


Abstract

The urgent need or developing new strategies to afford the increasingnergy demand
remains a challenge for many research fields, such as material science energy
engineering. In this respect, the field ofnanosciencehas emerged as a powerfulfield
towards the design of functional nanomaterials, synthesized from both organic and
inorganic materials. This new scientific discipline has led to the design of novel materials
and openedup new avenues for traditional compounds. For instancdransition metal
oxides have been proposed as promising catalysts in the oxygen evolution reaction for
water splitting, of crucial relevance in clean energyAdditionally, the development of
organic electronics, focused on the study of the electronic propetties of carbonbased
materials, plays an important role inthe synthesis and transformation oftraditional

electronics by designinglow-cost, flexible and sustainable electronic devices.

In this thesis, we havegrown and studied different nanomaterials on metallic surfaces
related to energy efficiency targeting to achieve global sustainability.First, we have
studied the catalytic activity of CoQOat the atomic scaletowards the water splitting
reaction. We have grown single bilayer CoO nanoislands, whet&e co-existence oftwo
distinct phaseshas been observedSuch polymorphism has been rationalized due to the
distinct lattice parameter and the registry with the substrate which induces the
modification of its electronic properties, reactivity and, hence,of its catalytic activity. In
addition, we have shownthe capability to tune the phase by an electric fieldSecondwe
have describedthe onOO O AAAA OUT Ododjugdied polyrersiwhhximpartant
applications in organic electronics An innovative strategy towards the synthesis oflow
AAT A -coAjfyated polymers formed byaceneor periacene unitshas been developed
which allows the control of their electronic structure, resonanceform and topological

guantum classby tuning the repeating unit ske.

Our results shed light into the atomistic adsorption and dissociation of water oa CoO
model catalyst. Furthermore, we introduced pathways forcontrolling the electronic
properties and quantum topological classof one dimensional polymers on metallic

surfaces.



Resumen

Durante las ultimas décadas se ha producido un importante incremento en la demanda
energética por parte de la sociedad, lo que ha llevado a que muchas invgationes de
diferentes campos se hayan centrado en el desarrollo de nuevastrategias para
satisfacer dicha demanda, como puede ser la ciencia de materiales o la ingenieria de la
energia.En este sentido, el campo de l@anociencia haadquirido un papel clave pareel
disefio de nievos materiales funcionalesPor ejemplo, h viabiidad de los 6xidos de
metales de transicibn como catalizadores en la reaccion de evolucion de oxigeno para la
division del aguaha sido extensamente estudiada, debido a su importancém energias
limpias. Por otra parte, @ desarrollo de la electronica oganica,la cual se centra g el
estudio de las propiedades electronicas de los materialdsrmados a base de carboa,
desempeia un papel claven la sintesis y transformacion de la electrénica tradicional

hacia el disefio de dispositivos electrénicos de bajcosg, flexibles y sostenibles.

En esta tesis, hemogpreparado y estudiado diferentes nanomateriaés en superficies
metalicas con posibles aplicaciones enegéticas hacia la sostenibilidad global Estos
nanomateriales han sido caracterizados mediante microscopia de efecto tunel y
microscopia de fuera atébmica sin contacto. En primer lugarhemos estudiado la
actividad catalitica del CoO a escala atdmica hacia la division del agua. Observamos la
existencia de diferentes fases de CoO con distintos parametesredy diferente registro
con el sustrato, lo que inducela modificacion de sus propiedades electronicas,
reactividad y, por lo tanto, de su actividad cataliticaAdemas, se muestra la
transformacion de dichas fases tras aplicar un campe eléctrico extar. Por otro ladq se
propone la sintesis en superficie de nuevos polimeras-conjugados con importantes
aplicaciones en electronica organica. Hemos desarrollado una nueva estrategia para
sintetizar polimeros A-conjugados de bajo intervalo de bandarohibi da formados por
unidades de acenos periacenos a través de los cuales podemos controlau estructura
electrénica, forma resonantey fase topolégica ajustando el tamafio de la unidad

repetitiva.



Nuestros resultadoscontribuyen al estudio del CoO comacatalizador, mostrando la
adsorcién y disocacion del agua a nivel atobmico. Ademas, se proponen caminos de
reaccion para controlar las propiedades electrénicas y la naturaleza topoldgica de

Pl 1 p i Ac@njugadosunidimensionales en superficies metéalicas
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Introduction

1. Introduction

This chapter introduces the development ohanoscience and nanotechnologgiuring the
last decades and itxontribution to surface science, mainly through theinvention of the
STM. Next, weresent someof the main motivations that have led us to carry out this

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

1.1 Nanotechnology

Nowadays, nanotechnology has becomene of the main fields under study and
development. The concept of nanotechnology was introduced in 1959 by Richard
Feynman (awarded wit the Nobel Prize in physicsn 1965) inhistak O4 EAOA EO bl Al O
ol i1 AO OrHe suydead khé gossibility of manipulating and controlling the
matter at the smallest scale, being the very first timéhat smallest scale meant nanscale
(Figure 1.1shows a schematic comparison from centimeter to nanometgr This new
concept was presented to the American Physical Society artdredirected much of the
scientific progress of the century, being considered nowadayas the next technological
revolution. Now in 2020, many of the predictions proposed by Feynman ka been
realized, such as the resolution enhancement in electron microscopiéshe atom
manipulation by scanning probe microscopie$ or the on-going miniaturization of

devices4

Nanotechnology opened plenty of new applicatins in the fields of physics, chemistry,
and materials science, due to the stronggand sometimes unexpected, variation of the
physico-chemical properties of materials when reducing their dimensionalityy The
understanding and rationalization of all these new physical and chemical phenomena led
to the emergence of nanoscience. Nanomaterials are defined as materials exhibiting at
least one dimension in the range of 1L00 nm. The higher surface area of nanomaterials
compared to their bulk counterparts, together with the quantum effects arising in such
dimensions, are the keys of theithemical reactivity, optical, eletronic and magnetic

properties.



One of the main toolsemployed in nanoscience are Scanning Probe Microscopes. This

family of microscopes was triggered by the invention ofthe Scanning Tunneling

Microscopy (Nobel Prize in Physics in 1986 to Gerd Binning and Heinrich Rohref)Only

a few years after, the Atomic Force Microscope was also developeBoth microscopes

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

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

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

while monitoring and recording specificmagnitudesbetween the probe and the surfae

(egd, AOOOAT Oh

i AcT AOEOI h

~ A N s o~

| ECE

are plotted in aXY graph displaying the recorded magnitude.
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Figure 1-1. Comparison of scales from centimeter to nanometer
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SPM techniques have importantly contributed to the development of nanotechnology
and nanoscienceé® Scanning probe microscopes allow us to image and manipulate matter
at the atomic scale. In addition, they help us to inspect fundamental properties ofetals,
semiconductors or insulators down to the atomic scaleand revealing information about

the magnetic, electronic or mechanical properties.

As a result of fundamental nanoscience investigations of the past XX century, now real
applications are arisingrelated to nanotechnology with promising benefits to the society.
We can find applications in different sectors, such as information technology, energy,
medicine or environmental science.For instance, sme examples ofthe impact of
nanotechnology in moden society are: the miniaturization of transistors with a size
below 10 nm? the diagnostics and treatments of diseasé8 and more efficiently fuel

production employing better catalysts!?

% Molecular %

& :

Precursor .
(_; ’ Precursors

Organic . ‘ ‘ Thin

Self assembly product Films

IS a LA

|

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

In this work, we have employed surface science and scanning probe techniques to
develop and study new nanomaterials from a fundamental point of viewn order to
contribute to the nanoscience research with promising applications in different sectors
related to energy efficiencytargeting to achieve global sustainability. In particular, we
have focused our attention on two distinct nanomaterials: i) Alcarbon-based
nanostructures and ii) Cobaltbased oxides nanoislands. Such nanomaterials show
different applications towards organic electronics and water splitting catalysis,
respectively; however both of them present a common target: global sustainability. To
synthesize such nanomterials on surfaces, bottomup strategies were followed
including on-surface synthesisand physical vapor depositionseeFigure 1.2),both under

ultra-high vacuum (UHV) conditions.



1.2 Global sustainability

Nowadays, he increasng energy demand leads us to reconsider the main energy sources
to supply the requirements of the society2 We can find two main challenges towards the
desgn of more efficient energies: the wise use of finite energy sources and the
development of newabundant and biodegradableenergy sources. Hereby, we have
studied two different types of nanomaterials: cobalt oxides and altarbon-based

polymer nanostructures.

On one hand, abalt is a 3d transition metal with plenty of applications, mainly towards
energy storage. For several yeargommercial Lithium ion batteries (2019 Nobel Prize in
chemistry) included a positive electrode based on cobalt (LiICeECoQ corresponding to
discharged andchargedelectrode, respectively)!3 Certainly, Cobalt shavs a wide range
of applications: forming superalloys with unique properties, batteries, catalysis, magnets
etc. However, this elementalso hassome intrinsic limitations. Cobalt isof relatively low
abundancy in arth crust and, in addtion, the largest cobalt reserves are concentrated
among a few countries (near half of the reerves are located at DR Congo). This irregular
distribution together with its importance toward s a sustainable planet lead us to
consider the cobalt a critical mw material .14 Although cobalt isa bio essentialelement for
bacteria, plants, animals and humans (acquired by humans as Vitamin B12), it presents
some health andenvironment hazards. Therefore, an entire industry toward the
analysis of cobalt risk, engineer and administrative controls have been implemented. In
conclusion, cobalt is essentiafor sustainable developmentsand its unique properties
makethis elemert indispensablefor many process!® Therefore, a strategical usef such
material hasto be taken into account.Cobalt based oxdes have been proposedsaanode
to beintegrated in a Photoelectrocatalytic device (PEGh order to generate and store
energy from abundant and clean sources (solar energy and wa)éf Here, we will study

model systems of such cobalt oxide catalyst providing atomistic insights.

On the other hand, organic electronics has emerged as a field of materials science with
revolutionary applications in electronic technology!” Organic electronics sudies the
synthesis and characterization of carborbased nanostructures with tunable electronic

and optical properties. These new materialgpossessdesirable properties and are eco
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alternatives to inorganic semiconductor materials. Inorganic semiconductors imply an
expensive and long waste management and some of them are scatdéeder this scenario,
organic electronics is a powerful substitute that provides more sustainable materials,
expanding the functionalities of the inorganic compounds and reducing considerabthe
costs. In addition, they offer the feasibility obeing flexible and biocompatible materials.
Organic electronics includes the development of carbobased semiconductors and
metallic structures with important applications in optoelectronics, transistors or organic
solar cells18In this technological world, the design of ecanaterials, that also implies cost
reductions, contributes to a sustainable world based on cleaner and sustaifatenergies.
Following this paradigm, here we have developed a strategical esurface design of one
dimensional A-conjugated polymers featuring unique electronic properties, including
nearly-metallic electronic structure, topological nontrivial insulators, and diradical

molecular wires, with promising applications in organic electronics.

1.3 Thesis outline

The organization of the thesis is as follows:

Chapter 2 introduces a theoretical background neededor the understanding of the

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

33( I TAAT O1 CAOEAO x E Qdhjugatediolyhn@rébaseddi céne OT x AOA O
and periacenes areexplained. Finally, the theoretical kackground behind the employed

experimental techniques is given.

In chapter 3 a more detailed explanation about the methods and the experimental sep
is provided. Some common components of the four employadtra-high vacuumsystems
are introduced. Then, he recently mounted low temperature ncAFM/STM located at

IMDEA isdescribed, together with its supporting instruments.

Chapter4 presents the study of thestructure of CoQat the atomic scaleand its properties
towards catalyzing the water splitting reaction. We observe two distinct phases for the
CoO nanoislands on Au(111): the moiré pattern region (incommensurate area) and the
[ -region (commensurate area). Both of them exhibit a hexagonal latticebut the
ET OAOAOT | EA ArEgd0dkd sAoki€d. RefB@rkably,we demonstrate that this



slight compression alters completely the electronic structure of the oxide, and hence, its
reactivity. Notably, tip-induced voltage pulses irreversible transfom moiré regions into

[ -phases.

Chapter5ET OOT AOAAOG A T Ax OOOA OA@ihugaddd pofyeksty OEA O
thermal activation at 500 K of molecular precursors functionalized with CBe functional

groups. First, we present the onsurface synthesis of polymers based on acener

periacene units. Interestingly, these polymers show a competition betweeresonance

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

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

acene or periacene unit leads tanincreaseof OEA NOET T EATAOI O1 AT A AEA
conjugated polymer. Importantly, we show that these two resonance forms are
associatedto distinct topological quantum phasesthat implies a topological transition

taking place from atrivial to a non-trivial phaseas a function of the size of the central

unit. Finally, further thermal annealing at 600 K of the cumulenebridged bisanthene

polymer produces the ladderization of the polymer forming pentalendoridged polymers

that includesthe formation of non-benzenoid rings.

Chapter6 and 7 include the main conclusions of the results and the perspectigeelated

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

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

to the information sources.
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2. Theoretical undamentals

This chapter introduces fundamental concepts for the understanding of the experiments
carried out in this thesis The introduction begins with the description of basicconcepts
of solid-state physics that will appear throughout the thesisThe secondsection deals
with a theoretical approach tothe Su, Schrieffer and Heeger (SSH) moéeland its
extension towards O E Aconjugated polymers synthesized in this worlk® The chapter
concludes with an explanation of theScanning Probe Microscopy (SPM}-22followed by
a more detailed explanation ofthe main tedniques employed: Scanning Tunneling

Microscopy (STM® and non-contact Atomic Force microscopy (neAFM).7.23

2.1 Generic conceps$ on solidstate physics

Solid-state physics studiesrystal solids in which large number of atoms are chemically
bound. Therefore, understanding the behavior of electrons iran atom is crucial to
describe the properties of 3D crystals. The simplest modleo describe the distribution of
AT AAGOTITO 11 A p3$-%DBAO0MRP ENDABde EadsumesOtAad
electrons are confined in a 1D infinite squaravell potential and occupy each N states
known as orbitals. Furthermore, this model neglectany interaction between electrons
and assumes the Pauli Exclusion Principle. This principle demands that there cannot be
two electrons with the same quantum numbers per state and it is crucial to define the
electronic occupation of the orbitals. The waveunction of an electron in an orbitale and

its eigenenergy are defined byequations 2.1and 2.2, respectively:

r OOE+H—m .
5O E I 2.1)
5 & 2.2)
) ca O

Where _ is the wavelength of the electron (  ¢0¥¢ , 0 the length of the squarewell
potential in the horizontal axis,m is the mass of the electron and the reduced Planck

constant.



The two quantum numbers that are taken into consideration are andd ;€ corresponds
to the energy level anda is defined as the magnetic quantum number. Sinae can
only take two values(& h € ,each orbital ([ can be occupied by two electrons
with opposite spins. The orbitals are filled from the lowest electronic level{ p)
onwards. Considering an even number of electrons(), the highest occupied energy level
is € 0%¢. The Fermi energy { ) is the enagy of the highest filled levelin the

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

LN u_ (2.3)
T ¢a qb
&I 11T xETC OEA OAI A%PDEDAEDI ADOG6 OUEAAIKOAAT A/

system, where the electrons are confined in a cube sifie 0. Assuming periodic boundary

conditions, the wave function for a free electron can be written as:
r b Q™ (2.4)

where the wave vector®is composed byQ, 'Q and "Q, following the constrain of the
periodicity where '°Q —. Here ¢ is a positive or negtive integer number depending on

the direction of the intrinsic angular momentum ofthe electron (@ ). Hence, he possible

energy statesin ‘Qspace are:

T :) iy iy iy (2'5)

Each state has a volume ab ¢“70 in the 'Qspace. Being the volume of the Fermi
spheret* Q7o and taking into consideration the doulé occupation of the orbitals, the
total number of occupied states) - AO AT A-GsQ@iweh By: S

ca- 7 (2.6)

U - —_—
o" 2
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where wis the volume of the Fermi sphere with radiug. Finally, the number of occupied
states per unit energyz known as density of states (DOSj can be obtained deriving

Equation 2.6 with respect to the energy.

, Q0 (2.7)

O- kg
11 OET OCE -AO4EMO@IOAACAOGCS 11 AAT A h@adsOstich 4sGhe 0T 1T A D C
specific heat capacity, it cannot explain fundamental optical and electronic properties of
semiconductors and insulatorsHere, we assume thatir0D4 EA & OAA GATIAIADAIN T  C/

the electrons are confined in an infinite 1D squarevell potential, neglecting any

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

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

These bands cover the range of allowed discretenergy levels in which the electroms

xEOEET OEA Oi T EA AAT AA8 )1 OEA OAIi A xAUh EO
OAT CAO xEAOA A1 AAOOIT O AATT1T O AAmsolds] 00T AGAET ¢

Crystals, according to this model, can be considered as a periodic lattice of atoms where
orbitals are close enough to overlap. It is then necessary to consider the periodicity of the
potential created by these periodic atoms. The periodicity offie crystal lattice can be
expressed as the functio ip and leads to the solution of the onelectron Schrédinger

eguation for a plane wave Equation 2.4):

[ P 6 Q™ (2.8)

Equation 2.8 is known as the Bloch wavefunction of an electron and considers the
periodic potential of the crystal.The energy eigenvalues derived from this wavefunction
reveal the existence of forbidden energy ranges and inutn the band structure of the
material. The electronic occupation given by the band structure of a solid define its
electronic properties. Figure 2.1 shows the classification of solidsaccording to their
energy band gap and thenovement of electrons between the valence band (occupied

states) and the conduction band (empty states).



When the conductive and the valence band overlap there are a large number of free
electrons at RT, and the solid is a conductor. On the contrary, ifetfe is a large energy
gap between the bands, the movement of the electrons is blocked. As a result, these
materials cannot conduct electricity and are called insulators. Finally, when a small
energy gap exists, some of the electrons in the valence band qin enough thermal
energy to reach the energy levels in the conduction band. This creates holes in the valence
band which increases the conductivity of the solid. These materials are known as

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

behave as insulators at O K.

A Conductor Semiconductor Insulator
2 )
| ) Energy
Q band gap
5 oo °
© 66| 00000
© 0606606

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

This is ageneric classification of the solid crystals based on tlire band structures.
However, in the 80°s there was a revolution in our understanding of the classification of
materials. Topological band theory entered into play, revealing a netaxonomy. This
theory predicted the existence ofnon-trivial topological materials (bulk insulator with
metallic boundaries when they are next to a vacuum or a trivial insulator}6.2” David
Thouless, Duncan Haldane and Michael Kosterlitzere awarded with the Nobel Prize in
Physicsin 2016 for the development of topological band theory?8 Non-trivial topological
guantum phaseshave been identified in 10?930 2D31 and 3D systems32 In the following

sectiona more detailed explanation aboutLD topological insulators is given.
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2.2 Topological theory in 1D systems

As mentioned above, the band structure definesccurately in many occasions e
electronic and optical properties of materials. Tiere are distinct formalisms to infer the
band structure in condensed natter physics. In particular, tight bnding (TB) model isan
approximation used to calculate the band structure of a material by linear combination
of atomic orbitals (LCAO}3 Exploiting such methodology,the SuSchrieffer-Heeger
(SSH) modelgives insight into the electronic behavior of 1D polymer$? This section
provides a general introduction to topological insulators followed by a description othe
topological predictions performed by TB method for theon-surface synthesizedinearly

linked polyaceneand polyperiacenepolymers in chapter 520

2.2.1 SuSchiieffer-Heeger Model

The SuSchrieffer-Heeger (SSH) modesuccessfullydescribes the electronic behavior of
polyacetylene polymer3437 Polyacetylene isOE A OE [ b lcdnjodatedppdlymar
formed by (GH2)n repeating units. It exists in two isomeric forms, altough trans-

polyacetyleneisomer is more favorable atRT38 and thusit is the one considered in the
SSH model. Importantlytrans-polyacetylene can exhibit two resonance formas can be
seen inFigure 2.2. Though at first sight they appear electronically equivalenta deeper
study of this system usingthe SSH model will reveal that they belong talistinct

topological quantum phases.

Energy

Reaction coordinate

Figure 2-2. Energy landscape versus the reaction coordinate of polyacetylene showing two energetically more
favorable forms



TB approximation considers the electron hopping between the nearest neighbor@N)
independently of their spin. When orbitals are close enough to overp they create a
crystal lattice, where the electrons are delocalized hopping from one atom to anothép
is the hopping parameter betweenNN). This way, the motion of one electron can be

described with the Hamiltonian:

O 0 s&Q
(2.9)
where 0 is the overlap integral between theNN at positionsi and j. In this casean
equal overlapping between all the consecutive atoms in the lattias considered(where
0 0 asexemplified in Figure 2.3) and no interactions between the second nearest
neighbors are included (0 1 . Therefore, by resolving Equation 2.9 we obtain the

band dispersion described byEquation 2.10:

-Q cAT@H (2.10)

/\ Electronic density
On O Cs= )OO0 O OO0

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

However, this approach desnot consider the Peierls distortion on the lattice. Actually,
we cannot consideran equal overlapping between all the consecutive atoms in the lattice
due to thedimerization of the atoms coming from the Peierls distortion, whichresults in

a more energetically favorable final I&tice with two possible resonanceforms (seeFigure
2.2). Therefore, we define two subbands named and 0, a lattice constant of;cand two
different hopping parameter per lattice:0 and 0, which correspond to the intracell
coupling strength and the intercell coupling strength, respectively.Importantly, the
Peierls distortion gives rise to resonance forms that display inherent chiral symmetryf

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

(6 and6) 1D lattice, whereby the electron canonly hope between the nearest neighbors
0 0o EMHEEMS W8 0o ¢ pHikbs &8 (2.11)
where "‘®omeans Hermtian conjugation.

From Equation 2.11, assumingperiodic boundaries (only the bulk part of the chain) and
considering the two subbands sites 6 and 6) the matrix form of the band Hamiltonian

can be faund:
- - 0O 00Q

070
o 00 - (2.12)

Thediagonal terms- and- are zerosince only first neighbors hoppingsare considered

From the Hamiltonian in Equation 2.12 we can extract the Eigenvalues "Q:

- Q 0O O COOAIl® (2.13)

The dispersion of the bands depends on the relation between the hopping parametérs
and 0 . The behavior ofEquation 2.13 with respect to 0 and 0 is depicted inFigure 2.4a.
These graphs shovthat the band structure evolves from flat bands in the case @f Tt
into dispersive bands for6 0, where the band gap becomes smalitill its closure for
O 0. Then the band gap reopensdr 06 0 forming a dispersive insulator that

evolves towardsflat bandsfor larger 0 .

Similar behavior for the gapped situations6 0 and 0 0 can be assigned from
Figure 2.4a However, this rationalization is uncomplete. In order to understand the band
structure the eigenvectorsneed to be solved The band Hamiltoniann Equation2.12is a
two dimensional matrix that can be expressed as the followingquation using Pauli’s

matri ces



o |0, 00, 0, 10, (2.14)

Since ideal polyacetylene hashiral symmetry, which physically implies that all coupling

between sites are offdiagonal,the directions of the vector®Q are:

0Q o O0AI®
QQ o0EQ
00 n (2.15)

The trajectory of '®Q in the first Brillouin zone for the five distinct relations of 6 and 0
is depicted inFigure 2.4b.

a) t2=0 tl>t2 t1=t2 t1<t2 t1=0
2 2 2 2 2
1 1/\ 1 1 /\ 1
io + 0 + 0 0 0
w
-1 A \_/ ! * \/ *
-2 2 2 2 -2
- 0 T - 0 T -T 0 e -T 0 T -T 0 T
wavenumber k
b) h h h, h, h,
e £ (57N 7N a -
: > = = T > =
d ’ 1 h, ’Uh\ V}zv \H h k\/ h
=1 ) y y

Figure 2-4. Dispersion relation of the bands for different hopping terms with their corresponding l ﬁ

a) Energy bands diagrams ant) Trajectories of ®'Q over the Brillouin zone for differentelations of thehopping
parameters.

Since the vector®™Q is on the plane (h(z) = 0)jt can be observedrom Figure 2.4b that
there is no way we can move frond 0 to 0 0 without crossing the origin, which
implies to cross through a metallic state. According to topological bantheory, when
moving from a gapped insulator A to an insulator B closing the band gap, then there is a
change in the tomlogical class. Alhough it is beyond the scope of this thesis, it is worth

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

topological insulator class (Z=1).

In fact, a detailed analysis of a finite chain for both topological classessplays the
physical consequences on the charge, whiaan not only be analyzed theoretically, but
measured, adllustrated in next chapters.Figure 2.5showsthe fully dimerized cases ¢

mtor 0 ) for a chain withN=10.Aninsulating bulk structure is expected in both cases
however in the dimerized limit atd  1tthere areopen boundaries with two single sites
at the ends (considering onevalence electronper atom). The energy of these states
should be zero, since each electrois totally localized at the site at the edgéNVhen 6

0 ando T1the presence of states at the edges also expected, although the electron
could be delocalized between the closest neighbors. In conclusion, the topological
transition leads to the emegence of ingap edge states at the ends of the topological non

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

structure.
tZ tl t=0 l:z tl t =0
m/\ 2 m/.\ !

0 & 0O &0 @O L No. Jo. Jdo_ 10 NO

2a 2a

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

2.2.2 Topological approach towards linked polyacenes and polyperiacenes

)T OEEO x1 OEh xA EAOA A@OAT AAAonidatdd ligear( 1 1T AAI
polymers?0, It is important to note that this approach is a first approximation to the SSH

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

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

anthracene polymer Eection5.3) which can be extended for all the polymers connected

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

and a red block which correspond tothe intracell coupling block (6 ) and the intercell

coupling block (0 ), respectively. In the previous subsection & have c&gmonstrated that

the relation betweenOEAOA Oxi DAOAI AOAOO POl OEAAO OEA

(@}



conjugated polymer, therefore the topological phase can vagepending on the central
unit R.

b) |

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

a) Asymmetric unit cell of ethynylenbridged anthracene polymeib) Unit cell for an arbitrary central backbone R.

Dr. Oliver Groningperformed at Empa Materials Science and TechnologySwitzerland
the tight binding (TB) calculations of the ethynylenebridged acenes and periacenes
polymers by numerically solving the narest-neighbor hopping (NN) Hamiltonian for the
2p; orbitals of the carbon atoms. The value of the hopping parameters dependn the
bond nature between the site$® Here, the intracelll coupling depends on polyaromatic
unit (6 0 o8t \Q d and the intercell coupling is related to thetriple bond of the
ethynylene bridge © © 18 Q { Considering these values, th TB Hamiltonian
introduces two extra parameters related to the polyaromatic unit, which will define the

topological nature of the system.

The numerical calculation of the topological invariant (Z)in a discrete kspacewas
performed using the method of Ca et al#° It is worth to highlight that the invariant phase
depends on the selected unit cellwhich is determined bythe termination of the polymer.
According to the unit cell depicted in Figure 2.6b, the ethynylene-bridged anthracene
polymer structure is Z=0 topological trivial, whereas the ethynylenéoridged pentacene
and bisanthene polymers are metallic and the peripentacene polymer belongs to the Z=1

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

Figure 2.7 shows the band diagrams for the ethynylene linked acene (left panel) and
periacene (right panel) polymers obtained from these TB calculations. Both polymer
families present a topological transition, seen by a change in the Zak phase, which implies

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

2.3 Scanning Probe Mcroscopy

Solid-state surfaces and their properties can be studied by means of Scanning Probe
microscopies (SPMs) at the atomic scal@he fundamental working principle shaed by
all scanning probe techniques is based othe measurement ofa specific interaction
between the target sample and an atorterminated probe.21.22 Physical and chemical
properties can be measured between a probe arttie target surface Figure 2.8illustrates
the basic componentof a SPM where a sample (inset 1) is measured with a tip (ins&L
This tip is attached to a piezoelectric scanndjinset 3) for x,y,z movements with atomic
level precision. The gap distance between the tip and the sample is controlled ky
feedback system that operates controllinghe vertical movement of the tip.The data
acquired at each individual point of the surface(x,y) are recorded and repesented as a
graphical image bythe computer system (inset 4. This computer system allows to set
the scanning parameterscontrol the approaching or retracting of the tip and record the

acquisition data.



Feedback
mechanism

Electronics

Figure 2-8. Sketch of basic components of SPM

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

The systems presented in thesis have been characterizedy means of Scanning
Tunneling Microscopy (STM) and norcontact Atomic Force Microscopy (nAFM). These
two techniquesare described in more detailin section 2.4and 2.5, respectively.

2.3.1 Working Principles

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

atomic scale341z44

Operation modes

When characterizing a surfacevia SPM the images can be acquuefollowing two
different operation modesdepending on which parameter is fixed and whicloneis being

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

1 Constant-height mode . This mode consists in a constant tip height while
scanning the surface inx and y axes (non-variation of the tip in the z axis are
observed). The initial tip height is defined bysetting specific scan parameters with
closefeedback loop €. g.in STMa hias voltage for a specific cuent). Then the
feedback loop is open and the tip scans the surface recordinte specific
interaction measured (tunnel current, frequency shift, oscillation amplitude etc)
which results from the variation in the tip-sample dstane,d. This scanning mode
is employed in flat areas with roughness of a few picometers in order to avoid tip

crashes with the surface.
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1 Constant-interaction mode. A feedback loop control is employed while scanning
at constantinteraction mode. Thefeedback loop controls the tip height, adjusting
it at each single point (pixels of the SPM image) in order to keep the specific
interaction measured constant (e.g. in the case of STM is the tunneling current and
in nc-FM-AFM the amplitude). This way, thdip-sample distance is changing at
each point depending on the differences between the recorded data and the
setpoint. The variation in the tip height is performed by applying aspecific
voltage,V;, to the piezoelectrics connected to the tip. Th¥, applied at each point
is recorded in order to constitute the topographic image. This mode is the most

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

Constant-height mode Constant-current mode

Az = const.

Tip crash

Figure 2-9. Sketch of the operation modesin STM
Left panel: constantheight mode where the tip height is constant aritle tunnel current is measied. Right panel:
constantcurrent mode where the tunnel current is constant and the-8ample distancevariations are measured as

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

Atom manipulation

One of the adantage intrinsic to SMM is the possibility of manipulatingthe matter at the

atomic scaleThere aretwo possible modesof atomic manipulation:

1 Lateral Manipulation (LM). SAM allows the manipulation of single atoms or
molecules LM consists o the displacement of the targeatom/molecule parallel
to the surface Figure 2.10). The most common way to induce this movement
consists the following steps: first, the tip is stabilized on top of the target with
standard parameters, and approached towards the surface in order to induce

interactions between the tip and the target (a single atom or molecule). Then, the



tip is displaced parallel to thesurface resulting in the target movement under the
influence of the tip. Finally, the parameters are changed back to scanning

conditions.

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

AAT AA Epulidpd A A § A ddmnttr&tivdinteraction is taking place

AROxAAT OEA OEDpubhing OFEAABABGRHAA EEqQO&EA O/
AROxAAT OEA OED slidingh DEAADAOEAOR E£EEH AT A

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

a) [ b} e)
- l,/ pulling ?
0 T

pushing

P
(

Figure 2-10. Schematic representation of Lateral Manipulation (LM)
a) Tip approached to the surface inducing tigtom interaction.b) 00 &1 | ET@ OO E BRAe@D O3 il BABT ¢6 11 AA:

e) Tip retracted and parameters changed to scanning condition.

1 Vertical manipulation (VM ). Using this manipulation technique atoms and
molecules can be picked up and dropped. This can be achieved by changing the
scanning parameters toproduce the variation of the tip height and induce an
electric field (Figure 2.11). In this thesis, this technique has been employed to
functionalize the tip apex with CO molecules in order to attain submolecular

resolution 4°
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Figure 2-11. Schematic representation of Vertical Manipulation (VM)

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

2.4 Scanning TunnelingMicroscopy

In 1981, Gerd Binnig and Heinrich Rohrer developed the first working SThh IBM Zurich
Research Laboratories in Switzerland The invertion of STM allows to imagehe surface

of conductive and semiconductive surfaces at small sealdown to atomicresolution.

The STM is formed by a conductivera sharp tip and a metallic sample separated by a
potential barrier of a few Angstréom of vacuum. The STM functioning is based on the
guantum tunneling effect, which is described in the nextection 2.4.1 Briefly, upon
applying a bias voltage between the tip and the sample, a tunneling current is produced.
The great spatial resolution of the STM is due to the exponential relation between the

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

2.4.1 Tunnel effect

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

OOAAOI Il EA OABAABEAEA AOADEOUG xAO TTA 1T &£ OEA <
changed the understanding of the behavior of a particleThe behavior of electras

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

has now a finite height'Y the electrons canescapethe potential well. In addition, if this

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

as tunneling effectwhich is explained in the following?6.47



In order to explain the tunneling effectwe consider a particle with total energy Ethat is
moving in a potential step function energy regionwith a potential well of height Y, as

described in the next function:

N, N Tt W T
From a classical physics point of view, the speed of such particle of energy E moving in
this energy region is defined byy ¢Ora for w 1 When the particle reacheso

T, its behavior depends on the relation betweenY and E. Figure 2.12 illustrates the two

resulting possibilities:

b) U(x)
EsU, | U,
a) U(x) =V CE/Mm)
v=+/(2E/m) m—T X
X 0 U) | v=ezeEu)/m
E>U, —,
X

Figure 2-12. A particle moving in a step function energy range from a classical mechanic point of view
a) Scheme of a classical particle with kinetic energy E moving towards a potential barligand c) Outcome of the
scattering event depending of the relation between potential energyabd kinetic energy E. The red line corresponds to

the potential functon described usingquation2.16 and the blue line to the trajectory of the particle.

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

the potential barrier for O 7Y is zero.

However,the behavior of a particlemoving in this potential is different from the point of
view of quantum mechanics® Asmentioned above quantum mechanics considers the
wave-particle duality nature of a particle €.g.an electron). This duality nature leadsto a
non-zero probability of spill-out electron effect throughthe potential barrier, even if E

S"Y as demonstrated belowAs mentioned insection 2.1, a particle behavior is described
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by wave functions derived from SchrédingeEquation. In this case, the wave function can

be derived fom the time-independent Schrddinger equation Equation 2.17), which only

depends on the position of the particle
2 Qr
ca ‘o

YOI ® Oo (2.17)

Here, mis the mass of the particley the reduced Planck constanty the potential barrier
and E the energy of the particle.The solution of SchrédingerEquation for a free particle
moving in a 3D system is described i&quation 2.4. Now,considering a linear movement
towards this potential in &y thetwo possible solutions forf @ are:

. mQ 0 mQ o Y
fo | J (2.18)

~.

[ mQ ° [ TQ o Y

On one handjf E > U, the wave vector suffers adrastic change fromQ ¢ad O to

o) ¢d O YZXo and part of the wave will be reflected and the other part
transmitted. On the other hand, whenE < U, the wave function suffers an exponential
decay as shown in Figure 2.13a. The wave function crosses a short range of the
O&l OAEAAAJ 6maAd@hkrAit isfedirely reflected.

For E < U, the wave is transmitted with an exponential decay through the potential
barrier. Therefore, if the barrier shows a finite and sha thickness the probability of
detecting the particle on the other side othis one-dimensional potential barrier is non-
zero (Figure 2.13b). This phenomenon is kmwn as quantum tunneling effectand it is

very sensitive to thewidth and the height of the potential barrier.
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Figure 2-13. Scheme of quantum tunneling effect through a potential barrier
a) Exponential decreases of the wave function considering a wide barem.unnel effect where the particle could tunnel

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

The density of probability - 3(x) - of a particle to tunnel through a narrow potential
barrier is described byEquation 2.19 and depends on the energy differenc€Y O) or
work function ( ), and corresponds to the minimum energy needed to remove an

electron from a solid surface.

Ow § ws g msQ o (2.19)

In STM the particles are electrons,he potential barrier is the vacuum andthe two
electrodes are the tip and the sample. When a small bias voltagd/f) is applied, all
electrons in occupied states between Fermi level gcand E~V, are consideredto be able
to tunnel from tip to sample orviceversa Figure 2.14 showsthe energy diagrams of the
tunnel junction in a samplevacuum-tip depending on the bias voltage applied. At the
initial stage nonbias voltage is appliel between the tip and the sampl€V, = 0), resulting
in a thermodynamic equilibrium with their Fermi levels aligned. Then, when applying a
bias voltage to the sample with the tip grounded two scenarioare possible i) For Vi, <O:
the energy levels of the sample are shifted up, leading to a tunneling current from the
occupied states of sample towards the tip. ii) Fovs > O: the energy levels of the sample
are shifted down and the tunneling current goes from the tip to the unocpied states of

the sample.
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Figure 2-14. Energy diagram of the tunneling sample -vacuum-tip junction
Three different scenarios dependingnthe bias voltage are shown: left panels ¥ 0, medium panel: 340 and right panel:
Vb> 0.

From Equation 2.19 - probability of one electron crossing the finite energy barrier- the
tunneling current is defined as the electronglow from the statesbetween ‘O and ‘O

w:

‘00§ Gs® o Mo Q 9
(2.20)

Where l; is the tunneling current, i the biasvoltage,x the tip-sample distance and the

local density of states [DOS of the sample surface

A better approximation was obtained by Nobel Laurate Prof.John Bardeen who
calculated the tunnel matrix between two electrodes of a metahsulator-metal
junction 4° This approximation considers indep@&dent wave functions for each of the two
electrodes and finds the overlap between these two wave functions (restricted only to
electron with same energy levels). Bardeen’s formalism takes several assumptions:
negligible interaction between the electrons, rgligible electronic coupling between the

two electrodes and only elastic tunneling processes.



Then, Tersoff and Hamanrextended the method of Bardeen’s formalismfor a 3D-tip
model with negligible wave function angulardependence(s-wave).>° They calculated an
expression for the tunneling current in a STM, considering independent wave functions

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

~ G Q N em e
0 — "0 Qw” 0 sQO
(2.22)
Where the tunneling matrix element 0  is defined as:
0 2 ‘n QY
v @ r-nr [r (2.22)

On a surfaceY which is considered as an infinitesimal surface in the vacuum barrier
between tip and sampe. Finally, for a small bias voltage appliedEquation 2.21 can be

derived into the following expression of the tunneling current:

08 @Q ° " O ” Oh (2.23)

Where i Y 'Q(Ris theradius of curvature ofan s-wave tip and'Qis the tip-sample
distance) and isthe local barrier height.From these equations it can be concluded that
the tunnel current depends on the LDOS of the sample and the tip @nd” ) 51 the shape
of the tip (R),°2 the bias voltage W) and the tip-sample distance {). Therefore, the
images acquired by STM are a convolution between the electronic structure bbth

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

2.4.2 Scanning Tunneling Spectroscopy

STM isa powerful technique to resolvethe electronic structure of metallic surfaces with
subnanometer spatial resolution.Equation 2.21 shows the dependence of the current
with the LDOS of the sample and the tig (and” ) and with the tunneling matrix element
(0 8Consideringthat 0 and ” are independent of the bias voltage appliedthe

derivative of Equation 2.21reveals
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Qw (2.24)
Thus, thedifferential conductanceprovides information about the electronic structure of
the sample being able to probeboth unoccupied (/», > 0) and occupied (W < 0) states??
STSallowsthe determination of thefrontiers orbitals of molecules (HOMO and LUM®
and the onsets of theconduction and valence band{VB and CB)of solids?* as well as

being able toreveal magnetic features®®

Typically and in this thesis, he I-V curves are acquired by stabilizing the tip on topf a
specific point, switching off the feedback loop and applying a biasltage ramp while
recording the tunneling current in the junction with a lock-in amplifier using afixed
voltage modulation (Vims). Other parameters to be set are thacquisition time per input
signal (time raster) and the sensitivity of such signal. The loekn amplifier makes a
convolution of the input signal z this is, the tunneling current - with the internal AC
reference signal, whose frequency and phase are fixderom this conwlution, the lock-
in extracts asignal from the first or second order, which corresponds to the first or

second derivative of the tunneling current (;) with respect to the bias voltagév.

In addition, this powerful technique allows toresolve the appearanceof the molecular
orbitals of the sample with spatial resolution by acquiring d/d V maps.First, the specific
energies of the frontiers orbitals or bands have to be deteet in the dl/dV spectra
recorded. Next, the bias voltage is set at this spédic energy and the lockin output signal
at every single pixel ,y) is acquired. This can be done with the feedback loop on
(constant-current dl/d V maps) or keeping constant the tipsample distance (constant
height di/d V maps).

2.5 Non-contact Atomic ForceMicroscopy

The first Atomic ForceMicroscope (AFM) was developed in 1986by Gerd Binnig, Calvin
Quate and Christoph Gerbef The AFM emerged as a powerful technique to complement
the STM, finding applicatns in a wide range of fields due to the abilityo characterize

and manipulate conductive, semiconductive and insulating samplesThe working



principle of AFM is based on the force interaction between a sharp tip attached to a
cantilever and the surface dthe sample.There are three main operation modes of AFM:
contact mode (physical contact between the sample and the tip), nesontact mode (tip
oscillates although the tip does not contact the surface) and tapping mode (tip oscillates

contacting intermitt ently the surface)>6

The AFM work presented in this thesis was performed under the neoontact mode (ne
AFM). This allowed to characterize ossurface reactions and chemical and geometric
properties of the prepared materials wih submolecular resolution. All the nc-AFM
measurements were performed in UHV, at 4 K and with a &0Onctionalized tip for
enhanced resolution. Single CO molecules were attached to the apex of the metallic tip,

allowing for submolecular resolution and realvisualization of chemical bond=”

Nc-AFM offers two different operation modes Amplitude modulation (AM-AFM)?¢ and
frequency modulation (FM-AFM).59 At the initial stage of both modesthe tip oscillates
about its own eigenfrequency andat an amplitude of a few tens of picometers. The tip
vibration can bedescribed as a driven dampedharmonic oscilator characterized by the

eigenfrequency("Q), the springconstant (Q) and the quality factor ().

In AM-AFM the cantilever oscillates at a off resonancefrequency ('Q Q). The
forces vary with the tip-sample distance, which produces &hangein the frequency
oscillation (frequency shift or w Yand, as consequence, an amplitude variation in the tip
oscillation amplitude. The cantilever amplitude is read andused by the feedback loop in

order to keep constant tre frequency shiftby correcting the tip-sample distance.

Differently, when using FM-AFM the tip oscillation is always excitedat an on resonance
frequency ('Q), while keeping constant the tip-sample distance.In this mode, the
frequency shift (w R which is the change in the frequency resonance of the sensor,
provides direct information related to the tip-sample interaction. Thefeedback keepgshe

tip excited at its resonance frequency"Q). Furthermore, an additionally feedback keeps

the amplitude ofthe resonance constant.
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Figure 2-15. Resonance curves of neAFM cantilever
The aange line shows the resonance frequency when the tip is far away ttersamplethe purple line corresponds to
an attractive force between the tip and the sample atine greenline correspondgo a repulsiveforce between the tip and

the sample.

The nature of the force interactions between the sample and the tip can be attractive or
repulsive, depending on the tipsample distance. When approaching the tip, attractive
forces act between the tip and the sample first, which causes a frequency shdimards
negative values and larger amplitude oscillation. Then, when the tip approaches surface
further, repulsive forces act between the tip and the sample producing a frequency shift
towards positive values and the decrease of the amplitude oscillatiorigure 2.15

summarizes the tipsample dependence with the frequency shift and the amplitude.

The work in this thesis was completed usig the FMAFM mode only, sincen UHV
conditions the cantilever oscillator has a high qualityfactor.23 In addition, this mode

provides information about non-conservative forces.

2.5.1 Theoretical background

Therelation between the parameters of oscillation of the cantilever and the tysample

gradient force (—) can bederived following a series of mathematical step§z62



The cantilever can be considered a harmonic oscillator sensitive to external stimuli, such

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

eigenfrequency ("Q :

p Q
a

¢ (2.25)

Where "Q is the spring constant andm the effective mass. However, undecertain
external forces theeigenfrequencyof the oscillation changes and this signal is recorded
as the frequency shift (o Y2A linear response of the external force on the frequency shift

due to the small values of amplitudean be approximatedasa linear equation

Y o B © B O B 0
3FQ Q' — -
G o

(2.26)

Where 'Q is an additional spring constant coming fromthe potential energy created
betweenthe tip and the sampleand originated from external forces The square root can

be approximated in the limit " Q <'Q and using Taylor expansionEquation 2.26 derives

into:
Q
T Qa (2.27)
RearrangingEquation 2.25 into = = and substituting it in Equation 2.27 we arrive
to the following equation:
e POQ
o) (2.28)

As previously mentioned, a linear dependence of the force with the tipample distance
is considered, whereQ — . Finally, a direct relation of the frequency shift and the

forces between the tip and the sample can be derived:
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1o
a (2.29)

N I'o_
o) lfe}

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

and the gradient forces valid for all the neAFM measurements presented in this thesis.

2.5.2 Forces contribution
In this section a brief explanation alout the forcesand the frequency shiftdependence

with the tip -sample distanceis given.

The interactions betweenthe tip and the sample are manly composed by threedifferent
types of forces. Van der Waals, electrostatic and chemicé®ké¢ The total force and its
main components dependencewith the tip-sample distance are described irFigure
2.16a. In addition, Figure 2.16b shows a scheme of the frequency shift dependence with
the tip height and reveals thaapproaching the tip towards the surfacewe can move from

the attractive regime to the repulsive regime which implies crossing aminimum

frequency shift.
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Figure 2-16. Forces contribution in nc-AFM

a) Force andb) frequency shift dependence with the tgample distanceAdapted fromreference67.



1 Van der Waals force: It is a longrange force based on iter-molecular

electrostatic interaction between dipoles They can be induced by: i) two
permanent dipole moment (Keesom forces), ii) an inducedipole moment and a
permanent dipole (Debye forces) and iii) two induceedipoles (London dispersive
force, whichis an inter-molecular force always present). Its contribution decayg
exponentially with the tip-sample distance. The Van der Waal force between a
sphere and an infinite 2D plane at a specific distance is:

oY

© = (2.30)

Where q is the tip-sample distance,’Y the radius of the tip andOthe combined
Hamaker constant of the sample and the tiggharp tips contribute to reduce the
Van der Waal force contributionsbecause the total value of the force and the

radius of the tip (the sphere) are directly proportional,asshownin Equation 2.30.

Electrostatic force : It is originated from the different work function between the
tip and the sample ( and ), creating an electric potential gradient. They are
long-range forces with attractive character. This force is used akhe working
principle of KPFM (Kelvin Probe Force Microscopy)The electrostatic force
behaves like a capacitor wth two electrodes at a specific distance where a bias
voltage is applied between the electrodes:

P15,

O Ga® © (2.31)

@ corresponds to the contact potential difference originatedrbm the distinct
work functions between tip and sample. Equation 2.31 reveals the direct

dependence of the electrostatic force on the bias voltage.

Chemical bonds: They are short range forces between tip and sample originated
from the overlap of the electronic orbitals. They are based on the Pauli Exclusion
Principle, and thus are named Pauli repulsive forces. The interaction is stronger

for higher density of electrans and provides information about the chemical
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nature of the sample. Its behavior as a function of the tipample distance can be
described by differentiating the LennardJones potential:
PO Q a

° & § G (2.32)
0O is the enelgy of the bonded tipsample junction andd the equilibrium

distance where the potential of Lennard Jones reaches a minimum.

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

and they all depend on the tipsample digance

2.5.3 Force spectroscopy

This nc-AFM technique allows to detectthe forcesbetween the surface and the timt a
specific point by measuring the frequency shift variation versus the tip-sample
distanceb8z70 |In this thesis, force spectroscopywas employedto elucidate tentative
heights (avoiding electronic contributions) and the bond order of the systemaunder
study. Suchmeasurementswere performed by stabilizing the tip on top of the target
position. Then, the feedback loop was switched off in order to fix a commog.z between
the different spectra acquired(assuming that the zplane was previously detected) The
3 A} spectra acquisition consists in recording the frequency shift while the tip
approaches towards the sample following a:znp previously fixed. The comparison of the
tip height at the frequency minimum of two force spectraacquired at different positions

allows the extraction of the height difference between such positian

This technique has also been extended to get information about the height and the
minima frequency shift with spatial resolution. To do sq several constantheight
frequency shift nc-AFM images were acquired atifferent heights (which correspond to
the z:amp). The minima frequency shiftwas extractedat each of thepixels. Finally, the tip
height at the minima frequency shiftwere represented in an image (#ap and fmap,
respectively) that reveals the roughness of the area. Unfortunately, an important
limitation of such approach is thatthese measurementsan only be performedin areas

with a low corrugation, due to therequired constant-height operation mode.
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3. Experimental setup

State-of-the-art ultra-high vacuum systems have been employed in order to develop new
strategies towards the design offunctional nanomaterials for sustainable energy

applications. Whereas in the previous chapter we introduced the theoretical concepts
behind the used measurement techniques, here we will describe the experimental

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

The experiments were performed in four distinct ultrahigh vacuum systems, each of

them customized for a speific purpose, namely:

1. The Aarhus XPSSTM systemfrom Specs hosted at surface science laboratory
(LASUAM) of Universidad Autonoma deMadrid, designed for fast grow and
characterization with variable temperature STM of samples (10@00 K), while

allowing X-Ray Spectroscopy?.72

2. A Createcnc-AFM/STM setup, hosted at theRegional Center of Materialsn
Olomouc (Czech Republic), in collaboration witldr. Bruno de la Torre and Prof.
Pavel J&nek.

3. The OmicronLT-STM system atMDEA Nanosciencdocused on low temperature

microscopy/spectroscopy.’3:74

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

Nanoscience, which combines two powerful surface techniqse

The four ultra-high vacuum systems are composed of the same main building blocks and
some shared components, which are showed iRigure 3.1. It is worth to highlight that
the four of them operate under UHV conditions, therefre they comprise different
pumping stages(inset 7 in Figure 3.1), which contribute to reach a base pressuref

X p 1t mbar.



Analysis Chamber Preparation Chamber Addit. Components

Scanning probe microscope and Ion gun (2) Pumping system (7)

Low temperature system (1) Evaporators (3) Load lock chamber (8)
LEED (4) Manipulator (9)
QCM (5) Anti-vibration system (10)
Quadrupole (6)

Figure 3-1. Scheme of a UHV system hosting a lowemperature scanning probe microscope

Image courtesy of Dr. Koen Lauwaet

These UHV systemare comprised by two main chambers the preparation chamberand
the analysis chamber (marked in yellow and blue inFigure 3.1, respectvely). The
preparation chamber is equipped with all the required instruments for preparing the
desired samples and some additional characterization techniques. The analysis chamber
hosts the scanning probe microscope and the cooling down system (insetrilHigure 3.1).
The prepared sample is transferred to the analysis chamber using the manipulatang§et

9 in Figure 3.1), which is also equipped with a sample heater. Finally, these systems
contain some additional components, as the load lock chambeméet 8 in Figure 3.1)
with its own pumping system in order to introduce or extract samples without breaking
the ultra-high vacuum.In addition, all the systems are equippedwith anti-vibration
instrumentation (inset 10 in Figure 3.1), which is required in order to achieve the highest

resolution as possible.

As mentioned above, all these components apgesent inthe four UHV systems employed
for the thesis Then, amore detailed technical description of all these components is given
for the newly mounted ncAFM/STM located at IMDEA.
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Figure 3-2. Photograph of the LT ncAFM/STM setup

The LT neAFM/STMcompriseghe preparation chamber, the manipulator, the analysis chamber, the ldack chamber,
the anti-vibration system and the pumping system, which are highlighted in purple, yellow, blue, red, orange and green,
respectively.

3.1 Low temperature nc-AFM/STM

Figure 3.2shows a photograph of the LT nAFM/STM setup located at IMDEA. We can
distinguish in the photograph the two main components: the preparation chamber
(highlighted in purple) and the analysis chamber (highlighted in blue). The samples are
transferred between the chambers using the manipulator (highlighted in yellow). In
addition, it is observed the load lock chamber with its transfer bar (highlighted in red)

and its own pumping system (highlightedin green).



3.1.1 Pumping system

All the experiments in this thesis were performed in UHV conditions due to the need to
preserve the sample at the cleanest condition as possile Pressures of around 169
mbar are achieved in order to avoid the presence @dsorbatesor contaminants, which
can alter the physical and chemical properties of the target samples, before or during the
measurements. Such ultrehigh vacuum environment is obtained by means of a three
stage pumping system formed by three distinct pumps which & continuously working:

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

To achieve a pressure of 1 mbar range,it is first necessary to pump down the system
from atmospheric conditions with a scroll pump (Leybold SCROLLVAC 7 plushich
OO0PPI EAO A b AarGad of Beiniaif &dvaftagof these pumps is that
they are oil-free, avoiding any risk of contamination of the UHV chamber. The two main
parts of the scroll pumps are twoco-wound spiral scrolls located in a vauum
compartment with an input valve and an exhaust valve at the center of the scroll. The gas
that enters is trapped between the spirals, as the free spiral moves the gas is transported
and compressed towards the center of the scroll where it leaves thrgh the exit valve.
When the spiral moves back to initial position, the difference in pressures favors the

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

The TMP employed for pumping the nAFM/STM system is aPfeiffer HiPace 300 H
model, which is connected to the preparation chamber through an electrpneumatic
UHV gate valve, which automatically closes if a cut in the power supply is detected. The
TMP requires a forcevacuum for a proper operation, which is provided by the scroll
pump. Therefore, both the scroll pump and the TMP are connected in series. The TMP can
pump down the system up to a pressure of & mbar by transferring momentum to the
gas molecules that collide with the rotors. The gas molecules are compressed in the TMP
and transferred to the scroll pump. This turbo pump shows the highest compression rate

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

The third stage of pumping is provided by twdon pump from Gamma Vacuunocated in

the preparation and the analysis chamberin order to maintain the UHV pressure, and
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even pump down to 10 mbar. The ion pump is constituted by a cathodanode-cathode
configuration with steel tubes forming the anode and titanium plates the cathodes. A
strong electric potential is applied between them, resulting in an electric discharge from
the Ti plates to the steel tubes producing the ionization of residual gases, which are

redirected towards the cathodes and buried.

Additionally, the pumping system can include two othemecharismsfor preserving the
UHYV conditions: Titanium sublimation pump (T®) and a cold trap (CT). The TS#®nsists
in a titanium rod located in the ion pump (which is also fronlGamma vacuur Titanium
is first sublimated by applying high currents, and then these Ti atoms cover the walls of
the chamber and can react with contaminants removing/burying them. The CT consists
in a nitrogen refrigerated system that favors the condensation of coatminants of the

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

Finally, the pressurein the chamber is measured with @Bayard-Alpert hot cathodeion
gauge fromAgilent, which is composed by 3 electrodes (collector, filaemt and grid). The
electrons emitted from the filaments are accelerated towards the grid by applying high
voltage between them, producing the ionization of the residual gases. The ionized
residual gases are redirected against the collector, therefore theigent measured at the

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

In order to preserve the UHV conditions in the preparation chamber, a smaller chamber
(load lock chamber) equipped with an individual pumping systenia scroll pump and a
TMP) is connected to te preparation chamber. The loadock allows to insert and extract

new samples or tips withoutventing the preparation chamber

3.1.2 Preparation chamber

The main goal of this chamber is the preparationf samples by ataning thecrystals and
the growth of nanomaterials. The preparation chamber hosts additional equipment in
order to complement the characterization of the samples. A brief description of the main

instrumentation is given in the following:



Sample cleaning

All the experiments carried out in this thesis were performed on a Au(111) surface. The
monocrystal is mounted on a sampléolder with a specific designfrom Omicronwhere

it is welded with a tantalum foil (seeFigure 3.33).

The cleaning of the Au(111) monocrystal is performed by repetition o$puttering and

annealing cycles. Thesputtering process consists in removing atomic layers from the

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

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

installed in the preparation chamber, ionizing the gas into Arby electron impact. These

ions are accelerated at 1.5 keV against the Au(111) surface at normal iRk T AA &£ O B

mins. The measured incoming currenfrom the sampleis typically 7-pv t ! 8

Once thesputteringis finished the sample is annealedt 700 K for 15 minutesin order to
promote surface diffusion and prepare a clean and flat monocrystal. The sstbate is
annealed with a heater supplying the specific DC voltage and current to run it in radiative
mode. The tentative temperature of the substrate is measured with a type N
thermocouple attached to the sample holder as closest as possible. These spunig and

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

The manipulator is commercialfrom UHV desigrand allowsto anneal the samples and
rotate them towards the ion gun or the evaporators (rotation range from 0to 360°). The
manipulator can be moved along the chamber (in X, Y and Z) and allows to transfer the
prepared sample to the analysis chamber. The headf the manipulator is mainly
equipped with a yttria coated tantalum foil heater, a Lhtank connected to a refrgeration
system, a type N thermocoupleand a sample carrier specially designed fo©Omicron
sample holders, which is electrically isolated allowing eBeam heating mode Figure 3.3b

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

Evaporators

The samples are prepared after cleaning the substrate. Due to the variety of samples
explored in the thesis, we have installed two different evaporatain the preparation

chamber:

1 Metal Evaporator. We have employed aQUAD evaporator from MANTIS
DEPOSITION LDTsee Figure 3.48). Metals are evaporated by meanef electron
beam evaporation providing a vapor flux of the desired metal. This evaporator is
equipped with 4 cells and it allows cedeposition of various metals from different
cells at the same time. The evaporator admits the metal source to be eithertie
form of powder or a rod, the latter option being used by us. Every cell contains its
own filament located close to the target metal. Apecific DCvoltage and current
flows through the filament, which generates thermally emitted electrons from the
filament that are accelerated against the metatod by applying a potential
difference between them heating it up and leading to a controllable evaporation

rate.

1 OMBE.The organic precursors were evaporated by means of Organic Molecular
Beam Epitaxy (OMBE),using a KENTAXTCEBSC (see Figure 3.4b). This
evaporator is equipped with 3 cells and allow the co-deposition of two

precursors at the same time. The molecular precursarare usually in powder



form which are stored in quartzcrucible specially designed for the KENTAXCE
BSCmodel. The crucibles are introduced in the cells where the molecules will be

sublimated by heating them up tillthey reach the sublimationtemperature.

Figure 3-4. Electron Beam epitaxy evaporator and Organic Molecular Beam Epitaxy evaporator
a) E-Beam evaporator from Mantidh) TCEBSGQOMBE evaporator from KENTAX.

Quartz Qv stal Microbalance (QCM)

The preparation chamber is equipped with a QCM fronNFICON It is composed by a
single sensor quartz crystal that is oriented towards the evaporators in order to calibrate
the evaporation rates and maximize the control over the prepared samples. The quart
crystal oscillates at a specific frequency, which is altered when small amounts of mass

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

Quadrupole Mass Spectrometer (QMS)

The quadrupole provides information related to theresidual gases present on the
chamber.We have employd a3F PICquadrupole from Hiden Analytical This technique
allows to detect the presence of contaminants in the chamber and follow some reaction
mechanisms detecting the products desorbed from thesample. Furthermore, this
guadrupole model presents some extra @antages, as very low detection limit, large
energy resolution and allows for ionization threshold scans to discern between
compounds. It is designed with a special shroud to reduce indirestgnal during thermal

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

The preparation chamber contains 8DL800IR-MCR2 electron diffractometer to perform
low energy electron diffraction (LEED) from OCI Vacuum Micragineering. This
technique gives information related to the crystallinity of the sample surfaces by means
of bombardment with low energy electrons which are diffractedagainsta fluorescent
screen where are observed as spot3.he sample has to be orientated ppendicular to
the LEED for a normal incidence of the electrons and with a working distance of 15 mm.
In addition, this LEED model is equipped withwo microchannel plates that enhance its
sensitivity allowing operation conditions at lower emission currents and therefore

avoiding damage to the samples.

3.1.3 Analysis chamber

The analysis chamber hosts a commerci@micronLT ncAFM/STM, comprising mainly
the scanning probe microscope, the cryostats to cool down the sample to liquid helium

temperature and a parking stageto host up to six samples.

Cryostats

All the results presented in this thesis were performed at 4 K due to the significant
advantages of working at very low temperature. This setip configuration allows to cool

down the sample and the tip reducig the thermal broadening and increasing the energy
resolution. Furthermore, the diffusion of most adsorbates is blocked at such

temperatures.

The cryogenic setup is based on two cryostats: the inner cryostat and the outer cryostat;
with the outer cryostat concentric to the inner one. The inner cryostat is filled with liquid
helium and it is in direct thermal contact with the sample. In addition, the outer cryostat
is filled with liquid nitrogen for thermal insulation of the inner cryostat from RT, reducimg
the He evaporation from the inner cryostat. Importantly, each cryostat counts with a
movable thermal shield to allow the insertion and removal of the samples from the STM
sample stageand thermal insulate the STM head during the measurementBigure 3.5

(insets 1 and 2) showghe inner cryostat with its corresponding shield, respectively.



Vibration Isolation S_ystem

The scanning probe measurements are very sensitive to vibrations. Therefotbe STM
head includesan insulation system designed byOmicron The STM system counts with 3
different positions: thermal contact (for cooling down the sample), stanéby and
measurement position. At the meaurement position the STM is suspended by three
springs insulating the system from lav frequency noises and from vibrations originated
from the evaporation of the cryogenic liquids (inset 3 fromFigure 3.5). The vibration of
the STM stage hanging from the springs damped by aneddy current mechanism(inset

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

permanent magnets mounted inside the LHe heat shield (inset 2 frofmgure 3.5.

It is important to notice that the scrdl pumps are connected to the turbo pumps using
flexible plastic hoseghat contribute to reduce the transmission of the vibrationscoming
from the pumps, instead of ugng metal hoses. This allow$o perform STM measurements

with the primary pumps operating.

Finally, the whole system is insulated against external vibrations coming from building
vibrations, persons or machines. To this aim the entire UHV system is supported by three
AVI1400-M/3/LP damping units from HWL Scientific Instruments Gmblthat uses a

feedback of stabilization from piezoelectric force motors.
STM Head

The samples are inserted in the STM stage (inset 5 froRigure 3.5), where they are
supported by two rails. The sample holder has to be oriented witthe welded facing the
STM tip. The inner and outer shields are operated with a magnetic wobble stick, which

also allows to insert and remove the samples.

Two different types of tips have been used in this thesis depending on the purpose of the
measuremens. i) The STM tips are prepared using tungsten wires of 0.25 mm of
diameter by an electrochemically etching procedure, following the indications in the LT
STM User’s Guide provided frorBcienta Omicror{inset 8 of Figure 3.5). The soprepared

tip is inserted in the tip carrier tube, taking into account that the maximum length of the
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tip outside the tip carrier should be 1.5 mm. ii) The plus sensor tips are provided from
ScientaOmicron, and consists of a quartz tuning fork sesor with a W tip attached (inset
7 of Figure 3.5). It is worth to highlight that a quartz tuning fork (Q-plus sensor) allows
to acquire simultaneously in STM and ndFM mode’¢ The tuning fork system is mounted
on a ceramic support and the attached W tip is electrically connected to thig holder

through a gold wire, allowing to measure the tunneling current.

The tip carrier (either of the STM tip or the @plus sensor) is magnetically attached by
three legs on the sensothat are fixedon top of the piezoelectric tubginset 6 from Figure
3.5). This piezoelectric tube is responsible of the fine movement of the tip while scanning.
It is formed by a central electrode which allows the fine movement iz, allowing az-
resolution better than 0.01 nm. Four electrodes are surroungig the central tube in a
crosslike geometry, which enables to control the fine movement of the tip irx,y.
Applying certain values of voltage (controlled by the software) to the piezoelectric tube
results in the compression or expansion of it due to the@nsformation of electric energy

into mechanical energy.

The course notion allows the macroscopically movemens of the tip. It consiss of aslip-
stick piezomotor located below the piezoelectric tube. Theoarse motion inZ enablesto
approach or retract the tip with respect to the sample. Thét and Y: motions allow to

scan different areas of the sample.

Finally, the setup counts with a heater connected directly to the sample stage, since some

experiments require measurements at vaables temperatures.



Figure 3-5. Photographs of the Analysis Chamber components

1. Inner cryostat. 2. Inner shield. 3. Springs for vibrational insulation. 4. Damping Eddy current mechanism. 5. Sample
stage. 6. Piezoelectric tube. 7-plus sensor tip. 8. Etched W tip.
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4. Nanostructured acobalt oxides

This chapter introduces the study of the geometry and the electronic structure of cobalt

oxides nanoislands on Au(111) by means of STM and-A¢-M.Hereby,the cobalt oxide is
presented asan anode model to be implemented in a photoelectrochemical cefbr
catalyzingthe water splitting reaction. This work has been developed in the franveork
of the Artificial -Leaf project!é In addition, the obtained results aresupported by DFT
calculations performed by Prof. Nuria Lépeat Institut Catala d'Investigacié Qimicaand
the growth of the cobalt oxides has been performethanks to a collaboratian with Prof.

Jeppe Lauritsen atNANO(Aarhus, Denmark).

4.1 Photoelectrochemical cell clean and renewable energy

The urgent needfor designing novel sustainable alternatives to fossil fuelshasled us to
the development of new energysources’” Nowadays, a greathallengefor the society is
to reproduce in a laboratory the ghotosynthesis processbeing able to produce H and

solar fuels using the energy of the sur?

&% o, light (hv)

energy of electron
Photosystem I

&E’ Lo,
1d
light (hv) g
Cromophore
NG s
‘/ TN\ light-dependent reactions
H @ % 0;
@ oS

Figure 4-1. Photosynthesis scheme

A simplify scheme of the photosynthesis processs shown in Figure 4.1, where the

chromophore of photosystem Il absorbs the sunlight, boosting an electron to a higher



energy level initializing a charge transfer reaction, where energy is delivered. The
electron is replacedby dissociating a water molecule, where in additionO, and Ht are
generated. When the initial boosted electron arrives to the photosystem |, it replaces an
electron that was previously boosted by energy absorption anevas transferred to an
acceptor molecue initializing a second electron transfer chain generating NADPH, which
is used as chemical energ¥ In conclusion, during the photosynthesis processhe solar
energy is converted into chemical energy using thenergy of the sun and water, which is

the fundamentd concept for the design of a photoelectrochemical celPEQ devices80.81
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Figure 4-2. Photoelectrochemical cell prototype from A-Leaf

Based on the photosynthesis processthe Artificial-Leaf project is focused on the
development of a PEC fadirect transformation of water and CQ, through the adsorption
of solar energy, into (®2:83 and organicmatter 8485 Figure 4.2 shows the design of the
prototype presented by ceworkers from the A-Leaf,where the HO is oxidized atthe
anode inan alkaline medium, delivering electrons transferred tothe cathode and used
for the reduction of CQ into fuels. The protons generated duing the water splitting

reaction flow to the cathode where the reduction reaction takes place using the
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transferred electrons and producing H. The electrodes are separated by the electrolyte,

which is an ionic conductor.
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Figure 4-3. Volcano plot representing the intrinsic activity of TMOvs. the MOH Bond Strength
Extractedfrom referenceB6.
The design of the cell is divided into the different ressrch groups participating in the A
Leaf project. Our role in this project is the development and study of an anode, from a
fundamental point of view. The main requirements thathe anodehave to meet are: be
stable in neutral to alkaline conditions and redice the costs with respects to previous
oxides employed (Ru@and IrOy) 87289 Following these requirements, 3d transition metal
oxides (TMO) are considered promising candidates for catalyzing the water splitting
reaction. Previous publications compare the intrinsic catalytic activity of different
materials using the MOH bond strength?® defined as the sum of the bond dissociation
energies of a metahydroxide, which is directly associated to the intrinsic energy of the
oxy-hydroxide metal (the active phase of the oxide anode in electrochemical conditions
for the water splitting).20.91 In Figure 4.3the volcano plotis shown, where the intrinsic
activity of different transition metal oxides vs. the MOH bond lengthis represented,
revealing potential applications in catalysis for oxides based on Co, Ni and.%&2 The
bond energy of these materials is similar to the energy necessary to dissociate two
molecules of water.The purpose of study in this chapter is the cobalt oxide. We have
explored the electronic properties andthe atomic structure of this oxde and its catalytic

activity at the atomic scale.



4.2 Cobalt oxide phases

Cobalt is a 3d transition metalvith electron configuration: [Ar]3d 74s2. Along thehistory,

cobalt has beenextensively used due to its characteristic blue colorNowadays,it is

mainly used in catalysis with important applications in the efficient and selective

synthesis of important organicmaterials.?® Furthermore, cobaltbased oxidespresent a

wide variety of applicationsfor energy storage®* where the oxidation state of cobaltcan

be tuned forming complex structureswith a large variety of applications®

Table 4-1. Cobalt oxide bulk phases

Cobalt oxide phasespinel? rock-salt, 97 wurzite,%7 corundurns and LiC0oQ.98

Structure

Spinel

Rock-salt

Wurtzite

Corundum

LT-LiCoOz

HT-LiCoOz

Composition

CaOy

c-CoO

h-CoO

CaGs

CoQ

CoQ

Cobalt

Y4 hy Ca* and¥% ho Co*

ho Ca?*

% hCe*

2/3 ho Ce*

Co+ (Li%)

Co+(Li%)

Oxygen

O (fce)

O (fce)

O (hcp)

O (hcp)

> (cubic spinel

structure)

@  (rhombohedral

stratified layers)

Different cobalt oxide phases containing Cp Cé&*, C&* or a mixture of them are known.

Table 4.1 summarizes the most common cobalt oxide structures, wherethe most

thermodynamically stable phases are G@4°¢ and ¢CoQ°":?° The \ersatile properties of

cobalt oxides rest in thér atomic structures.
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In this chapter,we have studied the atomic structure and the electronic properés of the
prepared cobalt oxide nanoislands on Au(11l)as model systemsemploying different

surface techniques.

The growth of the sample was carried oufollowing a recipe consisting inthe evaporation
of cobalt from an outgassed rod of 4 mm byneans ofelectron beam evaporation on a
pristine Au(111) surface held at 360380 Kunder anoxygen atmospherel©0.101 The most
sensitive parameters during the growth of the sample arei) the temperature of the

substrate andii) the oxygen environment.

® On one hand, wer-heating the sample during the growthof CoQimplies the
partial desorption of the oxygen, forming cobalt cluster°2 On the otherhand,
if the temperature is below to 360 K the atoms are nadble to diffuse over the
surface and form large islands, therefore small nucleation centers on the

surfaceare observed

(i) The oxygen atmosphere plays a crucial rolén the oxidation state of the
cobalt.193 Tuning this parameter, we are able t@ontrol the stoichiometry. The
XPS measurementsogether with the STM imagesin Figure 4.4 reveal the
presence of two main typeof islands maintaining the oxygen pressure around
106 mbar the Co** predominatesforming CoO bilayersat oxygen pressura of
105> mbar we observe how partial amount otobaltis oxidized to C&* growing
CoGs islands (trilayers) and multilayers combining C@* and C&* which

suggeststhe growth of spinel structures.

XPS measurementsf metallic cobalt on Au(111)were acquired as reference(black
spectrum in Figure 44). As mentioned above, highr oxygen pressure during the
growth of the sample implies higher oxidation state of the cobal®3 Figure 4.4 shows
two distinct samples at oxygen atmosphere of 1@ mbar (red spectrum) and at 105
mbar (blue spectrum). We observe theemergence of characteristic satellites related
to the presence of C& at binding energies of 786 eV and 804 &% for the sampleat
Po2 = 106 mbar grown, which, together with the STM imagesconfirmsthe formation

of the CoO phasdt is worth to mention that the positions of the peakshave not been



extensively investigated due tahe effect of the substrate interacting with the cobalt
oxide islands that could shift the values of the binding energyith respect to bulk or

thin films oxides.105
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Figure 4-4. XPS measurements ¢ Cobalt oxides grown under different oxygen atmospheres

We find that samples prepared at higher oxygen pressure give rise to more irregular
islands with a mixture of phases where islands with hexagonal or triangular shape and
different thicknessare observed Multilayer islands show large thicknessand are difficult
to study by STM where conductance between sample antlp is needed In addition, at
lower oxygen pressure CoO bilayersare formed with a cobalt-oxygen layered structure
from bottom to top. The simplest structureof this CoQis the single bilayer structure (Au
Co-0),101.103.106 which is the predominant phaseobservedat lower oxygen pressure The

single bilayer phase presentsadvantages for the water splitting reaction due to the



Nanostructured cobalt oxides

affinity of water to the upper oxygen layer, inducing the water splitting raction and the

formation of oxy-hydroxyl cobalt (I11) (the active phase).107

Finally, the metallic substrate empbyed for this experiments isAu(111), which favors
the hexagonal latticegrowth of the c-CoO(111). In this work we have investigated he
well-known synergy effect between the cobalt oxide and the goldt the atomic scale,
which has been reportedn electrochemical conditions with promising results, thoughiits

nature is still unknown 108,109

4.3 Sngle bilayer CoO islands on Al11)

The prepared nanoislands of GO on Au(111)show a diameter ranging from 10 to 20 nm
Hereby, we observethe presence of a predominant structure: the single bilayerlt is
formed by a cobalt layer covered by an oxygen layeagpreviously reported).%5:101 Figure
4.5a shows an overviewimage where a majority of single bilayer islandsis clearly
observed, presenting a characteristic moiré pattern better visualized at negative Ias
voltages (Figure 4.59. In addition, some islands present brighter areashat correspond
to adouble bilayer structure (CoO-Co-O). Figure 4.5dshows a STM image of a double
bilayer CoO island.

Here, we have focused on the study of the single bilayer. As mentioned above, such
structure features a characteristic moiré pattern with a periodicity of(34 + 2) A.lt is
worth to mention that the presence ofbright lines are typically observed in the single
bilayer structures (highlighted with a blue circle inFigure 4.5ac), which are assigned to
atoms raw dislocations caused byan excess of oxygen. Theghslocations inducealocal

change in the latticefrom hexagonal to tetragonalt10
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Figure 4-5. STM images of CoO nanoislands on Au(111)

a) STM overview image ofdD single bilayer islands on &LL1) (Vb =-1.0V and | = 100 pA)b) Force Spectroscopy
measurements taken at the Ali11) (orange line) and the Top moiré of the CoO (green limgHigh resolution STM image
of a single bilayer showing the presence of the moiré pattern£¥1.0V and | = 100 pA)d) STM image of a double bilayer
island (Vb =1.0V and { = 100 pA.

Importantly, two different areas are distinguished within the moiré patternat negative
bias: a dark and a bright areayhich are termedasmoiré region A and moiré region Bas

we will explain latter.

Previous works reporting the formation of this phase were performed by
STM100.101,103.106 These works reveal the existence of different structures (single and
double bilayer, trilayer and multilayer) and their chemical composition. However, there
is a lackof knowledge related to the electronic properties of these oxides and their

geometry.
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To complement STM atomic force microscopyhasemerged as a powerful technique to
study metal oxide surfaces, being capable to provide information related to the chemica
composition, defects or roughnes$!! Here, we have exploited such technique to
investigate the heights of theCoOislandsvia force spectroscopyln Figure 4.5cthe force
spectra acquired on topof Au(111) (orange line) as reference and on tomf a CoQisland
(green line) are represented The height of the cobalt oxide with respect tthe substrate

j 3 I3 Gptainedby measuring the distance betweethe minima frequency shift values of
the two spectra, which resultsin a single bilayerCoO heighiof 3 & (200 + 20) pm. Such
result is in agreementwith the heights of other metal supported oxides, such as Fé®

or ZnQ113

In order to inspect the atomic periodicity of the CoO surfaceLow Energy Electron
Diffraction (LEED)was performed. Figure 4.6ashows a LEED image of a Co8land on
Au(111). Two different hexagonal lattices are found: the largpattern corresponds to the
Au(111) and the short oneto the CoO. The reltion between such patterns provideghe
inverse of the relation between the Au(111) and the CoO lattices real space and hence,

an average value of the interatomic distance of the CoO can be calculafEuke relation

factor between the CoO lattice and the substrate is——  p&  1@8Therefore, we

obtain an average value oflcocof (3.4 + 0.3) A, consideringlauai= 2.89A.

Next, we have investigated the structure of the CoO at the atomic scale by means of STM.
Figure 4.6d shows a highresolution constant-current STM image with atomic resolution
that reveals abond length of 8.3+ 0.2) A, which perfectly matches with the LEED value

and previous STM experiment$03

It is worth to highlight that the moiré pattern periodicity is misaligned with respect of
the high symnetry directions of the CoO. Thereforgthe nature of the moiré pattern is
the superposition of two different lattices with different orientations. The moiré pattern
region corresponds to an incommensurate area with respecto the metallic substrate.
Though the angle rotdion seems to be really small, it can be measured in the STM images
due to the magnification effect of theeriodicity of the moiré pattern. Figure 4.6breveals

an angle of the moiré with respecto CoO off  ; =(5% 1)°. As mentioned above,



the rotation of the moiré with respect the CoO implies also a misalignment between the
CoO and the Au(11l) Such a misalignmentcannot be detected in the LEED
measurementsbecause of the small value of the angle, resulting thd&EED pattern in a
single convoluted spotHowever, we can calculate such vaé by exploiting the reciprocal

space, taking advantage of theelation of the reciprocal vectors114

>, >, >,

2 ; 2 2 (4.1)

Importantly, Equation4.1can be approximatel into Equation4.2 due to the small values

of the rotation angles ¢ y ;ande  ):

T Q TR (4.2)

where 0 —.

Taking into accountthe obtained experimental values, we can determine aotation angle
between the oxide and the substrate of T®J3

Next, combining these resultswe are capableto replicate an atomistic mocel of the ¢
Co0O(111) on Au(111), which isdisplayed in Figure 4.6e. Such modelis partially in
agreement with the one proposed by M. Li and E. | Altmanvhich includes the same
number of atomsper unit cell of the noiré pattern.12> Our model is the result of the
superposition of: i) Au(111) layer with a bond length of 2.89 Aij) the CoO layer with unit
parameter of 3.17Aiii) and therotati on ofthe CoOlayer 0.5°with respect to the Au111).
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Figure 4-6. Characterization of the atomistic structure of moiré pattern

a) LEED image acquired at energy = 58.1 BYHigh-Resolution STM image showing the misalignment between the CoO
high symmetry direction and the moiré pattern periodicity g% -1 mV, I = 750 pA)c) High-Resolution STM image with
atomic resolution of the CoO single bilay@lue and purple circlesorrespond to the moiré region A and moiré region B,
respectively(Vb = -1 mV, I = 700 pA).d) Atomistic model of CoO rgjle bilayer on one layer of Alll) based on
experimental resultse) Amplification of the atomic structure of the different moiré aas.f) and g) DFT simulation
showing the relaxed model and the simulated constantrrent STM image of the occupied states

We observed minor differences in the bond length of thenoiré region Band the moiré
region Ain the high-resolution STM images(Figure 4.6cshows the moiré region B and
the moiré region A in purple and cyan highlighted, respectively) Similarly, these

variations were found in the DFT calculations and allow us to assign the local structures



to the areas faund in the moiré pattern. Comparing these variations betweethe regions

A and B of the moirén the DFT calculations Figure 4.6¢g) and experimental STM images
(Figure 4.6h), we find that the region A corresponds to the structure with the Co on top
of the Au atoms and the oxygen in-Bold hollow positions (green circle inFigure 4.6), and
the region B to Co and O atoms in -3old hollow positions with respect the Au (purple
circle in Figure 4.6). The experimental values, DFT calculations and the local structure

are summarized inTable 4.2.

Table 4-2. Comparison of the bond lengths of the top and bottom moiré areas obtained by DFT calculations and
experimental results

DFT Calculations | Experimental Data Moiré area Local Structure
(A) (A)
3.20 3.30 Moiré region A

3.16 3.25 Moiré region B

Next, we have studied the roughness @he moiré pattern of the CoO islands in order to

investigate the role of the substrate and its interaction with the Co@anostructures.
Previous works make a direct relation between the roughness and the interactionith

the substrate that is taking place,such as graphene on iridiur!¢ (weak interaction) or

graphene on ruthenium(strong interaction mediated by covalent bonds)1” Hereby, we
have inspectedthe roughness of the moiré patternof the CoOvia force spectroscopy;, in
order to unravel topographic and electronic effectsin Figure 4.7aforce spectra acquired
on top of different positions of the moiré are represented(positions depicted in Figure
4.70). Such spectra evidencehe variation of the tip height (3 Yat the frequency shift
minima between the different areas which suggestsa corrugation of the moiré pattem
I £ B .oHowewi the obtained roughness following this protocol that requires

constant-height operation is within the reported intrinsic error value.

In order to overcome such limitation,N. J Van der Heiden and coworkengroposed an

alternative to investigate the chemical compositiorand geometry using neAFM118.119 |t
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is worth to mention the existence of different worksoriented to explore the possibilities
offered by ncAFM.120.121 Motivated by suchworks, we have acquired several constant
height frequency shift AFM images at 5 pmincreasing tip-sample distance from-110 to
-285 pm (marked in the blue square inFigure 4.73). The values of ¢ "@btained in every
single pixel of the imagesat different heights were fitted to a quadratic function.
Extracting the values of the frequency shifminima and its tip height we can represent

3 ko (Figure4.7d) AT Amin 6Filire4.7e maps$ OAX ET C A EAER BWécad Ol £EI A
extract the variation of thetip height for the minimavalues offrequency shift with spatial
resolution. Figure 4.7b showsthe height profiles draw in the same area in th&&TM image
(Figure4.70q0 AT A  Eih ma@ BAmestioned abovethe heights measura by STM
are a convolution between LDOS and topography, consequently the blue height profile
represents apparent heights,which strongly depends on the acquisition parameters of
the image mainly on the bias voltageThe red height profile acquired by the ncAFM
technique allows us to discern more realistic heights, revealinga roughnessof ~ 0.3 A,
which matcheswell with the force spectroscopy measurementdere, to be fair, we have
to consider that ncAFM measurements over moiré patterns could be affected bya
variation of the nature of the forceswithin the moiré, inducing some degree of error in

our measurementst11 though in any casethey aremore precise than STM profiles.

Interestingly, when measured at negative bias voltage, theoiré region A(brightest area
at b < 0) appears higher than the moiré region B (darkest area at \4 < 0), even though
nc-AFM measurements reveal that it is topographically lowellater, we will discuss the

nature of this effect related to the electronic structure of the moiré pattern.
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Figure 4-7. Corrugation of the moiré pattern
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The real corrugation measuredor the oxideprovides indirect information related to the
hybridization of the CoO with the Au(111), where small deviations lead to stronger or
weaker interactions. As mentioned before, such interactions alter the electronic
properties and, asa consequence, thecatalytic activity of the oxide towards the water
splitting . Here, the electronic properties of the single bilayer island and theffect of the
moiré pattern were investigated by meais of STSmeasurements wheredl/d V spectraat
4 K on topthe highest (moiré region B) andthe lowest (moiré region A) areasof the CoO
were acquired. The spectraplotted in Figure 4.8areveal a slight difference in the LDOS
betweenthese two areas. The blue arrows indicatehe increase inthe density of states
found close tothe Fermi energy in both areas(spectra are vertical plotted for better

visualization).

El
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Figure 4-8. Electronic properties of CoO single bilayer islands on Au(111)

a) dl/dV curves acquired on STM on tay the region B (purple curve) and regior (green curve) (vertical translation

for better visualization).b) dI/dV curves a@uired on the positions depictkin the inserted STM image for comparison of

[ -region and moiré areasc) STM images and corresponding dl/dV maps-800 mV,-100 mV, +100 mV and +500 mV

respectively. Theoiré region Bis marked in a purple circlghe moiré region AET A COAAT AegiddiiaA AT A OEA

gray circle.

The periodically modulated electronic structure of the moiré patten is better visualized
in the constantcurrent di/d V maps displayed inFigure 4.8c. These maps were acquired
with a COfunctionalized tip, which enhances the resolution resolving the atomistic



structure. The d/d Vmap acquired at-100 mV shows higher occupied LDOS in the moiré
region A (green curve), suggesting a stronger hybridization of this area with the
substrate.l21 Tentatively, a chargetransfer could take place where electrons are
transferred from the gold substrate to themoiré region A117 This effect is favored inthe
moiré region Adue to a geometric effect, being this area at lower height and therefore,
closer to the substrate.The increase in the occupied LDOS sustaithe results obtained
in the measurements of the apparent height by STkt negative bias voltagethe moiré
pattern is better visualized at negative voltages, wherthe LDOS is larger at thenoiré

region A and therefore this area seems to be higher.

Notably, dI/d V mapsshows a different region, not identified in the topographic images.
The d/d Vmap acquired at 100 mVreveals brighter areas (gray circle) at the bottom of
the island, which constitutes a region with distinct electronic structure. The di/d V
spectrashow that the electronic properties of this new region, never reported before and
AOT I 11 x T-fegioh, Ark dodpletely different to the moiré pattern region. The
dl/d V curve acquired on top of O E Aregion is represented inFigure 4.8b (gray line),
together with the spectra acquired an theregion B (purple line) and A(green line) of the
moiré pattern. Suchcurve, recorded on ther -region, shows higher density of unoccupied
states with respect to the rest of the Co®@lands,both in the regions A and B It is worth
mentioning that we find some similarities both in the resolution of the STM images and
in the electronic structure at positivebias close tothe Fermi energy (marked in the blue

circle in Figure 4.8b), between the bottom moiré area andd E Aregjon.

In addition, it was observed that the chemical reactivity of O E Aregjon is different,
showing more afinity to the contaminantsand residual gagpresent in the UHV chamber.
Suchcontaminants appear as bright protrusions attached to the CoO surface (observed

in the inset STM image inFigure 4.8¢), being only present on O E Aregjon. Tip
manipulation allows usto move the adsorbates between differentocations at thery -
region and even from different islands, althagh it was not possible to movehem to the
moiré pattern region. These adsorbates/El OT A A O O A AdgidrAareQdntatiGely A
assigned to water moleculesconsidered as contaminants,coming from the UHV

chamberl22
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I T AA -@dioA wasrecognizedin the system, the next goalvasto explore its nature.
Figure 4.9a shows aHR-STM image with atomic resolutioncontaining all the regions,
allowing a direct comparison between themWe found that thA -region corresponds to
a compresson of themoiré region, where its atoms showa shorter interatomic distance
of ~ 3.0 A (with respect to the3.3 A found in the normal moiré region). InFigure 4.9b the
height profiles drawn along themoiré region A(green line), themoiré region B (purple
1 ET AQ Adirefion Qgeafk ling) are plotted in order to compare their atomic
periodicities. Herein,we can compare the de®asein the atomic periodicity ET  GQEA
region, despite itshexagonal lattice is intact.As a result, we conclude that there ia
compression in the bond lengthof ~ 9% E1  GrEgfon that modifies the electronic

properties and thechemicalreactivity of the CoOisland resulting in a new phase.

Z (pm)

0.0 05 1.0 15 2.
X (nm)
Figure 4-9.! 01 i EOOEA AT i DPAOEOI 1T AAOxAAégoOEA 11T EOi DPAOOAOI

a) High-Resolution STM image with atomic resolutionmbiré region A, BA T Aregjon (W =-3mV, L= 700 pA)b) Height

profiles extracted froma) plotted in stack ofmoiré region A(green line) with the longest bond lengthmoiré region B

i POOPT A T ETAQ xEOE Oi-Eqd @rapiad) vitbitfe éhorfesdt boAd lengtl COE AT A

The absence of anoiri B A O O A Orkgioi duggés&tide nyatch between the CoO and

OEA OOAOOOAOCA8 )T AAAEOGET 1 -regioh kxhibit valuEs@iosk1 AAO |1 A
to that reported for the Au(111) lattice. Taking into consderation the analogies found in

the topography and in the electronic properties between thenoiré region BAT A OEA
region, we establish a relation between them. Then, we proposeOE A O -régiod
corresponds to a local bottom area (Co and O inf8ld with the substrate) that follows a

hexagonal lattice commensurate with the Au(111).



Wel AOAOOAA -régivvténdsiomappear adjacent to the edges of the islands. The
appearance in thetopographic Ei ACA O -feglbn B Birdilarfto the moiré region B,

though it could be largerin size8 4 EA A @O A l-ré&yon \Jaries ivEere@yBiAgle

island. It is shownin Figure410ET x  OEA A @ O Arégidriechn be modifieGiierd 1

being a small regionidentified by the attachments of the adsorbatesKigure 4.10a), to

cover half of the island Figure 4.10b) or up to be the uniqueregion found in the island

(Figure 4.10c). Several samples were grownvarying the parameters (substrate
temperature, flux evaporation, oxgen pressure, postAT T AAT ET ¢8Q8 a. AOAOC
PDOT OT AT 1 A& O AT 1 OOT I-regivh vgas oEdAINdA 3OAT OET T T £ OE

Figure 4-10.34- EI ACAO 1T £ #1/ Es@dioAT AO AT 1 i OAA AU
a) CoOisland AOOE A1 1 U-redltin & =A10V,A4J15Q pA)b) Half covered by -region (Vb =-0.2 V, 1= 500 pA)
c) Entirely formed byr -region (Vb =-0.1 V, 1= 100 pA).

In summary, we have demonstrated the effect of the atomic structure on the electronic
properties of the oxide, whichalsodetermines its reactivity. Next, we have inspected the
correlation between these two phases of the-€oOwith respect to the registry with the
Au(111) substrate.

4.4 Field-induced change of the atomic and electronic structure of CoO

The observation of ther -region reveals the versatility of the CoO and demonstrasgdhe
possibility of tuning its properties at the atomic scaleHowever, asmentioned before, we
could not optimize the parameters for controlling the extension of the r-region.
Motivated by other works, where transitions between different polymorphs have been
induced by tip manipulation, we decided toassess the tunaliity of the phases found

above In this sense, it is worth to mention that here are phasesof different materials
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i 4- 3h 4hat/c8nCpe induced by external stimuli, for example by electric field

induced manipulation.123z125

As a consequence of the applied bias voltage and the short distance between the tip and
the surface, a considerable electric fielan the tunneling junction can becreated. The
extension of the generated electric fieldvaries for different tips, dependingon the

distribution o f the tip apex,reachingup to hundreds of nanometerst26.127

Motivated by the previous mentioned workswe have irspectedif we were able to induce
the transformation for our system from moiré pattern region into 1 -region and vice
versa. First, we spontaneouslyinduced the modification acquiring LDOS spectroscopy
from +1.5 V to-1 V stabilizing the tip at 1.5 V and 500 pA on topf the blue star in Figure
4.11a. When the voltage valuereached close to -1 V, we observed a nonnegligible
variation in the I(V), plotted in Figure 4.11c, which can be tentatively attributed to a
change in the island ora modification at the apex of the tip The tip remained
topographically unaltered. In addition, di/d V curveswere acquired on top of gold, before
and after thevariation in the 1(V), confirming that the tip did not suffer any variation.
However,the appearance of the islandFigure 4.11b), as well as it electronic structure
were modified. We show inFigure 4.11d the dI/d V maps at-100 mV and +100 mV of the
i TAEZEAA EOI AT Ah x E A O-fegidd Eokxisth@ with rOofEd réyiors@ET T ET O

is clearly observed.
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Figure 4-11. Madification of single bilayer CoOQisland

a) Constantcurrent STM imageof a CoO islantiefore induce the transformation\(, =-0.4 V, 4= 500 pA)b) Constant-
current STM image of the modified islan@s = -0.5 V, 4= 500 pA).c) The I(V) spectrumshowingan abrupt change
assigned to thesland transformation(tip stabilize on top of the blue star at 1.5 V and 500 pa&)) Constant-current dl/dV
maps of the modified islandisplayed inb). (Left map: ¥=-0.1V and t = 250 pA. Right map:n\= 0.1V and It = 25(QA).

So far, we have proven that we can inducethe transformation of the whole islandfrom
the moiré pattern into the y-region. Next, we decided to look into the atomic
reorganization that is taking place inan island aftersuchmodification, comparing it with
the initial structure . Therefore,we explored a new island Figure 4.12a) characterizingit
with a COfunctionalized tip (Figure 4.12b) in order to carry out a detailed study of the
atomic lattice. Several voltage pulses were applied on topfthe red mark inFigure4.12a
b and, after applying every voltage pulsethe status of the island was checked. Finally, the
modification of the island was induced by applying -8 V pulse. Surprisingly, the
transformation took place atthe border of the islands, ~ 1 nm away from théip position
(Figure 4.120), so we conclude that the nature of this transformation is mainlinduced

by electric field.

Once te island was modified, wecharacterized it again with a CGfunctionalized tip

using similar parameters (Figure 4.12d). For easier comparison, wénave drawn height
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profiles at the same atoms row before figure 4.12b) and after the transformation
(Figure 4.12d). The height profiles are plotted inFigure 4.12e, where we observe clearly
a~ 9 % compression of the atomsFurthermore, weobservethe creation of a vacancy in
the adjacent border of the island, marked with a blue circle ifigure 4.12d, which could
appear as a consequence of the atomic compression or just due to the voltage pulse

applied.
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Figure 4-12. Atomic compression after electric field -induced change

a) STM image of CoO island prior to tip manipulatiovE-1.0V, I = 100 pA)b) High-resolution STM image &) acquired

with a CGfunctionalized tip (Vb =20mV, I = 350 pA).c) STM image othe CoO island after tip manipulatiofvb =-1.0V,

It = 100 pA) d) High-resolution STM image af) acquired with a C&unctionalized tip (Vb =50 mV, t = 50 pA e) Height
profiles drawn at the same atoms raw before and after de modification. Continuous lines correspond to the compressed
area and dashed fies to an unalterable area as reference.

In summary, we are able to transform moiré regions intg -regions of c-CoO on Au(111)
by electrically tip-induced pulses, thudransforming the electronic properties and the

chemical reactivity of this material.



4.5 Water splitting reaction

As mentioned above, the target of the ArtificiaLeaf project is the design o& PEC device
usedto transform the H.O and C@into oxygen and solar fuelsCoO was proposed as a
tentative anode for beingintegrated in the PECTo shed some light into the catalytic
behavior of such material, we have exposed CoO nanoislands to watander UHV

conditions.

Water exposure was carried out with extremely carein order to avoid any contamination
during the exposurewhich would alter the results. We installedan external line with its
own pumping system connected to the preparation chamber by a leak valvé~igure
4.13). Ultrapure mili-Q waterj I p  tiBafgids Gal was connected to the external
line and degassed by several freezg@ump-thaw cycleswith liquid nitrogen . The pressure

in the water line was measured with a pirani gauge connected to the line, reaching a
pressure valueclose to~ 10-° mbar. Water was dosed into the preparation chamberwith
the substrate at RTusing a partial pressure of 5 x 18 mbar for 3 minutesand 20 seconds

which results in 100 Langmuir.

O Turbo pump
> q

D Pirani gauge

g Y

Prep. chamber

' Water

Figure 4-13. Water line dose scheme

After dosing the water into the preparation chambe, the sample was transferred to the
STM whereit was cooleddown to 4.3 K. We investigated the surface of the single bilayer
islands, where new bright protrusions appeared(Figure 4.148). We observa two
different adsorbateson the surface: ype | marked with a blue circle(assigned to intact
Ht A£O01 i OEA AAAECOI O1 A 1 £ -réyier and gpkillhatked AOOAA

with a yellow circle (the new adsorbate that appears after the water exposurshown in
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Figure 4.14b-c). The adsorbate type Il is attributed to hydroxyl groups from the water
splitting reaction, supported by previous works where the exposure of HO was
monitored by XPSFigure 4.14b) and confirmedby the appearance of a new peak at 532

eVof binding energyassigned to @Qn.128

Then, we focused on the distribution of the hydroxyl groups (adsorbate type II). We
found all the edges deorated with bright protrusions. In addition, we observed
adsorbates covering the surface of the CoO. They show clearly preference for theiré
region A and the interface betweenareas A and B(Figure 4.1438), suggesting thatthe
moiré pattern is a template for siteselectivity. As wecommentedbefore, it is known that
the most reactive points are the edges of the island$8z130 We confirmed it for our
experiments representing in a graphthe percentage of surface coveed by hydroxyl
groups for different island sizes displayed ir~igure 4.14d. We observe how the content
of hydroxyl groups, and therefore the intrinsic catalytic activity, decreases for larger

islands.

The mechanism proposed fothe water splitting is explained following 3 steps: i)water
moleculesare majority adsorbed atthe edges of the islandsshowing clear preference for
the Coterminated edges,which are the most reactive points.ii) The water splitting
reaction takes placethere, dissociating the water molecule.The OH from the water
molecules remains attached to the edge and the other hydrogen is transferred to an
adjacent oxygen of the oxide, which is the most energetic stap) Then, each hydrogen
atom initializes a hopping process being transferred over tke oxygens of the CoO.
showing preference for themoiré region A and forming aggregation of OHdue to the
interaction between them by hydrogen bonds which stabilizes each oth&t and favors

the catalytic activity.132.133

As explained insection 4.3, themoiré region Ainteracts stronger with the gold and now,
after the water exposure, we find that this area shows more affinity for the Olgroups.
Accordingly to previous works, there is a synergy effect between the cobalt oxide and the
gold that increases the catalytic activity08.10% and, with our results, we can tentatsely

attributed this effect to the electrontransfer from the gold to the CoOln addition, we



observe aggregation of OHdue to the interaction between them by hydrogen bonds
which stabilize each other.
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Figure 4-14. Water splitting mechanism

a) Hydroxilation of CoO nanoisland. Yellow circle highlights the-@ttached to the CoO and blue circle shows tiater

exposure. Extracted fromeferencel28. c) Zoomin image d a) where the presence of Obre clearly observed\(, = 1.0
V, I = 100 pA)d) Degree of hydroxylation versus the surface area of CoO nanoislands.

Finally, we studied the reversibility of this reaction. As we desied before, tip
manipulation can induce different proces®s. In this case, we have tried to manipulate
the hydroxyl groups by applying voltage pulses. Surprisinglywe observed that just by
applying a voltage pulse of3 V at any position of the CoOQisland, we induced the
desorption of manly all the adsorbates (Figure 4.15). After such desorption, the CoO

nanoisland remains unalterable andit is available for going on with a newwater splitting
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cycle. It is worth to mention that we still find some adsorbates attached to the borders of

the islands, which could affect the activity of the oxide.

AV=3V

Figure 4-15. OH desorption by tip manipulation
STM image®f CoO islands before (left panel) and after (right pal) OH desorption (\é= L0V and { = 100 pA)

4.6 Conclusions

Cobaltoxideis a promising candidate for catalying the water splitting reaction andcould
be integrated as anode in a PEC dee. We havegrown CoO nanoislands under UHV
conditions on a Au(111) support, finding that the role of the substrate is norinnocent.
Such CoO nanoislandshow two coexisting phases: a noiré region and a commensurate
[ -region. We haveinspectedthe interaction betweenthe CoO and the golaétoms, which
alters the electronic properties of the CoO islandsThemoiré region Ashows a stronger
interaction with the gold substrate, where an electron doping from the gold to the Ca®
suggested totake place In addition, the moiré region A shows more affinity for the
hydroxyl groups from the water splitting reaction, suggesting that the interaction
between CoO and goldubstrate could be the nature of the welknown synergy effectin

electrochemical conditions.

We have identified a newregion, T A1 A #egign, in the CoO nanoislandsWe have
proven that this 1 -region corresponds to an atomic compressed area, whera slight
compression around 9% is modifying the properties of the CoQtentatively suggesting

commensurability with the substrate. We have observed that the reactivity of this new



region is completely different from the moiré pattern region. Finally, we have

z A -

electrical pulses.

Finally, we have exposed our modehanocatalystto 100 Langmuir of H-O under UHVat
RT. We have observed the appearance of bright protrusions assigned to Olgroups,
confirming the succesf the water splitting reaction. We proved the reversibility of this

reaction by tip-induced pulses suggesting long lifetime forPEC devics.
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5. Onsurfacesynthesis of aceneand
periacene A A O AcAinjugated
polymers

This chapter presents the orsurface synthesis ofr-conjugated polymers and the study
at the atomic scale of their physicechemical properties, whicharise from the conjugation
of their A electrons. Specifically, we focus on polymers based on acesreperiacene units

connected with each other through ethyglene/cumulene-like bridges.20.134.135

The chemical precursors were synthesized by the group of Prof. Nazario Martin from
Universidad Compliense de MadridThe DFT, GW calculations and /&M simulations
in this chapter were performed by Prof. Pavel Jelinek, frothe Institute of Physic®f the
Czech Academy of Scienc€@zech RepublicThe Tight Bnding (TB) and Mean Field
Hubbard Tight Binding (MFHTB) calculations were done by Prof. Oliver Gréning &mpa
Materials Science and Technologywitzerland. The nc-AFM measurements fronsections
5.3,5.4,5.5and 5.7 were performed in collaboration with Dr. Bruno de la Torre atThe
Regional Centre of Advanced Materials aidchnologieof Olomouc,Czech Republic. The
reaction pathway of the synthesis of the polymers has been studied by means of DFT
based transition state theory performed by Prof. Jonas Bjork #ie Department of Physics,
Chemistry and Biology in Linképing Wrersity, SwedenProf. Hans Lischka fromTianjjin
University, China has performed theab initio density matrix renormalization group
(DMRG) calculations.

5.1 Introduction

A-conjugated polymers are defined as organic systenmexhibiting carbon-carbon single-

multiple bond alternation. Their overlappingpl OAEOAT O AOAAOA A- OUOOAI
electrons, which can result in very interesting electronic and optical properties. One of

the main advantages that pesents such polymers is the taability of their properties

AADAT AET C-eltdndedderjugaiion along the molecular backborné


https://scholar.google.com/citations?view_op=view_org&hl=es&org=4281561542300573739

The evolution of the band gagEq) AT AOCU AADPAT AO 1 JelectoBsATheO T BT 1 1T
bond length alternation (BLA) of aconjugated system is the difference between the

largest and the shortest &C bond. This BLA is directly associated with the localization

i 1 AOCAO Al OAOT AGCEI T q T 0O AAI Tekdrdng AdDESAT | OI |
consequence, with the value of théand gap energy of the syster##” Hickel's theory

predicted that the value of the band gap of polyacetylene (PA) is proportional to thend
alternation 138 Thissimplisic AT T AADO AAT AA OAT OAGEHQHIIU ADDI
iT1TAAOI AGO 10O DIl UIAOO8 (1 xAOAOh -toQugaked Ei DI
polymers are basedon aromatic rings, where tte competition between the aromatic and

OEA NOET T EA AE AcérAndhéndork Aahdahu©aprofeEdalcukation of the

band gap becomes difficult Previous theoretical works reported that the increase of the

quinoid character contributes to the decrease of the band gap energy due to the larger
delocalization along the polymer instead of inside the aromatic ring#® which will be
demonstrated throughout this chapter.Furthermore, we should take into account that

the relation between the bond alternation and the band gap energy becomes even more
complicated when the system involves heteroatoms, fuserings and other structural

motifs.137

-ATU AEEI 000 EAOA AAAi-confhatedmodlniers shiowir@ EnfqueA A OE G 1
properties with applications in several fields, such as optics, electroluminescence,
photovoltaics and organic electronicg4® In 1977 the first conductive A-conjugated

polymer was synthesized bydoping the polyacetylene (PA}4! PA is not a conductive

pilTui A AGA O OEA AEI AOEUAOGEITT AU O0AEAOI O |
when such polymer is dopedwith an electron acceptor compound, such alsalogens

vacanges (or holes) are created at the valence bangand, as a resultthe conductivity of

the polymers increases orders of magnitudeSuch an effect was exemplified by just

varying 1 % the content of the dopantAlan J. Heeger, Alan G. MacDiadrand Hideki

Shirakawa were awarded with the Nbel Prizein Chemistryin 2000 for this discovery.1?
3ET AA OEAT h A -conugatedpol@ed Gak Bddn iriveBtigated, where the
presence of fused rings heteroatoms or chirality plays a crucial role. In addition, the

geometry, the coupling of the orbitals and the bond alternation determine the electronic
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properties of such polymers. Over the last decadespéethoral Aconjugated polymers
have been sythesized (Figure 5.1shows some examples)#2 but some limitations are
found in wet chemistry, due to the high reactivity and low solubility intrinsic to such
compounds. In this context, orsurface synthesis has emerged as a powerful strategy to
develop and study new polymersovercoming the limitations found in solution
chemistry 1432145 Specifically, the onsurface synthesized polymers achieved in this work
are formed by members of the acene and periacene families connected with each other

via cumulene/ethynylene-like bridges.

Trans-PA
PPS PAni

O+ +O0 40y 10y

Figure 5-1. ChemicalOE A O A E  T-cahju@sitell golymers
Trans-polyacteylene (Trand?A). Poly(pphenylene) (PPP). Poly{phenylenevinylene (PPV). Polyfluorene (PFO). Poly(p
phenylenesulphide) (PPS). Polyaniline (PAni). Polythiophene (PTh). Polypyrrole (\gpted fromreferencel42.

Acenes and periacenes are polycyclic aromatic hydrocarbons (PANYhile acenes are
composed by linearly fused benzene rings, periacenes are formed by two rowspri-
fused acenes with two distinct edge types: the armchair and the zigzag edgesdFigure
5.2). These compounds show particular inteest in fields such as organic chemistry and
material science, due to their low band gap anits tunability by varying the size, resulting

in a wide range of applicationg4é Recently, several works have been reported, focusing
on their intriguing optical 147 magneticl48z150 and electronic properties148.151 Smal
acenes and periacenes are predicted to be closstiell structures with a non-magnetic
ground state and large band gap energy, however by increasing their size an

antiferromagnetic ground state is expected>2
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n=0,1,2.

Figure 5-2. Chemical scheme oficene and periacene compounds

The zig zag and armchair termini are highlighted in blue and red, respectively.

As mentioned above, the versatile properties of aceseand periacenes make them
promising carbon-based semiconductor compound$>3 Their electronic properties can
betune by varying their sizes. However, larger acene and periacenes show high reactivity
and low soluhility 154 which hamper their study. Therefore, onsurface synthesis emerged

as a powerful alternative to overcome such limitations. &earchers from different
groups have paid special attention in the study of these compounds!5%157 The on
surface generation of acenes of different sizesn metallic substrates(from n=3 up to
n=12, where n is the number of fused rings) reveals the decreasing expaental band

gap as the acene length is increased, finding the lowest band gap for the undecacene (Eg
P p Ae6qgs (1 xAOGAOh 11T O6ET ¢ A OOADP AOOOEAOR
CAD 1T £ B p8t Fh6re53)0%Atis €fecAi®ratioralized by the electronic
rearrangements taking place in the units with increasing numbepof valence electrons,
which also augmentsthe radical character, andhence, increases the opeshell

character.1s9

A
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Figure 5-3. Band gap energy of acenes on Au(111) as function of the number of fused rings.
Adapted from referencé58.
In addition, thesefamilies of PAH9resent a controversial nature of the ground state as
afunction of the number of fused benzene rings (n)which isassociated to thedegree of
aromaticity of the benzeneunits.160z162 Following the Clar’s rule, the formation of Kekulé
structures that contain the largest number of disjoint Clar sextets resultsn more
energetically favorable structuregé3 (272 kJ per Clar sexte}.164 However, Kekulé
structures cannot describe the opershell characterof PAHs, therefore it is needed to
consider the nonKekulé structures.16> The transition between Kekuk and non-Kekulé
structures implies an electronic rearrangement ttat cost a certain energyConsequently
the most favorable resonancdéorm is defined by a complex energetic balancés a result,
short acenes (from n=3 to n=6) exhibit a closeghell electronic ground state with all the
electrons paired152 Nevertheless, lager acenes present more resonance®rms finding
larger number of Clar sextets and hence more stabilit{see Figure 5.4), resulting in an
open-shell structure with singlet, triplet or even quintet ground state predicted by

theoretical calculations®?

However, for the periacene family, the radical character waspredicted to appear from
the peritetracene on, which already exhibits opershell character(seeFigure 5.4).166 This
open-shell character has been  experimentally demonstrated for peritetracene

derivative,167 though hasnot yet beenobservedfor pure peritetracene.168 Altogether, the



inherent radical character of the acene and periacene familiespens a new field of
applications in spintronic devices for these materials, due to their inherent magnetic

properties.169
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Figure 5-4. Closed and open-shell structure s of heptacene and peritetracene
Adapted fromreferences 163,168
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In this chapter, we have developed an esurface synthetic route towards the formation

I /=conjugated polymers constituted by acene/ periacene units connected with each

other through ethynylene/cumulene-like bridges (chemical synthesis is described in

section 5.2). Here, we have combined théunable properties of acenes and periacenes

xEOE OEA OEUA AT A OEA -cdjugatddopdigiiers #rbabpreBise A OET T (
control of the electronic properties of the synthesized wires. As mentioned isection2.2,

AAOCAA 11 OIBITTCEAAT b OAcAHdaeE polyriens obdistinck ET1 1 O
topological class, revealing the intimate connection between thehange of the

topological class and the crossover of the dominant resonance for#h

4 E A O-donjugated polymers hold two main resonance forms, each one based on
aromatic and quinoid structures of the monomers, respectively. The competition
AAOx AAT O Ednddateddierrhs also implies a simultaneous trarfermation of
the polymer linkers, going from an ethynylene bridge in the aromatic case to a cumulene
bridge in the quinoid one. Importantly, in this chapter we prove that the transformation
of one dominant resonance form into the other one is associateditiv a different

topological quantum class (seesection 2.2. Notably, the transformation between the
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two resonance forms occurs as function of the acene or periacene size. We have
rationalized this effect with the Clar’s rule For short acene (n=3) or periacene-based
polymers (n=2), the dominant resonance form is the ethynylene/aromatic structure,

x EEAE AT 1 -@dctohspairdd. However, for longr acene or periacenebased
polymers, an increasing cumulene/quinoid character, which implies two unpaired
electrons localized at both ends of the polymer, is observedn addition, we show the
band gap evolution as a function of the size of the monomer comprising the polymer (and
the inherent topological class) in the acene (@hracene and pentacene) and the
peripentacene families (bisanthene and peripentacene). Hereby, we demonstrate that
polymers close to the topological transition point present very narrow band gaps,

corroborating that the topological transition implies crossing through a metallic state34

5.2 Synthetic routes towards A-conjugated polymers onsurfaces

During the last years, orsurface synthesis has become a powerful tool to achieve new
nanostructures overcoming the intrinsic limitations of solubility and reactivity of some
compounds, such as acenes longer than penta@Pf or periacenes larger than
bisanthene%® among others. Specifically designed molecular precursor sublimed on
surfaces may follow, after an annealing process necessaty induce the chemical
reaction, different pathways with respect to the ones observed in solutiordue to the
template effect of the surface that confines the precursors in two dimensions.
Additionally, on-surface synthesis providesa precise atomistic catrol over the
formation of well-designed nanostructures and allows their direct characterization by

surface science techniques such as STM;AEM and STS.

Recently, great efforts have been focusetmito the development of onsurface routes
towards the atomically precise synthesis of novel carbofbased nanostructures such as
graphenenanoribbons 170.171 2D polymers!’2 and other hydrocarbons structures!?3.174|n

this context, one of the main strategies employed so far has been based on dehalogenative
homocoupling reactions(some examples are shown ifrigure 5.5.175.176 Specifically, the
most studied on-surface reaction up to now is the Ulimann coupling reaction, which has
been extensively employed to engineer covalent 102179 and 2Dnanoarchitectures18®

182 Such strategy consists in the functionalization of carbobased molecular precursors



with halogens at their terminal positions (-CBr) in order to induce thehomocoupling of
the molecular precursors. After the deposition of these molecules and subsequent
annealing to a certain temperature, the halogen atoms are lost and then two routes are
feasible depending on the substrie.181.183 Generally, o Ag(111) and Cu(111) a metal
organic step is frequently induced. Herein, the molecules have lost their halogens due to
the catalyzing effect of the grface and the metal adatoms are connected to the molecular
backbone forming a stable metabrganic system. Finally, after annealing at higher
temperatures, the metalorganic bonds derived in the intermolecular carbowarbon
coupling.1841850n Au(111) the reactionnormally proceeds through radicals in which the

terminal carbons have lost the bromine that results in the carboitarbon homocoupling.

Recently, new dehalogenatie homocoupling reactions of gminal dihalide compounds
have been reported!®6.187 The loss of the two brominesattached to the terminal carbon
leads to generate €C coupling with two unpaired electrons per carbon atom, resulting in

the formation of a dimer based ora cumulene connection.

Ullmann coupling reaction of DBTP on Ag(111):

i ),

bBVBP on Au(111) forming cis- and trans-cumulene products:

H
|
C /Br

Figure 5-5. Scheme ofynthesis of PH via dehalogenative homocouling
Image adapted from referencek34,187
Motivated by the versatility of the aforementioned dehalogenative homocoupling
reactions, we have functionalized different acenes and periacenpeecursors with =CBE

functional groups, where two unpaired electrons are generated (carbene compound)



On-surface synthesis of aceneand periacene A A O Adanjugated polymers

after the loss of the bromines by thermal annealing procesbging capable toA AOE-CT A
conjugated polymers on surface$34 Here, wedemonstrated the viability of this reaction

using acene and periacenebased precursors. We observed that the reaction is
dominated by 2 stepdn the case of theacenebased precursors i) dehalogenation and ii)
subsequent homocoupling; and three steps for the periacergased precursors: i)

dehalogenation,ii) homocoupling and iii) cyclodehydrogenation (Figure 5.6).

on Au (111)

Figure 5-6. Synthesis route of ethynylene/cumulene bridged acenes (top scheme) and peri-acenes (bottom
scheme) polymers

The acene and periacenebasedprecursors are functionalized with =CBr, groups at the
central benzenerings. Such compounds are evaporated onto a metallic surface, giving
rise to linear polymers after thermal activation. The molecular species employed for the
acene family are:4BrAn (9,10-bis(dibromomethylene)-9,10-dihydroanthracene) and
4BrPn (6,13-bis(dibromomethylene)-6,13-dihydropentacene); and for the periacene
family: 2(2BrAn) (10,10'-bis (dibromomethylene) -10H,10'H-9,9"-bianthracenylidene)
and 2(2BrPn) (13,13-bis (dibromomethylene) -13H,13'H-6,6-bipentacenylidene)
(chemical models shown inFigure 5.7). Once the molecules are deposited onto the

substrate, a thermal process induceghe loss of the halogens forming carbenspecies



that diffuse and homaouple, resulting in ethynylene or cumulenebridged anthracene,

pentacene, bisanthene or peripentacene polymers.

4BrAn 4BrPn

Y 6L

2(2BrAn) 2(2BrPn)

YLzl

\ 4

A
\/
A

7.5 A 1234

Figure 5-7. Chemical structure of the employed precursors

Ball and stick model of the gashase relaxed geometry of the 4BrABrPn, 2(2BrAn) and 2(2BrPn) precurser with
carbon and bromine colored in black and red, respectively.

This dehalogenative homocoupling reaction introduces, thus, a strategy towards the
A A O E G-tonjligaed polymers comprising aceneand periacenebasedprecursors. We
envision the versatility of this reaction, since it provides an extraordinary control ger
the carbon-carbon homocoupling positions, and hence, of the carbdmased materials
synthesized. In additionthe reported reaction opens new avenues towards the design of
polymers with tailored properties,134 such as tunable band gap or radical character,

featuring great potential in organic electronics or spintronics.
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5.3 Ethynylene-bridged anthracene polymers

The depositionat 373 Kof a submonolayercoverageof 4BrAn on pristine Au(111) at RT
results in the formation of seltassembled islandsstabilized by Br---H interactions
between adjacent molecular speciestigure 5.8ashows an overview STM image of the
self-assembly where the absence of bromines on the A1) surface suggests that the
molecular precursors have remained intact on the gold surface. In addition, the4Ad~M
image of the selfassembly displayed inFigure 5.8c reveals the nonplanarity of the
molecules and two distnct adsorption conformations. Norcontact AFM simulations of
the intact 4BrAn with the =CBp groups pointing away from the substrate (Eadgs=-2.47
eV) and pointing towards the substrate (Bads=-2.49 eV) were performed Figure 5.8e
f), showing a perfect agreement with the two conformations observed in the ,rBFM

image.

STM image

5ol 5 20 UGG

X7 Y
nc-AFM simulation  Relaxed adsorption geomet:

Figure 5-8. Selfassembly of 4BrAn on Au(111) after deposition at RT

a) Overview SM image of selhssemblyof 4BrAn on Au(111) (M=-1.0V and | = 150 pA)b) Constant height STM image
of the supramolecular sélassemblyshowing the two different adsorption geometries with Br pointing up and Br towards
the surface in green and blue, respectivelys £/60 mV). c) nccAFM image revealing the appearance of the two different
species. (V= 10mV).d) Ball-and-stick model on Au(111) surfacélack, red and white balls corresponds to carbon,
bromines and hydrogen atoms, respectivelg).nc-:AFM simulation and relagd adsorption geometry calculated for the
specie with the bromines pointing uff) nc-AFM simulation and relaxed adsorption geometry calculated for the specie
with the bromines toward the surface.

A first annealing stepat 400 K leads tothe formation of long and linear polymeric wires
due to the detachment of bromine atoms from the molecular backbone and the
subsequent intermolecular GC homocoupling. These bromine atoms are observed as

bright protrusions decorating the Au(11l) surface formirg chains and clusters



surrounding the polymers, and also being located in between the polymeric wirg§igure
5.99).177.188 |n addition, we could visualizeseveral dimers, trimers and longer oligomers
(Figure 5.90), although the majority of the molecules have reacted with each other
forming long polymers. Figure 5.9c shows that the edges of several olgners and
polymers present a curved shape. rR&FM images acquired at such polymer edges reveal
that the terminal monomer is not planar and seems to be pushed down towards the

surface.

AT =400K AT =500K

10 nm

nc-AFM i 1maie
i A 00 o o

Figure 5-9. Anthracene polymers formation after 4BrAn deposition on Au(111) and subsequent annealing

Vv O vV v 9
0O 00O0O

a) Overview STM image after thermal annealing to 40@% = 0.1 V and:F 10 pA)b) Overview STNmage after thermal
annealing to 500 K (¥=50mV and | = 10 pA)c) STM image in left shows the ends of polymers, dimers and trimer. Nc
AFM images reveal the ngplanar molecules at the ends. (STM image:2+£0.1 V andd= 50 pA; neAFM images: ¥/=
3mV).d) AFM simulation and DFT simulation of the end of a chain, allayto relax the edge monomer.

A simulated ncAFM image of the end of an anthracene chain with the last monomer still
equipped with a terminal carbon atom Eigure 5.9d), reminiscent of the =CBg¢ functional
group, is in excellem agreement with the experiments. The interaction of the edge with

the gold surface results in the bending of the last anthracenmit towards it. Hereby, it is
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worth to point out that the interaction of the terminal carbon with the substrate only
alters the geometry of the terminal monomers. Such phenomenon is illustrated for a

trimer, in which the central anthracene unit is totallyplanar (see trimer in Figure 5.90).

Finally, further thermal annealingat 500 K leads todesorption of the remaining bromines

from the surface. We observe the formation of long and almost defeftee anthracene

polymers (Figure 5.9b). The absence of bromines on the surface enables the mobility of

the chains, findinG EOT 1 AOAA AT A £ AGEAT A xEOAOh EAAOOOE
annealing temperature the presence of oligomers is no longer observed, which is

tentatively attributed to their high mobility and flexibility, resulting on the formation of

long (>100 nm) polymers. A detailed study of the chemical structure and the electronic

properties of these polymers is provided later in thissection.

The reaction pathway for the homocouplingeaction described above has been studied
by means of DFIbased transiton state theory. The most favorable mechanism is shown
in Figure 5.10, finding that the reaction follows an exothermic pathway 0f1.80 eV
towardsthe full dehalogenation. Then, the dehalogenated units {sgr4) diffuse following
two of the high symmetry directions (erpendicular to the anthracene backbongwith

an energy cost of 0.53 eV. The activation energy for the final approach and coupling is
0.93 eV and takes place when two molecules find each other followed by a highly

exothermic step, definitely stabilizing the final formed product.



: . Y| o : J
ﬂ ‘& & &. SR, | o asil = T
IS Tsde8r1 sdearl Tsde8r2 SdeBr2 Tsde8r3 sdeBr3 Tsdeard sde8r4

0.50

-0.01

)
0.00 o®

£ N

2%
.- S -=r e S BT Aty
sdeBM Tsdiff—deBm s’deBrd sneBrd 2xsdeBr4 TsdeBrd-dim sdeBrA-dim
o -1.27 -2.66
1.80 -1.80 359 352
-6.12

Figure 5-10. Energetically most favorable reaction pathway for the debromination homocoupling of 4BrAn
precursors on Au(111)

The mechanisndiagram showstop and side views of local minimé&s) and transition states TS with the corresponding
energy profile with respect to the initial statel§): the three different profiles correspond to: iyitial dehalogenation

cascade, iidiffusion of tre dehalogenated molecule, and @pupling of two dehalogenated molecules. Energies in eV.

As explainedin section 5.1, a competition between quinoid and aromatic resonance
forms for the anthracene backbone is expected (schenghown in Figure 5.11). The
aromatic backbone shows a migrating Clar sextet (electron delocalization in all the
backbone), while the quinoid form shows two Clasextets at the terminal rings which
correspond to closedshell structure and openshell character for isolated monomers,
respectively. The aromatic character is expected to be more energetically favorable in the
anthracene backbone, although @ny reactionstake place afositions 9 and 10 of central
rings as consequerce of theslight quinoid characterl64 In addition, the conpetition

between resonancdorms in the anthracene backboneshould be reflected in the bridges
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of the polymer, in this case ethynylene versus cumulerée forms, as illustrated in
Figure5.11.

Ethynylene/aromatic Cumulene-like/ quinoid

—i —

- —+

Figure 5-11. Scheme of the resonant form structures of the anthracene polymer
Blue filled rings correspond to the Clar sextets.
First, we have investigated the nature of the bridge by means of #&FM measurements.
As previously reported, constantheight ncAFM images acquired with a CO
functionalized tip allow the identification of triple bonds, which is visualized as an
enhancement of the contrast due to the larger electron density of the triple bond in
comparison to the adjacent carbon atoms of the bridg¥%191 As illustrated by the nc
AFM image displayed inFigure 5.12¢, the polymer exhibits a bright protrusion at the
middle of the bridgesand, thus, they are assigned to ethynylene bridges. The siated
nc-AFM imagein Figure 5.12d matches very well with the experimental data and further
supports the ethynylere chemical nature of the bridge As commented above, the
formation of the ethynylene bridges is associated witlan electron rearrangement at the
backbone, resulting in the aromatization of the proquinoid backbone of the molecular
precursors. The longrange ncAFM image inFigure 5.12ereveals the uniform formation

of ethynylene-bridged anthracenes along the polymer.



AFM
Simulation

Figure 5-12. Successful formation of planar anthracene polymers
a) Chemical structure of an ethynyledgridged anthracene moietyb) Constaniheight STM (Y= 3 mV) andc) ncAFM

image resolving the intact anthracene backbones&/3 mV)d) NcZAFM simulation, which corroborates the experimental

measurementse) Constantheight ncAFM image of a linear polymer. (¥ 3 mV).

Tip-sample distances play an important role in theelucidation of the triple bond. The
dependence of the frequency shift witlthe tip-sample distance is shown irFigure 5.13.

First, the force spectra recorded on top of the single and the triple bond (marked in the

inset with red and green stars, respectively) revealsa different interaction in the

attractive regime before reaching the frequency shift minimum. Then, at closer tp

OAi 1 A AEOOAT AAh OEA AOOOAOG AOI 1T OA ET OAOOET ¢
differs only at specific tip heights, in contrast to higher heights where the resolution is

expected to be similar or lowers heights where it is even invertetf?2



Onsurface synthesis of aceneand periacene A A O Addnjugated polymers JEEREN

T ¥ T .7 T

—— triple bond
single bond

Af (Hz)

100 200 300 400 500

Figure 5-13. Elucidation of the ethynylene bridge

Upper panel showi OAA OPAAOOA AANOEOAA 11 oI b 1T &£ OEA OEICI A AT A OOCED
tip-sample distance are representeBottom panel shows ré\FM images of a singleiple-single bridge at different tip
heights aquired with a C@&ip (Vb= 3 mV)

The contrast inversion at the ethynylene bridges demonstrated in the bottom panel of
Figure 5.13, where several neAFM images of the same polymer segmeatquired with

an increasing step height of 20 pm are shown. Changes in resolution are clearly observed
being in perfect agreement with the force spectra (top panel ofigure 5.13), which
suggests that for larger distances the elucidatin of the bright protrusion is plausible,
whereasat medium distances the observation of a uniform narrow line anat shorter

distancesan inversion in the resolution of the bridge are expected, respectively.

Once the nature of the bridge has been disceed, we have investigated its robustness
and flexibility. Polymer chains exhibit a considerable degree of flexibility, showing open
AOOOAOOOAOD | Ob Odf thepeathyniylehe bidbe. McAFMA rEeasDrements
confirm that the nature of the linker remains intact, regardless of the bending (Figure

5.1448). Furthermore, the curvature of the chains can be intentionally induced by lateral



manipulation. Figure 5.14b-c showsthe initial and final stageof a chain beforeand after
the STM tip inducedateral manipulation. Remarkably, after the manipulation process the
chains preserveintact its chemical structure, revealing the robustness and flexibility of

the polymers.

12O
a) F |
i

Figure 5-14. Flexibility of the ethynylene -bridged anthracene polymer

Lateral manipulation >

a) Nc-AFM image of a curved anthracene polyméhE 3 mV)b) and c) show the initial and final stag before andafter
lateral manipulation of thechain. Blue star indicates a reference poid). ) andf) show the intermediate stages and the
blue arrows indicate the directions of the later manipulation. (All STM images were acquired with similar parameers:
=-1.0V and { = 150 pA) (Lateral maipulation parameters: ¥=-0.1 V andil= 20 nA, t = 30 ms).

. Agdbh OEA Al AA O OdcdnjegatedpAytn&rAnasheeA indpetted bl Aaa A
of STS, complemented bYFT. First, the band gap of the polymer was elucidated by
acquiring di/d V curves (Figure 5.158) on top of the voids adjacent to the ethynylene
bridge (purple line) and on top of the terminal ring of the anthracene moieties (green
line). STS measurements show two strong resonances-&6 eV and +0.9 eMyhich are
tentatively assigned to the valence band (VB) and the conduction band (CB) of the
polymer, respectively. The orange curve was acquired on top of the Au(11l) as a
reference. Then, we have resolved thenset of the bands by acquiring constanturrent
dl/d Vmaps at their specific energiesKigure 5.15¢). On one hand, mapping of theldl V

signal at-0.6 eV allows us to visualize th@nset of the valence band, which displays
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density of states in between the anthraceneoieties, especially at the adjacent voids. On

the other hand, constantcurrent dl/d Vmapsacquired at +0.9 eV reveals thensetof the

conduction band, located over the peripheries of the anthracene moieties. From these

values, we obtain an experimental &nd gap of 1.5 eVHere, t is worth to highlight the

versatility of on-OOOZAAA OUT OEAOEO Of x AOA©onjugded Al O1 AC

polymers presenting a large variety of band gap¥3.194
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Figure 5-15. Experimental and theoretical results of the electronic structure of the anthracene polymer

a) STS measurements revealing the experimental value of the lgapd The dI/dV curves were acquileat the positiors
depicted in the inset STM image) Bulk calculated band structure and projected density of states (PDOSEmstant-
current dl/dV maps acquired at the energies of the &= -0.6 V)and CB(Vb= 0.9 V)d) Simulated dl/dV maps of the
freestanding anthracene polymer.

In order to corroborate our experimental results, we have compared them with
simulated freestanding polymer using the B3LYP density functionaHigure 5.15b). Such
calculations revealthe dispersive character & the bands. Though DFT of frestanding

polymers overestimates the band gap, since screening from the substrate and electronic



correlation in the polymer are not included in the calculationg9z197 the simulated LDOS
maps (Figure 5.15d) of the freestanding polymers matctperfectly with the experimental

constant-current di/d V maps, confirming our interpretation of the electronic structure.
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Figure 5-16. Experimental and theoretical results of the electronic structure at the ends of the anthracene
polymer

a) Nc-AFM image(up) and constantheight STM image (bottom) of planar and hydrogenated anthracene polymer
terminations (Vb= 5 mV) b) Differential conductance dl/dV curves acquired in the position indicated in a, where-non
zero-bias features are observed) Chemical sceme of anthracene polymer. The rings filled in blue indicated the Clar
sextetsd) Calculated PDOS for a finite chain of 15 units.

Finally, we have paid special attention to the ends of the polymers. The majority of them
have lost their terminal carbon (from the =CBg after full debromination) and have been
passivated by residual atomic hydrogen present in the UHV chambeFifure 5.169.
Importantly, the chemical structure of the polymer ends is similar to the one described
for the bulk of the polymer, being formed by planar aromatic anthracene units connected
through ethynylene bridges. We have recordedldd V spectra at the terminal anthracene
units of the polymer (Figure 5.16b), which allow to discard the presence of any feature

close to Fermi level.

The comparison with the projected density of states of a finite polymer is in agreement

with the experimental results and confirms the absence of an end stat&igure 5.16d).
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Such results corroboratethat ethynylene-bridged anthracene polymerss a topologically

trivial insulator, as predicted by tight binding calculations irsection 2.2

In summary, by exploiting a novelhomocoupling reaction based on anthraquinone
precursors equipped with =CBg functional groups, we have synthesized long, flexible

and semiconducting ethynylenelinked anthracene polymers on Au(111).

5.4 Cumulenelike bridged pentacene polymers

Thedeposition of a submonolayer coerage of 4BrPn and subsequent annealing at 500 K
on Au(111) leads to the formation of long wires formed by pentacenenits. Once again,

a competition between the ethynylene and cumulenelike bridges is expected.Figure
5.17 shows the competition between the Kekulé structure with a migrating Clar sextet
and the nonKekulé structure with two migrating Clar sextets. In this casethe non-
Kekulé structure (with open-shell character) with two Clar sextets becomes more
favorable than in the anthracene case, due to the larger molecular siZEhe extent of the
radical character of pentacene monomers is 7 % and increases for larger acenes (n >
6).162.198,199|t js accepted that thepentacene molecule shows a closedhell ground state,
El xAOAO xEAT DAT OAAAT A -tohjug#ed Gdlydedthefbiat@é of DAOO | A
their ground state can be modified. In fact, we will show in the following that this is the
case for the pentacene polymers described below, whereby a quinoid cumuletike

resonanceform is observed.

Ethynylene/aromatic Cumulene-like /quinoid

4= I

- ——

Figure 5-17. Scheme of the resonarce form structures of pentacene polymer

Blue filled rings correspond to the Clar sextets.



Nc-AFM images of the pentacene polymers were acquired at several heights, in order to
elucidate the chemical nature of pgimers. The neAFM measurements reveal planar
polymers formed by intact pentacene unitsFigure 5.18 shows ncAFM images acquired
for the same pentacene polymer segment increasing sequentially the tgample distance
by 15 pmfrom one image to another. In contrast to the bright protrusion at the middle of
the bridge observed in neafm images for the previously described anthracene polymers
(section 5.3, here the bridges connecting the pentacenanits are characterized by a
sharp line independently from the tip-sample distance , which suggests the formation of
cumulene-like bridges connecting the pentacene unit&® Interestingly, the formation of
the cumulenelike bridges is in agreement withthe quinoid resonance form of the

pentacene backbone.
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Figure 5-18. Elucidation of the cumulene -like character of t he bridge

Nc-AFM highresolution images of iree consecutive double bosdcumulene bridge)connecting pentacene unitat

sequentially 15 pm increasing tip heightith a CGfunctionalizedtip (Vo =3 mV)

In order to validate the experimental resultsobtained by ncAFM measurenents, DFT
calculations of freestanding anthracene and pentacene polymers were performeéigure
5.19ashows the bond length of selected carbogarbon bonds. Importantly, the middle
bond in the bridgeof the anthracene polymers displays a bond length of 1.21 A, shorter
than the middle bond of the bridge of the pentacene case, which is of 1.24 A. Furthermore,
the bonds adjacent to the middle one are longer in the anthracene case (1.41 A), reflecting
their single character, in contrast to the shorter bonds of the pentacene case (1.36 A).
These calculations suggest a debilitation of the ethynylene bridgea the pentacene
polymer and the increase of the cumulendike character, as a consequence of the

predominant quinoid resonanceform of the pentaceneunit. The variation in the bond
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order of the bridges is also observed in the DFT calculated charge density distribution, as
illustrated in Figure 5.19b. Large electron density ditributed at a bond indicates its
larger bond order, as we can see in the anthracene case where the ethynylene bonds are
perfectly distinguished.201.202 Contrary, an almost uniform charge distribution along the
cumulene bridge is observed for the pentacene polymer. Altogether, such calculations are
in agreement with the e)perimental measurements, where thencrease othe cumulene

like character ofthe bridge in the pentacene polymer is observed.
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Figure 5-19. Bond length analyses and charge dersity distribution of anthracene and pentacene polymers from
DFT simulations using hybrid B3LYP functional with periodic boundary condition

a) Bond lengths obtained from DFT calculations with periodic boundary conditid)<DFT calculated total charge density

distributions.

Next, we have investigated the electronic structure of the polymer, in order to assess the
impact of the quinoid cumulenelike resonance form and the presence of larger acenes as
constituent units in their electronic properties. Long chains formed by penteene units
connected through cumulenelike bridges are observed in the overview STM image of
Figure 5.20aFirst, we have elucidated the value of the banghp of the polymer by means
of STS measurements. Thelf V spectra showtwo resonances at-150 meV and +200
meV (as depictedn purple and green respectively inFigure 5.200), suggesting a narrow
band gap of 0.35 eV. The bulk calculated PDOS shows dispersive conduction and valence
bands (seerigure 5.209. In addition, di/d Vmaps of the freestanding pentacene polymer
were simulated and comparel with the experimental di/d V maps acquired at theonset

of the valence and conduction bandsHigure 5.20d-€). We observe how the simulations
describe perfectly the features of the bands, corroborating our interpretation of the

results.
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Figure 5-20. Experimental and theoretical results of the electronic structure of the pentacene polymer

a) Overview STM image of cumulefike bridged pentacene polymers on Au(111),&/-0.8 V, I= 100 pA).b) STS
measurements revealing the experimental value of the bandgap. The dI/dV curves were ada@iifee positiorsdepicted

in the inset STM image) Bulk calculated band structure and projected density of states (PD@BLonstantcurrent

dl/dV maps acquired at the energies of the \(B,=-150 mV)and CB(Vs,= 200 mV) €) Simulated dI/dV maps of the
freestanding pentacene polymer.

Here it is worth to pay attention to the narrow band gap of 0.35 eV obtained from the
experimental measurements. In order taassessts value, DFT and GW calculations were

performed. DFT calculations provide a larger band gapjowever these calculations
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neglect the substrate effect and the electronic correlation of the polymépsz197
Importantly, GW calculations, which consider the electronic correlation, reveal an even
narrower band gap of 0.05 e\?%3 This result looks strange since GW calculations does not
include the substrate effect, and hence, we expected a larger value of the bagag than
the experimental one. Tentatively, we assign this slight mismatch to the nannocent
role of the substrate, which increases the quinoid cumulene character of the pentacene
polymer once adsorbed on the surface, thus displacing it slightly awayadim the
topological transition point. As a result, it is expected that the frestanding pentacene
polymer or simply the same polymer adsorbed on a distinct substrate could behave as a

guasimetallic polymer.

As explained insection 2.2, the transition from a trivial to a nontrivial topological phase
involves the closure of the band gap. The cumuledie bridged pentacene polymer is
expected to be a nottrivial topological insulator and to exhibit edge states** To assess
such topological class we have investigated the ends of the chains. First, we have
confirmed the loss of the terminal C from the =CBifunctional group and the subsequent
hydrogen passivation of the polymer ends by n&\FM images ¢eeFigure5.21a). Next, we
have performed STS measurements, which show a zero bias resonance at the polymer
ends (Figure 5.21d). Tight binding calculations predict an exponential decay of such end
state. However, our experimental results reveal that the maximum density of the states
is located at the third unit and then decays towards the interior until it vanishes athe

8th unit (see Figure 5.21b). This effect is tentative} assigned to some relaxations of the
polymers at the end, resulting in slight variations of the bond length&igure 5.21cshows

a TB simulated image of the charge distribution of a finite pentacene polymer of 40 units
assumng some relaxations of the bond strengths of the bridges at the end of the polymer
which matches perfectly with the experimental STM image iRigure 5.21h Interestingly,
nc-AFM images acquired at the end of pentacene polymshow the presence of a faint
protrusion in the middle of the latest bridges, which suggestan increasing ethynylene

character of the bridgeat the very end of the polymer.
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Figure 5-21. Experimental and theoretical results of the electronic structure at the ends of the pentacene
polymer

a) nc-AFM imageacquired at the end of a pentacene polymb).Its correspondingconstantheight STM imagdVe=5
mV). ¢) TB simulated image of the charge density of aittnpentacene polymer with variatiosof the bond strengtk at
the polymer endd) Differential conductance di/dV @rves acquired in the position depictdd a), revealing a zerebias

feature.e) Calculated PDOS for a finite chain of 15 units confirming presence of arstatd.

PDOS calculations for a finite pentacene polymer were performeéifure 5.219, finding
the existence of an ingap feature at the ends. Sucan end state corroborates the non
trivial nature of the polymer and, together with the narrow band gap, its proximity to the

topological transition.30.204

Finally, by comparing the experimental &/d V maps of the anthracene and pentacene
polymers we found an nversion of the frontier bands, reminiscent of the topological
band transition between such polymers. This transition, froman aromatic ethynylene-
like to a quinoid cumulene-like form, connects the frontiers bands of such resonance
forms through a level cossing137.205 Such a crossover implies a closure of the band gap,
as well as the transition from a trivial insulator to a topological insulator involveghe
crossing of the metallic phase. Thus, we reveal a fundamental connection between the

resonance forms and the toplogical class of the polymer.
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Figure 5-22. Crossing level mechanism at the K-edge between the anthracene and pentacene polymer

We rationalized the topological transition of the ethynylene (aromatic)/cumu lene-like

i NOET T EAQ A-evAjudted @dlytnerEly the level crossing observed in the
frontier orbitals, where orbitals of different symmetry swap (see Figure 5.22). An
analysis of the character of such orbitals confirm our hypothesis. On one hand, for the
anthracene case the highesbccupied wave function at K edge of the Brillouin zone shows
A-bonding character in the triple bond, enhancing the ethynylene character of the bridge.
On the other hand, the pentacene polyer stabilizes the wave function with the same
symmetry as the lowestunoccupied orbital, which weakens the triple bond. This change

in the nodal character together with the small energy difference between the two
resonance forms, allows the tuning of theA OT T AT AA /ElcddjugatédfpolydnErd A

by the strategic design of the precursor.

Thus, we have demonstrated that polymers formed by acersased precursors
connected with each other through ethynylene/cumulene bridges are very interesting

dueto theiO -edectron network topology and our capacity to tune it by varying the acene



100

size. Here, we haveshown two different cases: the ethynylenebridged anthracene
polymers with a dominant aromatic character and the cumulendridged pentacene
polymer with an increasing quinoid character. On one hand, the anthracene polymer
presents an aromaticbaE AT T A xeiedtonk ara mainlyconfined at the anthracene
units and at the triple bonds. On the other hand, the pentacene polymer shows a quinoid
backbone and a increasedcumulene bridge character, altogether resulting in a more
AAT T AAIl E U AdxeEtions, whi¢a giCek rse ta a narrower band gaf®

In summary, we have synthesized cumulenéke bridged pentacene polymerson
Au(111). Notably, we have shown that by increasing the size of the acene units, the
energy barrier to promote the transition from an aromatic backbone to a quinoidal one
becomes smaller inlarger acenebased polymers.In the case of pentacené becomes
small enaugh to promote adominant quinoidal resonance form modifying completely
the electronic structure of the polymer, as compared to the anthracene polymer
counterpart. Furthermore, we haveshown that the stabilization of such resonance
structure implies the level crossing of the frontier orbitals when compared to the
anthracene polymer through a metallic phase Such a crossover, results in the
transformation of the polymer into a topological insulator, which features ingap end
states. Thus, we stablish a di@O AT T 1T AAOET T1-coubaiionAobn of the& A
polymer and its topological nature, which can be tunable by tailoring the size of the

monomer.

5.5 Cumulenelike bridged bisanthene polymers

We have extended the synthetic rout@reviously describedto the periacene family and,

in addition, we have proven the topological predictions from TB calculations for such
family. Bisanthene polymers were synthesized by depositing a submonolayeoverage
of 2(2BrAn) on Au(111) and subsequent annealing at 500 K in ordeio induce the
dehalogenation, homocoupling and cyclodehydrogenation of the precursors. The
reaction takes place successfully, obtaining high quality polymers similar to the case of
the family of acene polymers. Here, we have also investigated the compietit between
ethynylene/aromatic and cumulenelike/quinoidal forms for polymers formed by

repeating units of periacenes.
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Figure 5-23. Scheme of the resonant form structures of the bisanthene polymer

Bluefilled rings correspond to the Clar sextets.

Figure 5.23 shows for the bisanthene case two extreme resonance formghe
ethynylene/aromatic one featuring 2 migrating Clar sextetyersushe cumulene/quinoid
one with 4 Clar sexets. As we can see, more number of Clar sextets are formed in the
cumulene/quinoid form, therefore it is expected a lower threshold that favors the
stabilization of such form62 The competition between these two resonance fms
resulting in a cumulene/quinoid character for the bisanthene polymer is described

below.

Once more, we have elucidated the nature of the bridges and the polymer backbone by
means of neAFM.Figure 5.24ashows several neAFM images at step heights of 15 pm of
a couple of bisanthene units, which belong to a longer polymer (s€égure 5.24b). These
images reveal the linear linkage connecting the bisanthene monomers, where the bridge
appears as aharp line with homogeneous contrast despite the tigsample distance??0 A
slight enhancement in the contrast at the middle of the bridge is observed at the
maximum tip-sample distance recorded (right image ofigure 5.244a), revealing a very
small triple bond contribution. We tentatively assign the nature of the bond to an
intermediate character between ethynylene and cumulene with major contribution of
the cumulene form137 DFT calculations of the optimized freestanding bisanthene

polymer reveal that the increasinglength of the central bond of the bridgefavours the





































































































































































	Portada
	Abstract
	Resumen
	Acknowledgments
	List of abbreviations
	List of Figures
	List of tables
	Contents
	1. Introduction
	2. Theoretical fundamentals
	3. Experimental set-up
	4. Nanostructured cobalt oxides
	5. On-surface synthesis of acene- and periacene- based π-conjugated polymers
	6. General conclusions and perspectives
	7. Conclusiones generales y perspectivas
	8. List of Publications
	9. Bibliography

