfully inspected its on-surface 
coordination capability with Co atoms.  
 
The molecular structure of OCNQ consists of a tetracyano quinoidal thiophene and a 
tetracyano quinoidal bithiophene moieties, both thienoquinoidal cores located in an 
antiparallel fashion. This disposition generates a π-conjugated molecule with a 
benzenoid ring surrounded by three thiophenes equipped with carbonitrile moieties, as 
depicted in Figure 6-1, resulting in a trapezoidal-like form. 

  
Figure 6-2. Chemical structure of relaxed OCNQ species in gas phase. Ball and stick model of the molecular 
precursor used in this chapter. The distance between the carbon atoms equipped with the carbonitriles is 6.47 Å. 
Carbon atoms are coloured in blue, sulfur atoms in yellow, nitrogen atoms in violet and hydrogen atoms in white. 

The distance between the termini C atoms of the backbone of OCNQ in the gas phase 
relaxed geometry is 6.47 Å, as illustrated in Fig. 6-2. However, this distance is given for a 
planar structure, which is not the most favorable conformation, neither in solution, nor 
on-surface, at it will be demonstrated later on. 
 
The synthesis of OCNQ was performed as following: First, a mixture of 2,4,6,8-
tetrabromobenzo[1,2-b:6,5-b':3,4-c'']trithiophene, tetracyanoethylene oxide and cooper 
was refluxed in 1,2-dibromoethane during three days under nitrogen atmosphere. After 
this, more cooper and tetracyanoethylene oxide is added and refluxed during another 
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two days. In a second step, the products are filtered to remove the insoluble materials 
and concentrated under vacuum.  Finally, the product is purified through a 
chromatographic column and the final molecule is obtained (Fig. 6-3). 
 

 
Figure 6-3. Synthetic route to form OCNQ species. Figure adapted from “A Trapezoidal Octacyanoquinoid Acceptor 
Forms Solution and Surface Products by Antiparallel Shape Fitting with Conformational Dipole Momentum Switch”171. 

In order to study the conformation and self-assembly of OCNQ on metallic surfaces, a 
submonolayer coverage of OCNQ molecules was sublimated on a Au(111) crystal held at 
room temperature. The sublimation temperature for this species was 182 0C, resulting in 
a deposition rate of 0.4 Å min-1. 
 
Scanning tunnelling microscopy images reveal two distinct self-assembled phases 
(Figure 6-4), to be termed the “zipper” (Fig. 6-4b) and the “doughnut” (Fig. 6-4c) phases, 
the first one being majority (81 %). Taking into account its higher abundance, we focus 
our study on the zipper phase, which is formed by rows of molecules. Within one row, all 
the molecules share the same orientation with respect to the substrate, but this 
orientation changes by 180o every other row, as illustrated in Figure 6-4d and e.  
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Figure 6-4. Self-assembly of OCNQ on Au(111). a) High-resolution STM images of the self-assembly of OCNQ on 
Au(111). b-c) High resolution STM images of the zipper phase and doughnut phase, d-e) High resolution STM images 
of both phases with a superposition of the molecular models (the unit cell is highlighted in pink on the zipper phase). 
a) 50 nm x 50 nm, -0.3 V, 150 pA; b) 25 nm x 25 nm, 0.3 V, 100 pA; c) 50 nm x 50 nm, 0.3 V, 60 pA; d) 10 nm x 10 nm, 

0.3 V, 100 pA, Unit cell parameters: α: 87.9 ± 0.3o, |�⃗⃗�| = 24.3 ± 0.1 Å, |�⃗�|=11.0 ± 0.1 Å; e) 5.03 nm x 5.03 nm, 0.3 V, 70 
pA. The star on a) indicate the high symmetry directions of the Au(111) surface. 

We have performed DFT calculations for the zipper phase. Figure 6-5a shows top and 
side views of the calculated model, with the unit cell highlighted in red. The theoretical 
lengths of the unit cell sides are 25.02 Å and 11.64 Å, and the angle between them is ~90o, 

in agreement with the experimental distances results: |𝑎⃗⃗⃗⃗ | = 24.3 ± 0.1 Å, |𝑏|⃗⃗⃗⃗ =11.0 ± 0.1 Å, 
and the spanning angle is 87.9 ± 0.3 o. In the DFT simulations, the species are located with 
the central carbon ring on top of a gold atom, at a distance of 3.1 Å.  
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Figure 6-5. DFT calculated geometry for the zipper phase. a) Top and side views of the optimized geometry for the 
zipper self-assembly. In the upper panel, the calculated unit cell is depicted in red. In the lower panel, the folded 
conformation is observed. b) Simulated STM image of the zipper conformation using Keldish-Green formalism. Figure 
extracted from “A Trapezoidal Octacyanoquinoid Acceptor Forms Solution and Surface Products by Antiparallel Shape 
Fitting with Conformational Dipole Momentum Switch”171 

Figure 6-6 shows high resolution STM images of the zipper phase at different bias 
voltages. Notably, at negative voltages the dicyano groups are easily detected as 
protrusions surrounding the molecules.  
 

 
 
Figure 6-6. High resolution images of the zipper phase at positive and negative bias voltage. Blue lines 
highlighted the displacement of the rows in the self-assembly. (a) 3.75 nm x 3.75 nm, 1.5 V, 150 pA; b) 3.75 nm x 3.75 
nm, -1.5 V, 150 pA.  

 

6.2.1 Study of the conformation of the molecule using nc-AFM method 

 
Theoretical calculations of the conformations adopted by OCNQ in vacuum distinguish 
two non-planar stable forms: the twisted conformation and the folded conformation. The 
first one, the twisted conformation, is the most favorable in energy. It shows a 20o 
rotation between the tetracyano quinoidal thiophene and the tetracyano quinoidal 
bithiophene moieties, due to the steric hindrance between them. On the other hand, the 
folded conformation presents the tetracyano quinoidal thiophene and tetracyano 
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quinoidal bithiophene pointing to opposite sides. Between these two conformations, 
there is an intermediate with an energy barrier of 5 kcal/mol higher than the twisted 
conformation (see Figure 6-7). 

 
Figure 6-7. Molecular conformations of OCNQ in the gas phase. Twisted and folded conformations, with the 
transition state and their relative Gibbs free energies. At the bottom of both conformations, their side view, computed 
at CAM-B3LYP/6-31+G(d) level in vacuum. Figure adapted from the paper of Angewandte Chemie171. 

In order to study the molecular conformation on the surface, first we acquired constant-
height frequency-shift images (Figure 6-8c). Unfortunately, the molecule is not flat, and 
thus intramolecular resolution can only partially be achieved, which is a clear fingerprint 
of the 3D conformation of OCNQ on Au(111).  

 

 
Figure 6-8. High resolution scanning probe microscopy of the zipper phase. a) Short-range high-resolution STM 
image of the zipper phase (2.5 nm x 2.5 nm, 100 pA, 0.3 V) of OCNQ on Au(111). b) High-resolution constant-height 
STM image of (a) (2.5 nm x 2.5 nm, 0.005 V). c) Constant-height frequency-shift nc-AFM image acquired with a CO-
functionalized tip of (a) (2.5 nm x 2.5 nm, 0.005 V). 
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Trying to circumvent this limitation, lateral manipulation was performed to isolate an 
individual molecule. To do so, the tip was located close to a disordered patch of molecular 
precursors and then, after setting perturbative conditions, the tip was displaced to drag 
the molecule away from the rest, as illustrated in Figure 6-9. 
 

 
Figure 6-9. Molecular isolation by lateral manipulation. The lateral movement of the molecule is represented by a 
blue arrow in (a) and the molecule isolated is highlighted in (b). c) Zoom-in of the isolated molecule. Manipulation 
parameters: -0.015 V, 45 nA. a) 11.5 nm x 8.6 nm, -0.7 V, 100 pA; b) 11.9 nm x 7.3 nm, -0.7 V, 70 pA; c) 7.2 nm x 5.2 nm, 
0.5 V, 100 pA. 
 

The isolated molecular species is revealed as a trapezoidal molecule with a T shape, 
surrounded by two lobes tentatively assigned to the dicyano groups of the tetracyano 
quinoidal thiophene moieties.  
 
DFT calculations were performed to optimize the geometry of an isolated OCNQ species 
on the surface (see Figure 6-10). Contrary to the results obtained in the gas phase, the 
species adopt the folded conformation, which is stabilized at a height of 3.0 Å, due to the 
steric hindrance between the hydrogen atoms and the two CN groups of the tetracyano 
quinoidal thiophene moieties. Herein, on one hand, the dicyano groups in the tetracyano 
quinoidal bithiophene moiety are pointing down towards the substrate, establishing an 
interaction between the Au atoms and the cyano groups. On the other hand, in the 
tetracyano quinoidal thiophene moiety, one cyano group per side is also pointing down, 
as well as the sulfur atom, which is interacting with the Au atoms. Adsorption energies 
where calculated both for a complete layer and for an individual molecule. In the first 
case, the adsorption energy per molecule is 1.62 eV. For individual molecules, it is slightly 
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higher: 1.9 eV. The energy of the intermolecular interaction per molecule when they are 
forming the zipper phase is 0.32 eV.  
 
Finally, Bader’s charge176 analysis was performed based on the DFT calculated charge 
density distribution. In the case of the zipper phase the charge transfer from the substrate 
is 0.37 e-, and it is slightly higher for the isolated molecule (0.40 e-).  

 
Figure 6-10. Structural characterization of the isolated molecule on Au(111). a) High-resolution STM image of 
the isolated molecule where is it possible to observe the trapezoidal shape and the two lobules. Scale bar: 0.5 nm; -0.5 
V, 100 pA. b) Simulated Keldish-Green STM image of the molecule on Au(111). c) Top and side view of the DFT 
optimized geometry of the molecule on Au(111). 

 

Importantly, the electronic molecular dipole moment on the surface is different from the 
one calculated in the gas phase. The molecular species in the gas phase feature an in-
plane electric dipolar moment of 0.45 D. In contrast, when the molecular species are 
adsorbed on Au(111), the electric dipolar moment is 0.53 D and out of plane, pointing 
towards the surface. The aspects to consider to understand this change in the dipole 
momentum are two. On one hand, the influence of the surface, which can modify the 
conformation of the molecule and, thus, the distribution of the charges. On the other 
hand, the charge transferred from the substrate to the molecule and its redistribution 
inside the molecule. 
 

6.2.2 Deposition of cobalt atoms to create a new metal-organic network 
 

Finally, we have explored the coordinating capabilities with Co of a non-planar linker like 
OCNQ on Au(111).  
 
In the first experiment, a submonolayer coverage of OCNQ was deposited on Au(111) and 
cobalt was subsequently deposited with the sample held at 100 0C. The STM images show 
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no indication of the formation of a metal-organic network (Fig. 6-11a). The sample was 
further annealed at 200 0C for 15 minutes, in order to promote the diffusion of the 
molecules, but the results were similar to the previous one (Fig. 6-11b).  Finally, the same 
amount of molecules and cobalt of the previous experiments were deposited, but, in this 
case the deposition of the metal was also done at room temperature. Once again, the STM 
images show no regular structure (Fig. 6-11c). 
 
Thus, the coordination of the molecules with Co was not successful in any case, probably 
due to the low affinity of the cyano groups with Co in this 3D conformation, and the 
possibility to create a metal-organic system with these species on Au(111) was 
discarded. 
 

 
 
Figure 6-11. Attempts to coordinate Co with OCNQ on Au(111). (a) and (b) show STM images after the annealing 
experiments at 100 0C and 200 0C; (c) STM image taken when both Co and OCNQ are deposited at room temperature. 
a) 100 nm x 100 nm, 0.2 V, 70 pA; b) 50 nm x 50 nm, 0.3 V, 70 pA; c) 50 nm x 50 nm, 0.3 V, 80 pA. 

 

6.3 Synthesis of Co-DCAAQ on Au(111).  
 

In this section we describe the growth of a Co-DCAAQ metal-organic nanoarchitecture on 
Au(111) by on-surface synthesis. DCAAQ is composed of an anthracene core, i.e. three C 
rings with 14-π-electron delocalized in a flat structure, with two cyanamide groups at 
positions 9 and 10. The distances between opposite cyanamide groups in the gas phase 
relaxed geometry is 9.73 Å. 

 
 
Figure 6-12. Chemical structure of N,N'-(anthracene-9,10-diylidene)dicyanamide. Ball and stick model of the 
molecule used in the synthesis of the two-dimensional Co-DCAAQ metal-organic network. Carbon atoms are coloured 
in blue, nitrogen atoms in purple and hydrogen atoms in white. 
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The synthesis pathway of DCAAQ was developed by the group of Prof. Nazario Martín, 
based on the previous work of S. Hünig 177. A solution of anthraquinone in CH2Cl2 is mixed 
with TiCl4 and with another solution of bis(trimethylsilyl)carbodiimide in CH2Cl2. The 
resulting product is decanted into water and mixed with CH2Cl2 to extract the final result. 
The resultant molecule is purified by a chromatographic column and recrystallized from 
benzene. The final product is a pale-yellow powder with a needle shape. 
 

 
Figure 6-13. Synthetic route to form N,N'-(anthracene-9,10-diylidene)dicyanamide. 

 

6.3.1 The growth of DCAAQ on Au(111) 

 
Before starting the experiments with cobalt atoms, we have studied the self-assembly 
architecture of the molecule and the changes on its conformation on a solid surface. 
DCAAQ molecules were deposited on clean Au(111) at room temperature by sublimation.  
Scanning tunnelling images show three different self-assembly patterns, being one of 
them predominant (Figure 6-14). The majority pattern, called “wheat phase”, was 
observed spanning regions up to 100 nm x 100 nm. The other two self-assembly patterns, 
which are termed the “zipper” and “mill” phases”, only span small regions.  
 

 
Figure 6-14. Self- assembly of DCAAQ on Au(111). High-resolution STM images of the three different DCAAQ self-
assembly architectures on Au(111). a) The majority “wheat” and “mill” phases. 50 nm x 50 nm, -0.05 V, 100 pA; b) The 
“zipper” phase. 100 nm x 100 nm, 0.5 V, 100 pA. 
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Figure 6-15. Possible chemical configurations for DCAAQ molecule on surface. Cyanamide groups can be 
presented in two different positions: Syn, where two groups are oriented in the same directions, and anti, where the 
two groups are oriented in opposite directions. Due to the intrinsic restrictions of the on-surface synthesis, anti-
configuration has two different enantiomers. 

As in the case of the closely related DCNQI molecule178, DCAAQ can present two different 
conformations: the syn-conformation, where the two cyanamide groups are pointing in 
the same direction and the anti-conformation, where the cyanamides are pointing in 
opposite directions. (Fig. 6-15). Additionally, on the surface anti-DCAAQ molecule can be 
presented in two different enantiomeric conformations, as it was observed in the case of 
the indenofluorenes, presented in previous chapters (Chapter 4). 
 
Isomerization of dicyano-p-quinonediimine (DCNQI) molecules on Cu(100) was already 
studied by Rodolfo Miranda’s group178. In their paper, both syn- and anti-conformations, 
were present on the surface. These configurations could be modified by charge transfer 
from the substrate, facilitating the rotation of the bonds of the attached cyanamide 
groups. To understand the changes in the conformation of the molecules on the surface, 
it is necessary to know the three isomerization mechanisms allowing the rotation of the 
cyanamide groups: inversion, rotation, and intermediate mechanism179. In the inversion 
mechanism, the cyano group rotates in the plane of the molecule around the imine 
nitrogen until it acquires the new conformation, going through an intermediate state 
where the cyanamide group is completely aligned. In the rotation mechanism, one cyano 
group rotates out of the plane of the molecule until lying forming the other isomeric 
conformation. In the gas phase, inversion is the preferred mechanism for DCNQI. 
However, when the molecule is charged, as is the case when adsorbed on Cu(100), there 
is a redistribution of the electronic charge to reduce the double bond C=N to a single 
bond, facilitating the rotation of the cyanamide group, and rotation is the predominant 
reaction pathway172. 
 
Figure 6-16 shows a zoom-in of the three different types of assembly and their 
architecture. In Figure 6-16a, the molecules are ordered in the so-called “zipper” phase, 
which is present on the sample in the form of chains, about 10 nm long, dispersed over 
the surface. The zoom-in shows a conformation with a line of molecules in the middle and 
two more lines located on each side of the central line, with the molecules in a 
perpendicular position respect to the central ones. Switching the bias voltage to negative 
values, the orientation of the molecules is better resolved, corroborating that the 
conformation is a consequence of the mixture of syn- and anti-conformations, where the 
central molecules have the anti-conformation and the surrounding molecules the syn-
conformation, with the functional group pointing to the center of the chain. Note that this 
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configuration, with three cyano groups pointing to the same point on the surface, is 
energetically unfavorable, due to the electrostatic repulsion, unless they are coordinated 
to a common gold adatom, which actually seems to be present in the STM images as a 
bright protuberation. 
 
Figure 6-16c shows what it was named as the “mill” phase, where the molecules are 
grouped in trios, forming small islands. As in the case of the “zipper” phase, scanning 
tunnelling images taken at negative voltages resolve better the conformation of the 
molecules. In this case, the islands are composed of molecules with syn-conformation. 
Again, this configuration seems unstable, unless there are gold adatoms coordinated to 
the cyano groups. 
 
Finally, the predominant phase, the “wheat” phase, is shown in Figure 6-16e. All 
molecules are aligned in the same direction (although some defects, where the molecules 
are rotated 60o, can be found within the islands). In this case, the tunnelling image does 
not present any significant change with bias voltage, but DFT calculations suggest that all 
the molecules are in the anti- conformation. Contrary to the previous cases, this assembly 
can be explained assuming only hydrogen bonds between the molecules. The anti- 
conformation presents a low dipole moment, which helps in lowering the total energy, 
and that is probably the reason why anti- islands are a majority on the surface 180. 
 



 

 

109 
Synthesis of supramolecular nanoarchitectures based on carbonitrile functional groups 

 
 
Figure 6-16. Self- assembly of DCAAQ on Au(111). High-resolution STM images of DCAAQ self-assembly and DFT 
model superposed on STM images. a,b) Zipper phase; c,d) Mill phase; e,f) wheat phase. Scanning parameters: a) 20 nm 
x 20 nm, 0.5 V, 100 pA; b) 20 nm x 20 nm, -0.5 V, 100 pA; c) 10 nm x 10 nm, 0.5 V, 100 pA; d) 10 nm x 10 nm, -0.5 V, 
100 pA; e) 10 nm x 10 nm, 0.05 V, 100 pA; f) 10 nm x 10 nm, -0.5 V, 100 pA. 

Samples were then annealed at 80 0C, the annealing temperature used later in the 
formation of the metal-organic system. After annealing, the “zipper” phase has 
disappeared, while big islands of the “wheat” (formed by molecules with the anti-
conformation), or the “mill” phase (with molecules with syn-conformation) remain. Also, 
the amount of “mill” phase islands and their size has increased upon annealing, which 
means that the temperature is promoting the rotation of the cyanamide groups and the 
growth of the “mill” phase at expenses of the “wheat” phase.  This behaviour seems 
similar to that reported for DCNQI by Rodolfo Miranda’s group 178. Although the anti- 
form has a slightly lower energy than the syn- form, due to its lower dipole moment, the 
assembly formed by syn- molecules is lower in energy than the formed by anti- molecules 
(especially if they are coordinated to gold adatoms). In the DCNQI on Cu(100) system, 
charge transfer from the substrate helped at lowering the energy barrier for the anti-syn 
isomerization, which could then take place at -30 0C. In here, with a Au(111) substrate, 
charge transfer seems unlikely, and annealing at 80 0C seems necessary. Once the “mill” 
phase is formed, the transition becomes irreversible, because of its lower total energy.  
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Finally, increasing the temperature up to 125 0C, the coverage decreases considerably, 
and the molecules are located in small islands in a disordered conformation. 
 

 
 
Figure 6-17. Self- assembly of DCAAQ on Au(111) after annealing at 80 0C. High-resolution STM images and zoon-
in with a CO functionalized tip of DCAAQ self-assembly after annealing at 80 0C. In (c) and (d) it is possible to observe 
the functional groups pointing to different directions, as the configuration of the species is different in both cases. 
Scanning parameters: a) 50 nm x 50 nm, -0.5 V, 100 pA; b) 23 nm x 23 nm, -0.42 V, 100 pA; c) 7 nm x 7 nm, -0.3 V, 150 
pA; d) 7 nm x 7 nm, -0.1 V, 150 pA. 

 

6.3.2 Synthesis of Co-DCAAQ metal-organic architecture on Au(111).  

 
For the on-surface synthesis of the metal-organic system, DCAAQ was thermally 
deposited on Au(111), holding the crystal at room temperature. The sublimation 
temperature used to obtain a submonolayer coverage was 130 0C. Cobalt atoms were 
deposited holding the substrate at 80 0C to promote molecular diffusion.  
 
Scanning tunnelling microscopy images (Figure 6-18a) show the growth of a number of 
islands with different orientations with respect to the substrate. The unit cell within each 

domain is almost rectangular, with side lengths |𝑎⃗⃗⃗⃗ | = 13.8 Å and |𝑏⃗⃗⃗⃗ | = 17.5 Å (see Figure 
6-18c).  
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Figure 6-18. Formation of DCAAQ metal-organic architecture on Au(111). High-resolution STM images of DCAAQ 
metal-organic architecture on Au(111). Molecular deposition at room temperature and subsequent Co metal 
deposition with the substrate at 80 0C a) Long-range image of an island (50 nm x 50 nm, 100 pA, 0.5 V), b) Zoom-in 
high-resolution of an island (14.6 nm x 14.6 nm, 100 pA, 0.6 V) c) and d) Zoom-in of the island with the unit cell 

highlighted in pink (d) (Angle α: 88.7 ± 0.7o, |𝒂⃗⃗ ⃗⃗ | = 13.79 ± 0.01 Å, |𝒃⃗⃗ ⃗⃗ | = 17.53 ± 0.01 Å), and (d) the same image with a 
superposed model of the molecular distribution (5 nm x 5 nm, 100 pA, 0.5 V). 

Like in the previous chapter, the STM images do not allow to discern the location of the 
Co atoms. So, in order to find out the detailed structure of this metal-organic architecture, 
constant-height frequency-shift images were taken with a CO - functionalized tip (Figure 
6-20). The orientation of the cyano groups in these images allow us to infer the location 
of the cobalt atoms and build a model for the structure of the network (Fig. 6-18d). For 
clarity, a scheme of the network structure without the substrate, is shown in Figure 6-19. 
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Figure 6-19. On surface synthesis of metal-organic system. On surface, molecules are located forming a square 
lattice where the cobalt atoms are located at the vertex and DCAAQ molecules display a network where two molecules 
are connected to the metal atom and two are connected to the network by low interactions. 

The analysis of the images reveals that two opposite molecules of the four surrounding 
the metal are less close to the metal atom than the other two. This difference between the 
distances causes the formation of a peculiar metal-organic system with two kinds of 
interactions. Molecules closer to the metal atoms form a metal-organic bond between the 
cyano groups and the cobalt atom, giving rise to a 1D metal-organic chain. The other two 
molecules act like bridges between these chains with weaker interaction forces such as 
Van der Waals or hydrogen bonds. 
 

 
 
Figure 6-20. Constant-current and frequency-shift nc-AFM images of DCAAQ metal-organic architecture on 
Au(111). ). a) Short-range high-resolution STM image of an island (4.4 nm x 4.4 nm, 100 pA, 0.5 V). b) Constant-height 
frequency-shift nc-AFM image and zoom-in acquired with a CO-functionalized tip of (a) with the superposed model 
(4.4 nm x 4.4 nm, 0.005 V).  
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DFT calculations were performed based on these experimental results, which are 

compatible with a (
5 1
2 7

) unit cell, with sides 13.34 Å and 18.17 Å and an angle of 93o, in 

agreement with the experimental measurements. The distances between the functional 
group and the cobalt metal were calculated, being 1.89 Å and 4.27 Å for the coordinated 
and non-coordinated molecules, respectively (see Figure 6-21). Also, non-coordinated 
molecules present a non-planar structure, with the cyano groups pointing down to the 
metal surface, while the coordinated molecules remain planar. The distance from the 
molecular layer to the topmost gold surface layer is 3.47 Å, although the N atoms from 
the non-coordinated layer are only 2.83 Å away. Note that the Co atoms are much closer 
to the surface, at a distance of only 2.16 Å. The system is ferromagnetic, with a magnetic 
moment of 2.2 B per Co atom, and a charge (based on a Mulliken analysis) of + 0.9 |e-|.  
 

 
 
Figure 6-21. Model of the assembly with theoretical distances on Au(111). Top and side view of a Co-DCAAQ 
metal-organic system with the two calculated distances. 

 

6.3.3 Electronic structure  
 

Constant-height STM images allow to confirm the two different natures of the molecules 
that conform this metal-organic system. At low voltages, molecules that are coordinated 
with the cobalt atoms, oriented vertically in Figure 6-22, show three lobules, with the 
same apparent intensity. In contrast, molecules that are attached to the metal-organic 
system by weaker forces present a round shape brighter at the center of the molecule. 
This phenomenon can take place due to two different reasons. On one hand, there is a 
difference in the electronic structure due to the differences in the coordination and, on 
the other hand, the structure of the molecules varies depending on the coordination, 
being non-planar in the case of the non-coordinated molecules. 
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Figure 6-22. Constant-height STM images of DCAAQ metal-organic architecture on Au(111). High-resolution 
constant-current and constant-height STM images where it is possible to observe the differences between vertical and 
horizontal molecules (a) 4.4 nm x 4.4 nm, 100 pA, 0.5 V; b)4.4 nm x 4.4 nm, 0.005 V). 

The electronic structure was further studied with scanning tunnelling spectroscopy. 
Spectra acquired on specific locations of the metal-organic island show two resonances 
(Figure 6-23): a weak resonance at -0.2V and a stronger one at 1.8V. 
 

 
Figure 6-23. Characterization of electronic structure of DCAAQ metal-organic architecture on Au(111). dI/dV 
spectra acquired on metal-organic system. The position where the spectra were taken are depicted as a dot over the 
image (6.21 nm x 6.21 nm, 100 pA, 1.0 V) with pink colour. Grey colour represents the surface state of Au(111). 

The spatial distribution of these resonances was measured by acquiring constant-current 
dI/dV maps at -0.2 V and 1.8 V, which corroborate the differences between the 
coordinated and non-coordinated linkers (Figure 6-24). DFT+U calculations reveal a 
band crossing the Fermi level when it goes from Γ→X, which means that the system is 
metallic in the direction of the 1D chains. 
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Figure 6-24. dI/dV maps at the energetic positions shown in Figure 6-23. a-b) High-resolution STM zoom-in where 
the dI/dV maps were taken. Scanning parameters: a) 3.5 nm x 3.5 nm, 400 pA, -0.2 V; b) 3.5 nm x 3.5 nm, 400 pA, 1.8 
V. c-d) constant-current differential conductance (dI/dV) maps. (c) corresponds to (a) and (d) corresponds to (b). e) 
Computed DFT+U (U = 3.7 eV for Co+2).  

 

6.3.4 Magnetic properties 
 

The magnetic properties were studied at Synchrotron ALBA, performing XAS, XMCD and 
XLD experiments. The same procedure performed at IMDEA to synthesize the samples 
was followed at the BOREAS beamline, using their STM to check the results before 
starting the magnetic measurements. Cobalt clusters on Au(111) were also measured as 
a control sample. All measurements were taken at 2K in an UHV chamber, with a base 
pressure below 5x10-10 mbar. 
 

XAS and XMCD results for the metal-organic system Co-DCAAQ (left) and the cobalt 
clusters (right) are shown in Figure 6-25. XAS spectra were measured applying a field of 
6 T both at grazing (GI, 70o) and normal incidence (NI, 0o) (the angle is measured with 
respect to the surface normal). From the XAS structure it is not possible to conclude with 
certainty if the oxidation state is Co+2 or Co+3, although a Co+2 state seems more likely, in 
concordance with the DFT+U calculations. Even so, it is possible to observe differences 
in comparison to the XAS performed to the cobalt clusters sample, which means that the 
signal observed on the sample is coming from the Co atoms forming the metal-organic 
system and not from cobalt clusters. 
 
XMCD experiments give the same results regardless the incidence angle, depicting only a 
weak peak at the L3 edge, indicating that the magnetization is almost isotropic (in this 
way similar to the results shown for the cobalt clusters). 
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Figure 6-25. XAS and XMCD of a Co-DCAAQ metal-organic system on Au(111). XAS spectra with positive (μ+, red) 
and negative (μ-, green) circularly polarized light and XMCD (μ--μ+) taken at the Co L2,3-edges at grazing (70°, blue) and 
normal (0°, pink) incidences (B = 6 T, T = 2K). On the right side, XAS and XMCD spectra of Co cluster sample, using the 
same conditions than in DCAAQ metal-organic network. 
 

The sum rules were applied assuming an oxidation state of +2 for the cobalt atoms. 
Effective spin (〈𝑆𝑒𝑓𝑓〉) and orbital (〈𝐿𝑧〉) operators and effective spin (𝑀𝑒𝑓𝑓), orbital (𝑀𝐿) 

and total (𝑀𝑇) magnetic moments, calculated for GI and NI, are shown in Table 6-1, where 
the spin (〈𝑆𝑒𝑓𝑓〉) and orbital (〈𝐿𝑧〉) operators are given in units of ℏ, and the effective spin 

(𝑀𝑒𝑓𝑓), orbital (𝑀𝐿) and total (𝑀𝑇) magnetic moments, in units of μB.   
 

Incidence 
angle (o) 

〈𝑺𝒆𝒇𝒇〉 (ℏ) 〈𝑳𝒛〉 (ℏ) 𝑴𝒆𝒇𝒇 (μB) 𝑴𝑳 (μB) 𝑴𝑻 (μB) 

70 0.18 0.15 0.18 0.30 0.48 

0 0.13 0.14 0.26 0.14 0.41 

 
Table 6-1. Expectation values applying sum rules for grazing and normal incident. Calculated values for effective 
spin (〈Seff〉) and orbital (〈Lz 〉) operators in ℏ units, and effective (Meff), orbital (ML) and total (MT) magnetic moments 
in μB extracted by XMCD sum rules for grazing (70°) and normal (0°) incidences for Co centres on Co- DCAAQ network 
on Au(111).   

The relatively low values of the total magnetic moments obtained by applying the sum 
rules can be explained by measuring magnetization curves. Acquired both at GI and NI, 
both measurements are very similar, with almost linear curves and very low intensity 
even at 6 T (see Figure 6-26). These results could be indicative of either a paramagnetic 
or an antiferromagnetic behavior. 
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Figure 6-26. XMCD magnetization curves. Magnetization curves of the Co-DCAAQ network obtained by measuring 
the XMCD intensity at the highest peak of the Co L3-edge as a function of the magnetic field. Measures were acquired 
at grazing (70°, blue) and normal (0°, pink) incidences (T = 2 K). 

In view of these results, we have revaluated the DFT calculations, using a 2x1 unit cell, to 
allow an antiferromagnetic interaction between adjacent Co atoms within the 1D metal-
organic chain. Preliminary results for a free-standing layer (Figure 6.27) indicate that the 
ground state is indeed antiferromagnetic, with spins alternating direction along the 1D 
chains, which would in agreement with the XCMD measurements. Interestingly enough, 
this antiferromagnetic configuration is semiconducting, with a bandgap of 0.25 eV, while 
the ferromagnetic one would be metallic.  
 
The electronic and magnetic properties of this metal-organic system are still under study. 
Further experiments are required, and DFT calculations taking into account the substrate 
and different magnetic structures are under way.  
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Figure 6-27. Out-of-plane DFT calculations. a) Structure of the Co-DCAAQ metal-organic layer with the 2x1 unit cell 
used in the calculations. Spin conformation for the antiferromagnetic state is represented by arrows (the spins are 
oriented out-of-plane). b) Reciprocal lattice with the high symmetry points. c) Band structure for the antiferromagnetic 
configuration. d) Band structure for a hypothetical ferromagnetic configuration. 

 

6.4 Conclusions 
 

In this chapter, two molecular linkers equipped with cyano functional groups, OCNQ and 
DCAAQ are introduced, and their potential to coordinate with Co is explored.  
 
In the first part of the chapter, the synthesis of the OCNQ molecule was presented. The 
new species is formed by two antiparallelly embedded tetracyano thienoquinoidal 
moieties, which present a great acceptor character. The molecule was deposited on 
Au(111) and the self-assembled structures were studied with STM and nc-AFM. Two 
different phases were observed, the “zipper” and the “doughnut” phases, being the 
“zipper” phase the predominant one. This phase is based on intermolecular weak 
interactions. Due to their non-planar conformation, intramolecular resolution can only 
partially be achieved with nc-AFM images. Atomic manipulation allowed us to isolate a 
single molecule, and it was observed that the most stable conformation on the surface 
was the so-called folded, with the dyciano groups of the tetracyano quinoidal bithiophene 
moiety pointing down to the sample and the dyciano groups from the tetracyano 
quinoidal thiophene moiety pointing down just one of the CN groups, in contrast with the 
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vacuum calculations, which suggests that the twisted conformation is the most stable. 
The dipole moment from the gas phase also changes when the molecule is adsorbed on 
Au(111). In the gas phase the molecular species presents a twisted conformation with an 
in-plane dipole orientation, but it changes the conformation to folded upon adsorption 
with an out-of-plane dipole moment. These differences are a consequence of the 
influence of the surface and the charge transfer from the substrate.  
 
Finally, the synthesis of a Co-OCNQ metal-organic network on Au(111) was tried, but  
with no success. 
 
In the second part of the chapter, DCAAQ was deposited successfully on Au(111) via 
sublimation. At room temperature, three different self-assembled phases were observed, 
being the “zipper” and the “mill” the minor conformations and the “wheat” the major 
conformation. “Zipper” phase is revealed as a mixture of syn- an anti- conformation of 
the molecule, where the central molecules of the chain have anti-conformation and the 
surrounding molecules have syn- conformation. The “mill” phase is composed by trios of 
syn-conformation. These both conformations are unfavorable in energy, but further 
studies reveal that the syn- conformation of the DCAAQ molecules shows more stability 
than anti- conformation due to the coordination with gold adatoms of the substrate. 
Finally, the “wheat” phase is composed of molecules with the anti-conformation and the 
assembly can be explained just by hydrogen bonds between molecules. Annealing the 
sample, the amount of the zipper phase decreases, while the mill phase increases, 
demonstrating that the relative population of the enantiomeric phases can be controlled 
by thermal reaction.  
 
When cobalt is deposited on the sample, a two-dimensional architecture emerges. A deep 
analysis reveals a unique assembly, based on molecules forming rows through metal-
organic coordination, being connected the rows by individual species through Van der 
Waals interactions.  
 
The electronic structure reveals two resonances at -0.2 eV and at 1.8 eV, but DFT shows 
a band crossing the Fermi level which is not observed in our experimental results. 
However, preliminary DFT results allowing an antiferromagnetic interaction of the Co 
magnetic moment along the 1D rows seem to indicate a semiconducting layer. Magnetic 
experiments performed at synchrotron ALBA indicate an isotropic magnetization, with 
low intensity even at high fields, which would be consistent with an antiferromagnetic 
behaviour.   
 
Further experiments are required to understand the electronic and magnetic 
conformation of this metal-organic system. 
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7. General conclusions and 

perspectives 
 

In this thesis, we have proven the on-surface design of different π-conjugated 
nanomaterials, inspecting with state-of-the-art surface science techniques their on-
surface structure, electronic structure and magnetic properties.  
 
The first step of this journey started with the commissioning of a new ultra-high vacuum 
system hosting a commercial Omicron low-temperature scanning probe microscope (nc-
AFM/STM).  
The supramolecular architectures reported in this thesis have been widely studied by a 
combination of surface science techniques and DFT theoretical calculations. The main 
experimental tools for characterization have been scanning tunnelling microscopy and 
non-contact atomic force microscopy. The first one is a very powerful technique due to 
its spatial resolution and the possibility to manipulate atoms and molecules on-surface. 
Also, scanning tunnelling spectroscopy was performed to characterize the electronic 
structure, including the frontier orbitals/bands. Additionally, nc-AFM allows us to get 
deeper insights into the structures, even getting intramolecular resolution. Furthermore, 
magnetic characterization has been performed at ALBA synchrotron, by XAS, XMCD and 
XLD. These techniques have been helpful in the elucidation of the oxidation state and the 
magnetic behaviour of most of the presented systems, quantifying the magnetic 
moments, describing qualitatively the magnetic anisotropies and inferring the long-
range magnetic interactions (if found, such as antiferromagnetism). 
 
This thesis can be divided in two main parts. Firstly, the synthesis of π-conjugated 
polymers based on cumulene-like bridges, exploiting prochiral monomers to induce 
homochiral segments driven by substrate selection. Secondly, the synthesis of metal-
organic networks directed by Co, targeting to express conductive networks featuring 
long range magnetic order.  
 
First, we have been able to synthesize, on three different surfaces (Au(111), Ag(111) and 
Ag(100)), a new π-conjugated polymer based on indeno[1,2-b]fluorene monomers. The 
nature of the bond between indenofluorene monomers was revealed using nc-AFM, 
showing a cumulene-like bond and, in consequence, a closed-shell configuration. The 
electronic structure was also studied, revealing a bandgap of 1.25 eV. Theoretical 
calculations corroborate the experimental results. 
 
An important part of the study of these polymeric wires was the study of the chirality on 
different surfaces since the monomers used are prochiral. Statistical analysis reveals a 
relation between the chosen substrate and the tendency of the monomers to connect with 
the same enantiomer. It is observed a clear tendency to form homochiral segments in the 
case of the Ag(100) and Ag(111) and racemic polymers on Au(111). The origin of this 
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tendency seems to be related to the adsorption energy of the monomers on the three 
different surfaces. 
 
The second part of the experimental chapters is devoted to the synthesis of different 
metal-organic networks on Au(111). 
 
Firstly, the synthesis of new metal-organic systems using π-conjugated linkers equipped 
with hydroxyl groups was explored. H6HOTP and H6HOB molecules were the species 
chosen for the synthesis, using cobalt atoms for coordination. In contrast with the 
expected pattern, a Kagome lattice, two distinct and unprecedented coordinative 
architectures were reported for each species.  
The Co-HOTP lattice involves a central six-fold coordinated molecule surrounded by six 
four-fold coordinated species, while the cobalt is always three-fold coordinated. 
Surprisingly the Co-HOB network features a hexagonal architecture, but in which each 
species is simply six-fold coordinated, whereas the cobalt keeps a three-fold coordination 
like in the Co-HOTP counterpart.  
The electronic structures of both Co-HOTP and Co-HOB were studied with STS. Both 
systems are semiconductors, with very low bandgaps, below 0.15 eV. For the Co-HOTP 
system, experiments and theoretical calculations point to an oxidation state of +2. On the 
contrary, we found a disagreement between experimental evidence and theory for the 
Co-HOB case, since XAS indicates a +2, whereas theory a +3 oxidation state. Further 
calculations are being carried out to circumvent such controversy.  
Theoretical calculations predict for both systems an antiferromagnetic ground state. 
Experiments at the synchrotron reveal a strong in-plane magnetic anisotropy for both 
networks. Weak antiferromagnetic behaviour is corroborated by the magnetization 
curve, which shows an S shape at GI and a linear shape at NI. Importantly, the sum rules 
analysis reveals the unquenching of the orbital magnetic moment, which is of 0.3 μB for 
Co-HOB and 1 μB for Co-HOTP, the latest being a very high value, never encountered for 
metal-organic architectures, and thus revealing a pathway to engineer robust 
antiferromagnetic nanomaterials.  
 
Secondly, two molecules with cyano groups, termed in this thesis as OCNQ and DCAAQ, 
were deposited successfully on Au(111) to study their properties on surface and their 
capabilities to coordinate with Co atoms. 
 
The OCNQ species are a new type of acceptor, which self-assembly was studied by us on 
Au(111). Importantly, upon adsorption the molecule presents a folded conformation. In 
contrast, in vacuum the same molecule acquires the twisted conformation as the most 
stable. From this information, it was possible to deduce that there is a structural change 
between the sublimation and the deposition, where the molecule goes from twisted to 
folded conformation. These changes in the conformation affects directly to the dipole 
momentum, changing from the in-plane dipole when the molecule is in twisted 
conformation to out-of-plane when the molecule changes to folded conformation. These 
changes are also influenced by the presence of the substrate and thus open fascinating 
opportunities to tailor the dipole moment of self-assembled species, thus advancing the 
field of ferro- and anti-ferroelectricity at the nanoscale. Unfortunately, the linker didn´t 
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show any capabilities to coordinate with Co on Au(111), probably due to its three-
dimensional conformation, preventing a proper self-assembly.  
 
The DCAAQ species are prochiral and upon adsorption give rise to three distinct self-
assembly patterns regarding the specific enantiomers involved. Importantly, it was 
shown the feasibility to control these conformations by thermal reactions, being the syn-
conformation more stable when the temperature is increased. However, when Co is 
deposited, the anti-conformation is predominant giving rise to 1D rows based on two-
fold Co-coordination, which are linked together by Van der Waals interactions thanks to 
additional interstitial linkers, thus affording a two-dimensional supramolecular 
nanoarchitecture, the Co-DCAAQ network. Its electronic structure was studied by STS 
and a large bandgap of 2.0 V was revealed, not well captured by DFT simulations that 
reveal a smaller value. dI/dV maps show differences between the coordinated and non-
coordinated molecules. Although the analysis of the magnetic results is still ongoing, 
some conclusions can be made. XMCD reveals an isotropic magnetization and the 
magnetization curves are depicted as linear, with low intensity and absence of saturation, 
which is a signal of a para- or antiferro-magnetism.  
 
At the submission of this thesis, further analysis is required to fully understand the Co-
HOB and Co-DCAAQ nanoarchitectures. It is expected that the next generations in the 
research group will be able to solve the questions posed today.  
 
We hope that, soon, this knowledge will be applied in the creation of nanotechnological 
devices that help solve societal challenges in diverse fields such as sensors, information 
storage and quantum information, among others. 
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8. Conclusiones generales y 

perspectivas 
 

En esta tesis, mostramos el diseño en superficie de diferentes nanomateriales π-
conjugados, inspeccionando con las técnicas de superficie en vanguardia su estructura en 
superficie, su estructura electrónica y sus propiedades magnéticas. 
 
El primer paso en este viaje empezó con la puesta en marcha de un nuevo sistema de 
ultra alto vacío que hospeda un microscopio de sonda de barrido de baja temperatura de 
la casa Omicron. 
Las arquitecturas supramoleculares descritas en esta tesis fueron ampliamente 
estudiadas mediante una combinación de técnicas de superficies y cálculos teóricos DFT. 
Las principales herramientas experimentales para su caracterización fueron el 
microscopio de efecto túnel y el microscopio de fuerzas atómicas sin contacto. El primero, 
es conocido por ser una técnica muy potente, debido a su resolución espacial y a la 
posibilidad que nos brinda de manipular átomos y moléculas en superficie. Además, la 
espectroscopía de efecto túnel fue usada para caracterizar las estructuras electrónica, 
incluyendo los orbitales/bandas frontera. Adicionalmente, el nc-AFM nos permite 
obtener una visión más profunda de las estructuras, incluso conseguir resolución 
intramolecular. Por otra parte, la caracterización magnética fue llevada a cabo en el 
sincrotrón ALBA, mediante XAS, XMCD y XLD. Estas técnicas fueron útiles para la 
obtención de información sobre el estado de oxidación y la naturaleza científica de la 
mayoría de los sistemas presentes, cuantificando el momento magnético, describiendo 
cualitativamente la anisotropía magnética e infiriendo en las interacciones magnéticas a 
largo rango (si las hay, como el antiferromagnetismo). 
 
El conjunto de esta tesis se puede dividir en dos partes principales. En primer lugar, la 
síntesis de polímeros π-conjugados basados en puentes de tipo cumuleno, utilizando 
monómeros proquirales con el fin de inducir, según el substrato seleccionado, la 
homoquiralidad en los segmentos. En segundo lugar, la síntesis de redes metalorgánicas 
dirigidas por átomos de Co, con el objetivo de sintetizar redes conductoras que expresen 
orden magnético de largo alcance. 
 
Primero, fuimos capaces de sintetizar, sobre tres substratos diferentes (Au(111), 
Ag(111) y Ag(100)), un nuevo polímero π-conjugado basado en monómeros de 
indeno[1,2-b]fluoreno. La naturaleza del enlace entre los monómeros de indenofluoreno 
se reveló usando nc-AFM, mostrando un puente de tipo cumuleno y, en consecuencia, una 
configuración de capa electrónica cerrada. La estructura electrónica también fue 
estudiada, revelando una diferencia entre bandas de 1.25 eV. Los cálculos teóricos 
corroboran los resultados experimentales. 
 
Una parte importante de estos experimentos con los cables poliméricos fue el estudio de 
la quiralidad sobre diferentes superficies, dado que el monómero utilizado es proquiral. 



 
124 

Conclusiones generales y perspectivas 

El análisis estadístico reveló que existe una relación entre el substrato escogido y la 
tendencia del monómero a conectar con el mismo enantiómero. Se observó una clara 
tendencia a formar segmentos homoquirales en el caso de las superficies de Ag(100) y 
Ag(111) y polímeros con mezcla racémica sobre Au(111). El origen de esta tendencia 
parece estar relacionado con las energías de adsorción de los monómeros sobre los 
diferentes sustratos. 
 
En la segunda parte de los capítulos experimentales, se mostró la síntesis de diferentes 
redes metalorgánicas sobre Au(111). 
 
Primero, se estudió la síntesis de nuevos sistemas metalorgánicos, usando como enlace 
moléculas π-conjugadas equipadas con grupos hidroxilo. Para las síntesis, se escogieron 
las moléculas H6HOTP y H6HOB, usando átomos de cobalto para la coordinación. 
Contrariamente al patrón esperado, una red Kagomé, se reportaron dos arquitecturas de 
coordinación diferentes para cada especie, de las cuales no se conoce precedente. 
La red Co-HOTP involucra una molécula central con coordinación seis, rodeada por seis 
especies con coordinación cuatro, mientras que el cobalto es siempre de coordinación 
tres. 
Sorprendentemente, la red Co-HOB cuenta con una arquitectura hexagonal, donde cada 
una de las especies tiene coordinación seis, mientras que el cobalto mantiene su 
coordinación de tres como en el caso de su homóloga Co-HOTP. 
La estructura electrónica de ambas, Co-HOTP y Co-HOB, fue estudiada con STS. Ambos 
sistemas son semiconductores, mostrando una brecha energética muy baja, inferior a los 
0.15 eV. Para el sistema Co-HOTP, la teoría y los datos experimentales apuntan a un 
estado de oxidación +2. Por el contrario, para el caso de la Co-HOB, encontramos un 
desacuerdo entre las evidencias y los cálculos teóricos, ya que el XAS indica un estado de 
oxidación +2, mientras que la teoría indica un estado de oxidación +3. Se están realizando 
nuevos cálculos para resolver esta controversia. 
Los cálculos teóricos predicen para ambos sistemas un estado fundamental 
antiferromagnético. Los experimentos en el sincrotrón revelan una fuerte anisotropía 
magnética en plano para ambas redes. Mediante la curva de magnetización, la cual 
muestra una forma S para la incidencia rasante y forma lineal en incidencia normal, se 
corroboró el comportamiento antiferromagnético. Es importante mencionar que el 
análisis de las reglas de suma reveló el momento orbital magnético, el cual es 0.3 μB para 
Co-HOB y 1 μB para Co-HOTP, siendo el último un valor muy alto, nunca observado en 
arquitecturas metalorgánicas, y revelando un nuevo camino hacia la ingeniería de 
nanomateriales con antiferromagnetismo robusto. 
 
Segundo, fueron depositadas con éxito sobre Au(111) dos moléculas equipadas con 
grupos ciano, nombradas en la tesis como OCNQ y DCAAQ, para estudiar sus propiedades 
en superficie y su capacidad para coordinarse con átomos de Co. 
 
La especie OCNQ es un nuevo tipo de aceptor, del cual estudiamos su autoensamblado 
sobre Au(111). Es remarcable que, tras la adsorción de la molécula, se observó que esta 
presenta una conformación doblada. Por el contrario, en el vacío, la misma molécula 
adquiere una conformación retorcida como la más estable. De esta información, pudimos 
deducir que hay un cambio estructural entre la sublimación y la deposición, en el que la 
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molécula va desde la conformación retorcida a la doblada. Estos cambios son también 
influenciados por la presencia del substrato, abriendo una fascinante oportunidad de 
adaptar el momento dipolar de las especies autoensambladas, avanzando así en el campo 
de la ferro- y antiferro-electricidad a nanoescala. Desafortunadamente, la molécula 
enlazante no mostró ninguna capacidad para coordinarse con los átomos de Co en 
Au(111), probablemente debido a su conformación tridimensional, impidiendo un 
autoensamblaje adecuado. 
 
La especie DCAAQ es proquiral y, tras la adsorción, da lugar a tres autoensamblajes 
diferentes, dependiendo del enantiómero relacionado en el ensamblaje. Es importante 
remarcar que se mostró la facilidad con la que se pueden controlar estas conformaciones 
mediante reacción térmica, siendo la conformación “Syn” más estable cuando la 
temperatura aumenta.  Sin embargo, cuando se deposita Co, la conformación “Anti” es la 
predominante, dando lugar a cadenas unidimensionales basadas en la coordinación 
doble del Co, las cuales están ligadas mediante interacciones de Van der Waals gracias a 
la adición de una molécula ligando intersticial. De este modo la red Co-DCAAQ ofrece una 
arquitectura supramolecular bidimensional. Su estructura electrónica se estudió 
mediante STS, revelando una gran diferencia entre las bandas, de 2.0 eV, aunque no bien 
capturada por la simulación DFT, la cual revela un valor menor. Los mapas de dI/dV 
muestran diferencias entre las moléculas coordinadas y las no coordinadas.  
Aunque los análisis de los resultados magnéticos siguen en curso, se pueden dar algunas 
conclusiones. El XMCD revela una magnetización isotrópica, dibujando una curva de 
magnetización lineal, con baja intensidad y ausencia de saturación, lo cual es una señal 
de para- o antiferro- magnetismo. 
 
A fecha de la presentación de esta tesis, se requieren análisis adicionales para 
comprender plenamente las nanoarquitecturas de Co-HOB y Co-DCAAQ. Se espera que 
las próximas generaciones del grupo sean capaces de resolver las cuestiones que nos 
planteamos aquí hoy. 
 
Esperamos que, en un futuro próximo, estos conocimientos puedan ser aplicados en la 
creación de dispositivos nanotecnológicos que ayuden a resolver los retos sociales en 
diversos campos como la detección, el almacenamiento de información y la información 
cuántica, entre otros. 
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9. Anexes 
9.1 Annex I: Molecular linkers failing to develop π-conjugated systems on 

Au(111) 
 

During the development of this thesis, some species evolving CBr2 and CN groups where 
tested on Au(111). However, in the following cases, molecules do not show the expected 
structures, conformations or directly they could not be deposited on surface. 
Even so, the failures are also results. For this reason, it was considered important to 
dedicate this annex to show them. Future experiments on different substrates can be 
done with some of these molecules. 
 

 

Figure 9-1. The intramolecular reaction take place when the molecule is adsorbed on the Au(111). 25 nm x 25 
nm, 10 pA, 1V.  
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Figure 9-2. It was not possible to deposit the molecule. 

 

 

Figure 9-3. When the molecule is deposited at RT, molecules are distributed randomly. When the sample is 
annealed, the intramolecular reaction take place. (On top: 20 nm x 20 nm, 100 pA, 1V; On bottom: 25 nm x 25 nm, 
100 pA, 1.1 V).  



 
128 

Anexes 

 

 

Figure 9-4. When the molecule is deposited on Au(111) it presents an ordered self-assembly. However, when 
the sample is annealed two kinds of molecules can be observed. when the temperature is increased, the 
number of brighter molecules decrease. Further studies are required to understand the nature of this 
molecule. (On top: 50 nm x 50 nm, 120 pA, 0.2V; On bottom: 50 nm x 50 nm, 50pA, 0.5V).  
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