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Abstract

Striving for the advancement of current solar energy converters such as dye-
sensitized solar cells (DSSCs) as well as the development of novel heterogeneous
catalysts for chemical energy conversion, this thesis focuses on three main objectives.

The first part of this thesis is dedicated to the design and construction of a
new type of low-temperature scanning tunneling microscope (STM) which fulfills
following criteria: (i) precise tip z-approach, (ii) lateral sample positioning with
(sub-)micrometer precision, (iii) simple in-situ tip exchange, (iv) optical access for
controlling the sample position and irradiating the sample with light, (v) multiple
electrical sample access for in-situ transport and back-gate functionalities and
(vi) use of versatile sampleholders for different substrates. The construction of
additional system components as well as the STM wiring to a new liquid helium
bath cryostat is described. In addition, the system performance properties are
demonstrated.

In the second part of this thesis, the assembly of the rod-like 4,4’-di-(1,4-buta-
1,3-diynyl)-benzoic acid (BDBA) and iron atoms into extended two-dimensional
metal-organic coordination networks (MOCNs) on Au(111) and Ag(100) surfaces
with insensitivity to intrinsic substrate defects is reported. Independent from
the chosen substrate and its surface symmetry, the MOCNs grow continuously
over multiple surface terraces through mutual inphase structure adaptation of
network domains at step edges as well as on terraces. The adaptability of the
MOCNSs is mainly ascribed to the high degree of conformational flexibility of the
butadiynyl functionality of the ligand. Despite their flexibility, the MOCNs exhibit
considerable robustness against annealing at high temperatures. Furthermore, the
interaction of nickel atoms and clusters with the butadiyne metal-organic templates
on Au(111) and Ag(100) surfaces is investigated by means of STM. It is shown that
nickel (Ni) atoms can be incorporated in the metal-organic matrix without loosing
its structural integrity. The metal substrate plays a crucial role in the interaction
of Ni atoms with the metal-organic host networks. On Au(111), Ni clusters are
spatially limited to the network cavity size while decorating the phenyl rings. In
contrast, on Ag(100) the metal-organic template imposes the nucleation of Ni
atoms within the topmost substrate layer underneath the network pattern. In both
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cases, clusters consisting of a few metal atoms with an areal density of 4 x 103
cm~? can be obtained that are stable upon annealing up to 450 K. Additionally,
the Ni decorated MOCNSs can be utilized for binding additional molecular units
into the network cavities.

The third part of this work is dedicated to the atomic-scale investigation of the
structural and electronic properties of the photosensitizer N3 (cis-di(thiocyanato)-
bis(2,2’-bipyridyl-4,4’-dicarboxylate) ruthenium(II)) and its anchoring ligand BINA
(2,2-bipyridyl-4,4’-dicarboxylic acid) on TiOy anatase (101). First, the preparation
of atomically well-defined TiO, anatase surfaces using natural TiOs bulk crystals
is reported. Subsequently, the in-situ N3 dye deposition via electrospray ion
beam deposition is demonstrated. STM and STS studies in UHV at 5 K provides
direct access to the molecule-substrate interface at the atomic level. The local
structure of N3 molecules is probed with single molecule sensitivity revealing
multi-conformational N3 binding geometries on the oxide surface. It is shown
that the electronic properties of the N3 dye strongly depend on its adsorption
geometry making specific dye adsorption geometries more favorable in terms of
higher charge injection efficiencies. Furthermore, the STM studies reveal the
formation of supramolecular N3 dye assemblies. The N3 studies are complemented
with STM investigations of the N3 anchoring ligand BINA thermally evaporated on
TiOq anatase (101). The observation of multiple adsorption configurations of the
BINA ligand on the TiOs substrate is correlated to the multi-conformational N3
binding geometries. These experimental findings are supported by extensive density
functional theory based calculations. Additionally, the N3 dye is resolved with
submolecular resolution on Au(111). STS studies reveal vibronic modes supporting
N3 coordination via its sulphur groups to the gold surface. Different possible N3
binding geometries are compared for both the TiOy oxide and metal surfaces.

Keywords Scanning tunneling microscopy, scanning tunneling spectroscopy, molec-
ular self-assembly, supramolecular architectures, multi-component systems,
dye-sensitized solar cell, titanium dioxide, photosensitizer, electrospray ion
beam deposition, density functional theory, ultra high vacuum
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Zusammenfassung

Der erste Schwerpunkt der vorliegenden Arbeit liegt in der Konstruktion eines
Tieftemperatur-Rastertunnelmikroskops (RTMs), das folgende Systemanforderun-
gen erfillt: (i) prazise Spitzenanndherung, (ii) laterale, Sub-Mikrometer genaue
Probenpositionierung, (iii) einfacher in-situ Spitzenwechsel, (iv) optischer Zugang
zur Kontrolle der Probenposition und zur Lichteinkopplung, (v) mehrfacher elektri-
scher Probenkontakt fir Transportmessungen sowie Back-Gate Anwendungen, (vi)
variables Probenhalterdesign fiir unterschiedliche Substrate. Neben der Beschrei-
bung des RTM-Aufbaus wird die Konstruktion zusatzlicher Systemkomponenten
sowie die Verkabelung des RTMs an einen neuen Fliissig-Helium Kryostaten darge-
stellt. Im Anschluss werden die Systemeigenschaften spezifiziert.

Im zweiten Teil der Arbeit wird die Realisierung von ausgedehnten zwei-dimension-
alen metall-organischen Netzwerken von stdbchenférmigen Liganden und Eisen
Metallatomen auf Ag(100) und Au(111) Oberflichen mittels RTM untersucht.
Die Netzwerke zeigen eine ungewohnlich hohe Toleranz und Anpassungsfahigkeit
gegeniiber intrinsischen Substratdefekten und Stufenkanten sowie zwischen zusam-
menwachsenden Doménengrenzen. Dabei wachsen die Netzwerke kontinuierlich tiber
Substratstufenkanten, ohne die Gitterstruktur zu unterbrechen. Die wechselseitige
Anpassung von Netzwerkdoménen an den Stufenkanten sowie auf Oberflachen-
terassen wird auf die Alkynylgruppe im Liganden zurtickgefithrt. Diese gestattet
die Einnahme vieler verschiedener Adsorptionsgeometrien des Liganden sowie die
Verbiegung des linearen Molekiils fir die Bildung der energetisch bevorzugten Fe-
Carboxylat Bindungen. Trotz dieser Eigenschaften sind die Netzwerke bis zu einer
Temperatur von 450 K thermisch robust. Die Ergebnisse zeigen das Potential von
metall-organischen Verbindungen, mesoskalig geordnete Netzwerke auf Oberflachen
zu bilden, ohne durch intrinsische Defekte limitiert zu sein. Desweiteren wurden die
Netzwerke auf Au(111) und Ag(100) als Templat fiir die Einbindung von Ni Atomen
verwendet. Die Ni Atome kénnen in die Netzwerke integriert werden, ohne deren
strukturelle Integritdt zu beeintréchtigen. Das Substrat spielt dabei eine entschei-
dende Rolle. Im Falle von Au(111) werden die Benzengruppen dekoriert, wihrend
auf der Ag(100) Oberflache Ni an die Butadiynylgruppe bindet. Auf Au(111) sind
die Clustergrossen durch die Grosse der Kavitdten des Netzwerkes limitiert. Auf
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Ag(100) wachsen zudem Ni Cluster unterhalb des Netzwerkes und innerhalb der
ersten Silber-Substratschicht. Auf diese Weise erhélt man eine hohe Dichte von
kleinen Clustern mit einer sehr hohen thermischen Stabilitat bis mindestens 450 K.
Zuséatzlich bilden die Ni Atome in den Netzwerkkavitdten Andockstellen fiir die
Einbindung weiterer molekularer Einheiten. Dies ermoglicht die gezielte Synthese
hierarchisch aufgebauter Multikomponentensysteme auf Oberflachen.

Der dritte Schwerpunkt dieser Arbeit liegt in der Untersuchung der geome-
trischen und elektronischen Eigenschaften des Farbstoffsensibilisators N3 (cis-
di(thiocyanato)-bis(2,2’-bipyridyl-4,4’-dicarboxyl) Ruthenium(II)) sowie des Farb-
stoffliganden BINA (2,2’-bipyridyl-4,4’-dicarboxyl Saure) auf TiO, Anatase (101).
Zu Beginn wird die Praparation atomar reiner TiOy Anatase Oberflichen unter
Verwendung natiirlich gewachsener TiO, Kristalle beschrieben. Daraufhin wird
die Deposition des N3 Farbstoffes mittels Elektrospray Ionisierung (ESI) demon-
striert. RTM und Rastertunnelspektroskopie (RTS) Studien in Ultrahochvakuum
bei 5 Kelvin ermoglichen die Untersuchung der lokalen elektronischen Struktur
der N3 Molekiile auf molekularer Ebene. Es wird gezeigt, dass die N3 Molekiile
in verschiedenen Konformationen auf dem Substrat adsorbieren und die elektro-
nischen Eigenschaften des N3 Farbstoffes sehr stark von seiner entsprechenden
Adsorptionsgeometrie abhdngen. Spezifische Adsorptionsgeometrien konnen dabei
hohere Ladungstrigerinjektionsraten begiinstigen. Desweiteren wird die Ausbil-
dung supramolekularer N3 Farbstoff Aggregate gezeigt. Erginzt werden die Studien
am Farbstoff N3 durch RTM Untersuchungen des Farbstoffliganden BINA, der
durch Sublimation auf TiOs Anatase (101) aufgebracht wurde. Die Beobachtung
verschiedener BINA Adsorptionsgeometrien auf dem TiOy Substrat wird mit den
multi-konformalen Bindungsgeometrien der N3 Molekiile in einen Zusammenhang
gebracht. Die experimentellen Ergebnisse werden mittels auf Dichtefunktionaltheo-
rie basierenden Methoden simuliert. Zusétzlich wird der Farbstoff N3 auf Au(111)
auf seine geometrischen und elektronischen Eigenschaften hin untersucht. RTS
Studien zeigen vibronische Moden in den entsprechen Tunnelspektren, was auf eine
Anbindung der N3 Molekiile iiber deren Schwefelgruppen auf die Goldoberflache
hindeutet. Im Anschluss werden die verschiedenen N3 Bindungsgeometrien fiir die
beiden Substrate TiO, Anatase (101) und Au(111) verglichen.

Schliisselworter Rastertunnelmikroskopie, Rastertunnelspektroskopie, molekulare
Selbstassemblierung, supramolekulare Anordnungen, Multi-Komponenten Sy-
steme, Farbstoffsensibilisierte Solarzellen, Titandioxid, Farbstoffsensibilisator,
Elektrospray Ionenstrahl Deposition, Dichtefunktionaltheorie, Ultrahochvaku-
um.
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Introduction

Nanotechnology literally comprises any technology on a nanometer scale that has ap-
plications in the macroscopic world. It encompasses the production and application
of physical, chemical, and biological systems at dimensions ranging from individual
atoms or molecules to submicron sizes, as well as the integration of the resulting
nanostructures into larger systems. Science and engineering in nanotechnology
promises breakthroughs in areas such as advanced materials and manufacturing,
sustainable energy, medicine, biotechnology and information technology. Over
the last decade, a highly interdisciplinary field has evolved where a clear-cut line
between the classical disciplines of science cannot be drawn anymore. Among these
various disciplines, surface science assumed an outstanding role. Particularly in
the fields of catalysis and solar-energy converters, numerous fundamental processes
can only be understood by investigating interfacial processes and properties at the
atomic level. A major breakthrough that contributed to the rapid evolution of
surface science was the invention of scanning tunneling microscopy (STM) in 1981
by Binnig and Rohrer."? Nowadays, the STM technique emerged to a key tool in
nanoscale science since it provides a unique spatial resolution of (semi-)conductive
surfaces at the air, vacuum or liquid interface. Furthermore, detailed chemical
and electronic information can be obtained by spectroscopic methods.** So far,
numerous studies have demonstrated the diverse applications of the STM tech-
nique which resulted for example in the exploration of local electronic properties
of atoms,” collective electronic behaviour on surfaces,’” geometry of molecular

1014 chiral agglomerations,'® ' lo-

20-22

organizations and supramolecular assemblies,

18,19

cal magnetic properties, pathways of chemical reactions and catalytic

functionality.?3

In surface science, the continuous advancement of characterization tools is of
paramount importance to stay at the forefront of investigating distinguished mate-
rials and interfaces at the atomic level. As described in the following, particularly
titanium dioxide emerged over the last decade as a highly promising material
with diverse applications in important technological areas. Striving for the investi-
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gation of nanoscale phenomena at the molecule-oxide interface of dye-sensitized
solar cells (DSSCs) inherently necessitated the first integral part of this thesis:
the design and construction of a new type of low-temperature STM. Based on
this STM, two main research directions were followed in the present work: (i)
fabrication and characterization of extended metal-organic coordination networks
(MOCNSs) on metal surfaces with insensitivity to intrinsic substrate defects as
well as its functionalization by catalytic active metal atoms and (ii) atomic-scale
investigation of the structural and electronic properties of the photosensitizer N3
(cis-di(thiocyanato)-bis(2,2-bipyridyl-4,4’-dicarboxylate) ruthenium(II))** and its
anchoring ligand BINA (2,2’-bipyridyl-4,4’-dicarboxylic acid) adsorbed on TiOs
anatase (101).

The first research direction of this thesis aims at the realization of extended and
catalytically active two dimensional (2D) MOCNSs. In supramolecular chemistry,
complex functional structures and components as ubiquitously found in nature
can be created by a hierarchical assembly scheme.?>2% A large entity is composed
of smaller, relatively simple units assembled by a self-directed and hierarchical
order of specific interactions between the different subunits. Creating complex
structures out of smaller units is a formidable reverse engineering problem that
requires the detailed knowledge of the involved processes and interactions. Over
the last years, surface-confined MOCNs have demonstrated great potential for

8

diverse applications.?” Molecular networks assembled on surfaces®® were tested

for their suitability to serve as host-guest systems? and as templates to steer
the adsorption and organization of secondary ligands®* and metal atoms.3! 32
Specific functions and properties can be introduced to these networks in two steps.
First, a robust network is constructed featuring suitable lattice structure, porosity
and well-defined anchoring sites. In the second step, functional units such as
catalytic active metal centers or secondary ligand molecules are incorporated at
a higher organizational stage.?*3* This bottom-up approach allows much higher
feature densities compared to classical top-down nanostructuring methods. A
particular and unique feature of the 2D-MOCNs is the presence of low-coordinated
metal centers offering multiple functional properties which depend on the specific
coordination environment. In a variety of natural enzymes, metal ions such as iron,
nickel and manganese embedded in organic structures of proteins form catalytically
active centers which perform important biological conversion processes.®> Figure
0.1 shows a high-resolution STM image of a 2D-MOCN consisting of iron atoms and
the rod-like ligand BDBA (4,4’-di-(1,4-buta-1,3-diynyl)-benzoic acid) on Au(111)
(see Chapter 3). As indicated, the coordinatively unsaturated di-iron metal centers
in the MOCN strongly resemble the reaction centers of natural enzymes such as the
methane monooxygenase which is capable of oxydizing C-H bonds in alkanes and
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reaction center

Figure 0.1: STM image of a two-dimensional metal organic coordination network
consisting of iron atoms and the rod-like ligand BDBA (4,4’-di-(1,4-buta-1,3-diynyl)-
benzoic acid) on Au(111). The network is characterized by the organic ligand, the cavities
and the di-iron binding motif. The coordinatively unsaturated metal centers strongly
resemble natural enzymes such as the methane monooxygenase (MMO) which is capable
of oxydizing C-H bonds in alkanes and activating oxygen.

activating oxygen.?%3"” This similarity between low-coordinated metal centers in 2D-
MOCNSs and catalytically active sites in biological systems makes MOCNSs attractive
candidates for realizing functional catalytic structures. One basic requirement for
the realization of multicomponent systems is the design of stable and mesoscale
primary network structures. The network formation strongly depends on the
intermolecular forces and competes with the coupling and constraints imposed by
the supporting surface. Over the last decade, phenomena like error-correction, self-
selection and read-out of pre-programmed molecular interactions have been studied
in multicomponent MOCN systems on surfaces.??:3%3% However, the realization
of such MOCNs was spatially limited by intrinsic surface defects, e.g. step edges
and dislocations, as well as by the strong interaction of the adlayer components
with the underlying support. Achieving procedures to pattern also rough and
imperfect surfaces would be greatly beneficial for the realization of mesoscale and
robust MOCNs. Furthermore, there are still plenty of open questions concerning
the catalytic functionalization of such MOCNs which need to be adressed when
striving for bioinspired heterogenous catalysts for chemical energy conversion.

The second research direction of this thesis represents the atomic-scale investi-
gation of the structural and electronic properties of the photosensitizer N3 and
its anchoring ligand BINA adsorbed on TiO, anatase (101). These days, oxide
surfaces have emerged as one of the most fascinating materials. Particularly, the
low-cost and widely available titanium dioxide (TiOs) represents one of the most
studied metal oxides. It constitutes a promising material with versatile applica-

4743 ranging from (photo)catalysis,*4 5!

54,58

tions in important technological areas
92,53 coatings,* %% batteries,*®" to air purification

gas
sensors, and degradation of

environmental pollutants.?® % Moreover, TiO, plays a crucial role in a number of
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electrochemical devices for solar energy conversion, particularly in dye-sensitized
solar cells.%9 57 Since the first report of a 7 % efficient cell in 1991, DSSCs have
received a tremendous amount of attention and emerged as a new class of solar
conversion devices. Confirmed record efficiencies are now 11.2 % for small cells and
9.9 % for submodules, and low-cost production methods enable manufacturing of
DSSCs for a variety of possible applications. DSSCs possess a number of advan-
tages compared to present c-Si, CdTe, and CIGS devices, even though these other
technologies have higher cell and module efficiencies (see Figure 0.2). DSSCs can
be manufactured using roll-to-roll processing without vacuum or high temperature
resulting in low embodied energy with expected energy payback periods of less than
one year. DSSCs can be made light in weight and flexible by deposition on plastic
substrates or metal foils. They contain primarily nontoxic, earth-abundant materi-
als and exhibit considerable performance in diverse lighting conditions including
high angle of incidence, low light intensity and partial shadowing which makes
them also potential candidates for building-integrated applications. Given this
high number of advantages - which factors hinder DSSCs from providing already
today a technically and economically viable alternative to present day pn-junction
photovoltaic devices?

50
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Figure 0.2: Laboratory best cell conversion efficiencies for various photovoltaic tech-
nologies over the past four decades. Despite a general upward trend, major breakthroughs
in the efficiency of dye-sensitized solar cells are still necessary for making these devices a
viable alternative to present day pn-junction photovoltaic cells. (Image source: NREL*?)
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In comparison to its inorganic competitors, DSSCs still lack efficiency and lifetime
that are significantly lower compared to ¢-Si and CdTe devices (see Figure 0.2).
Hence, the most direct competitor at present are amorphous Si cells for low-cost
and low-power markets. The great challenge now lies in finding materials, module
architectures, and manufacturing processes that provide optimal combinations of
high efficiency, long term stability, and low cost. Each of these criteria presents
different scientific and engineering challenges. From the perspective of engineering,
efficient ways must be found especially for robust high-throughput manufacturing
methods and extremely well sealed cell structures to prevent electrolyte leakage
and moisture ingress.

The other great challenge constitutes the development of new photosensitizers,
redox couples and photoanodes. However, breakthroughs in increasing DSSC
efficiencies are primarly hindered by a deficient understanding of the fundamental
processes which occur at the molecular level in DSSCs. These devices consist of a
mesoporous TiO, layer on a transparent conducting glass coated with a charge-
transfer dye to sensitize the film for light harvesting. The key processes in DSSCs
comprise: (i) photoexcitation of the dye followed by (ii) electron injection into
the conduction band of the TiO, substrate and (iii) subsequent dye regeneration
by a redox electrolyte resulting in a photocurrent (see Chapter 4). One of the
most efficient photosensitizers prevalently coated on the TiO, films of DSSCs is
the N3 dye. The ruthenium polypyridyl complex is chemically attached to TiO,
nanoparticles by designated anchor groups. Most importantly, the charge injection
efficiency and consequently the overall photovoltaic performance of DSSCs strongly
depends on the specific dye adsorption geometry on the TiO, substrate. Hence,
tremendous efforts have been made over the last two decades to elucidate details
of specific dye binding configurations.

Despite great theoretical and experimental efforts, no conclusive understanding
of the structural and electronic properties of dye molecules adsorbed on TiOq
surfaces has been achieved so far at the atomic level. In particular, the precise
N3 adsorption geometry is currently highly controversially debated and profound
uncertainty exists about the relationship between the photosensitizer’s adsorption
structure and the respective electronic characteristics. Moreover, the proposed
supramolecular interaction between dye molecules lack experimental evidence. The
lack of experimental evidence at the molecular level is primarily caused by major
difficulties in successful sample preparation. Achieving fundamental understand-
ing of the dye-TiO, interface would be greatly beneficial for providing chemists
with specific design rules enabling the synthesis of optimized photosensitizers for
maximum charge injection efficiencies and low recombination rates in DSSCs.



Introduction

In the present thesis, the previously described challenges are adressed by means
of scanning tunneling microscopy and spectroscopy methods combined with den-
sity functional theory (DFT) based calculations. The chapters of this thesis are
organized as follows:

Chapter 1 gives a brief introduction into the theoretical background of scanning
tunneling microscopy and spectroscopy methods. This is followed by the
description of the sample preparation procedures employed for the realization
of the presented MOCNSs. Further, the electrospray ion beam deposition
(ES-IBD) technique which was used to bring the thermally fragile N3 dyes
onto the TiO, anatase (101) surface is specified.

Chapter 2 reports on the design and realization of the new scanning tunneling
microscope operating in ultra high vacuum at 5 K. Details about both the
integral parts of the STM unit and the cabling to the new liquid helium
bath cryostat are presented. In the following, the construction of various
additional new system components such as a manipulator head, an optical
microscope or an UHV transfer suitcase unit will be described. Subsequently,
the performance properties of the STM are presented.

Chapter 3 reports on the study of metal-organic coordination networks on metal
substrates. In the first step towards the hierarchical assembly of extended
functional MOCNSs, the self-assembly and metal coordination of the rod-like
organic ligand BDBA on gold, silver and copper surfaces is described. First,
the adsorption conformations of the bare ligand are discussed. Afterwards, this
chapter reports on the realization of self-assembled metal-organic coordination
networks which grow continuously over multiple surface steps showing a high
degree of insensitivity and adaptability to intrinsic surface defects. Finally,
the chapter reports on the utilization of the surface confined MOCNs as
templates to steer the adsorption and organization of catalytically active
nickel atoms and clusters as well as secondary ligands for the assembly of
multicomponent functional architectures.

Chapter 4 reports on the study of the geometric and electronic properties of the
photosensitizer N3 on TiOy anatase (101) surfaces by means of scanning
tunneling microscopy and spectroscopy methods in UHV. The unique method
of electrospray ion beam deposition was employed to deposit the thermally
fragile photosensitizer N3 onto the anatase substrate which is most relevant
in DSSCs. The observation of multi-conformational N3 binding geometries
revealed on TiO, anatase (101) is discussed and associated with the significant
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variations of the respective electronic properties which were probed with single
molecule sensitivity. Furthermore, this chapter reports on the formation of
N3 dye assemblies on the anatase surfaces that are potentially stabilized by
supramolecular interactions. In addition, STM studies of the N3 anchoring
ligand BINA are correlated to the multi-conformational N3 binding geometries.
Addtional studies of the N3 dye on Au(111) surfaces are presented and the
experimental findings supported by extensive density functional theory based
calculations.

At the end, a summary and conclusion of the experimental and theoretical findings
presented in this thesis will be given and promising future experiments presented.






Il Theoretical and experimental
basics

This chapter gives a brief introduction into the theoretical background of scanning
tunneling microscopy and spectroscopy methods. Subsequently, the experimental
sample preparation procedures employed for the realization of metal-organic coor-
dination networks are described. Furthermore, the technique of electrospray ion
beam deposition which was used to bring the thermally fragile photosensitizer N3
onto the TiOy anatase (101) surfaces is specified.

1.1 Scanning tunneling microscopy

The technique of scanning tunneling microscopy was invented by Binnig and
Rohrer in 1981 enabling both unprecedented three-dimensional surface imaging
with spatial resolution at the atomic scale and manipulation of individual atoms.?
Based on their original design, many variations of probe-based microscopes have
been developed, such as atomic force microscopy (AFM), spin polarized scanning
tunneling microscopy (SPSTM) and scanning near field optical microscopy (SNOM).
STM measurements are not limited to UHV, but can also be performed in air, water
and various other liquid or gas environments and at temperatures ranging from near
zero kelvin to a few hundred degrees centigrade. The basic operational principle of
a STM is shown in Figure 1.1a. A sharp metallic tip is moved in three dimensions
along the sample via an x,y,z piezoelectric translator that is calibrated to move a
precise distance when a given amount of voltage is applied. If the tip is positioned
5-10 A above a conductive or semiconductive sample, the wavefunctions of both
the tip and sample conduction electrons overlap. Consequently, provided that an
additional bias voltage (10 mV - 10 V) is applied as indicated in Figure 1.1a, a
tunneling current in the nanoampere range (0.1 - 5 nA) can be detected between
the sample and the tip. The probability of electron tunneling through the barrier
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Figure 1.1: (a) Schematic illustration of a scanning tunneling microscope. (b) Potential
energy diagram of a tip-sample tunneling barrier at positive sample bias voltage. Electrons
tunnel from occupied states of the tip into unoccupied states of the sample.

between tip and sample decreases exponentially with the width of the barrier, so
that the tunneling current mainly flows across the last atom at the tip apex and
the surface area directly below. Thus, this technique allows vertical and lateral
atomic resolution of the underlying surface. The STM can be operated in either
the constant current or the constant height mode. In the constant current mode, a
feedback loop adjusts the height of the tip to keep the tunneling current constant.
Hence, the displacement of the tip given by the voltage applied to the piezoelectric
drive yields a topographic map of the surface. Alternatively, in constant height
mode, the tip is scanned across the surface at constant height and voltage while the
tunneling current is monitored. Figure 1.1b shows the potential energy diagram of
a tip-sample tunneling barrier. At positive bias voltage, the electrons tunnel from
occupied states in the tip into unoccupied states of the sample. As indicated by
the density of horizontal arrows, the current per energy unit decreases with energy
since lower lying states decay faster into the vacuum barrier region. In order to
calculate the tunneling current between tip and sample, commonly the Tersoff-

Hamann%® 99

model is employed which applies Bardeen’s preeminent quantitative
theory™ to STM. Assuming a spherical tip geometry, it provides a relation between
the tunneling current I(V) and the local density of states (LDOS) of the tip p;(e)
and of the sample p4(€, x,y), the latter one also depending on the tip position
above the surface (Figure 1.1b). Both tip and sample are supposed to be in thermal
equilibrium at temperature T. The tunneling current I(V) between tip and sample

at bias voltage V can then be approximated by

IV, T.2,y,2) [ dEp,(E.2,y)p E=eV)T(E,V,2) [f,(E ~ eV, T) = £.(E,T)],

(1.1)
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1.1. Scanning tunneling microscopy

where x and y characterize the lateral tip position on the sample and z stands for
the tip-sample distance. f,(E —eV,T) and f,(E,T) are the Fermi distribution
functions of tip and sample at temperature T and energy F, V is the applied bias
voltage between tip and sample. T (FE,V, z) denotes the transmission matrix of the
tunneling gap given by :

T(E,V,z) =exp (—22\/7226(@5 + Py — 2F + eV)) , (1.2)

with the electron mass m. and the work functions ®; and ®; of sample and tip,
respectively. The features in the LDOS of tip and sample are broadened by the
Fermi functions in the order of ~ kgT. However, the temperature broadening of
the spectra can be neglected if the investigated spectroscopic features have a width
' > kgT. In this case, the Fermi function reduces to a step function which yields
for eq. 1.1:

eV
I(V,2,y,2) / dEp,(E,x,y)p(E — V)T (E,V, z). (1.3)
0

At VL &, and VK &, T(E,V, 2) (eq. 1.2) can be approximated by

T(2) = exp (—221/7;‘;(@5 + @t)) . (1.4)

Hence, the tunneling current I(V) (eq. 1.1) can be rewritten as:
eV
I(V,x,y,2) x T(2) / dEps(E, z,y)p(E — eV). (1.5)
0

To note, this model is only valid in the limit of both low temperatures and low
bias voltages and for a weak coupling between tip and sample. In (eq. 1.5), the
prefactor describes the exponential z-dependence of the tunneling current and the
integral factor describes the contribution from the LDOSs of the sample and the
tip to the tunneling current. Thus, scanning tunneling microscopy gives convoluted
information of the real surface contour and the electronic configuration of the
sample and tip system.

In the constant height mode, the resulting current image can be directly calculated
from (eq. 1.1). Alternatively, in the constant current mode, topographic images
can be derived from (eq. 1.1) by setting the current to a constant Iy and adjusting
the tip-sample distance z in the transmission coefficient 7 (eq. 1.2). Assuming
small bias voltages V and constant current I, the following analytical expression

11
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can be derived for z:

eV
Of dEps(E)p(E — eV, z,y)

1
log (1.6)

Z(‘/, xz, y) = 20 +
2,/55 (®y(x,y) + &) To

Spectroscopic information on ps can be extracted from the variation of the tunneling
current [ with the sample bias voltage V. Experimentally, the tip is positioned
at distance z over the sample, subsequently the feedback loop is opened and the
tunneling current is measured dependent on the bias voltage V' at constant z. Using
eq. 1.5, the tunneling current can directly be calculated. Since I and hence the
constant-current image involve an integral over a range of electron energies, its
derivative dI /dV is commonly used to unravel spectroscopic information. Assuming
that the LDOS of the tip p; and the transmission coefficient 7 are independent of
the voltage V', the dI/dV signal can be approximated by

O o pu(eV)pul0). (17)
This equation shows that the dI/dV signal is proportional to the LDOS at the
position of the tip for small bias voltages at low temperature and with a tip of
high spatial resolution and no strong features in its LDOS p;. From this, the
differential conductance can be calculated. In order to increase the signal-to-noise
ratio, typically the dI/dV-signal is recorded using a lock-in amplifier where the
bias voltage signal is modulated with an AC signal.

1.2 Sample and tip preparation

This section describes the experimental methods used for the preparation of
samples on metal substrates (see Chapter 3). In addition, the basic principles of
the electrospray ion beam deposition technique are introduced. The preparation of
TiO4 surfaces is described separately in Chapter 4.

Metal crystal preparation

In this work, noble single metal crystals of gold, silver and copper were employed.
The commercially obtained crystals (supplier: MaTek GmbH) are circularly shaped
with a diameter of 7 mm and thickness of 3 mm. Typically, the orientational misfit
of the crystals is better than 0.1° and their surfaces are mechanically polished with
a roughness lower than 30 nm.

12



1.2. Sample and tip preparation

The cleaning procedure for the metal crystals consists of repeated cycles of Ar™
sputtering (ion energy 1000 eV, incidence angle 90°, ~ 2 pA ion beam measured
on the sample, 10 min) and annealing at 800 K (pressure below 3 x 10~ mbar, 10
min). By this procedure, atomically clean and flat surfaces with terrace widths of
about 80 nm are obtained.

Electron-beam heating evaporation of metals

Iron and nickel atoms, which are used for the preparation and functionalization of
metal-organic coordination networks (see Chapter 3), were deposited onto the metal
substrates using separate electron-beam heated evaporators (supplier: Omicron
GmbH, type: EFM-3). Before deposition, the metal evaporators were carefully
degassed. Typically, the deposition flux was in the range of 1 - 3 % of a monolayer
per minute.

Organic molecular beam epitaxy

Both the BDBA and BINA molecules employed in this work (see Section 3 and
4.4) were deposited in UHV by organic molecular beam epitaxy from a resistively
heated quartz crucible. During deposition, the crucible was held at the sublimation
temperature of 560 K and 522 K, respectively. Typically, the pressure in the UHV
preparation chamber did not exceed 3.0 x 10~ mbar during the deposition.

Tip preparation

STM measurements presented in Chapter 3 were performed using home-made
electrochemically etched tungsten tips. After transfer into the UHV system, they
were treated by field emission and prepared on a clean Au(111) surface. However,
working on TiO, surfaces (see Chapter 4), STM measurements turned out to be
most stable when electrochemically etched Pt-Ir(80-20)-tips (supplier: Agilent
GmbH, type: N9801A) were used. In this case, the tip preparation consists of two
steps: firstly, the tip is annealed at ~ 600 K for 10 minutes in UHV. In the next
step, the tip is treated by field emission and subsequently prepared on a clean
Au(111) surface for topographical imaging and spectroscopy.

13
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1.3 Electrospray ion beam deposition

Samples of quality suitable for scanning probe microscopy are typically fabricated
on a single crystalline surfaces. Vapour condensation of sublimated atoms or
molecules offers a controlled, contamination free deposition, which can however
not be applied to large organic molecules, which are often not volatile and only
decompose upon heating. In this context, the electrospray ion beam deposition
(ES-IBD) technique allows the deposition of large, thermally fragile and non-volatile
molecules onto solid surfaces in UHV and its feasibility has been demonstrated
for complex molecular structures.” ™ The photosensitizer N3 studied in this
work (see Section 4.3) also undergoes thermal decomposition before it sublimates
and consequently cannot be deposited onto the substrates of interest via thermal
evaporation. In this work, the unique ES-IBD technique was employed for the
gentle deposition of intact N3 dye molecules onto TiO, anatase (101) and Au(111)
surfaces.

Figure 1.2 illustrates the schematic setup of the ES-IBD system. The basic principle
of the ES-IBD is the electrospray effect where a liquid is dispersed into an aerosol
by applying a high electric field."® The home build setup shown in Figure 1.2
consists of an ES ion source at ambient pressure and six differential pumping stages,
that reduce the pressure from 0.1 mbar to UHV (10~ mbar). The utilization of
ion optics, current detection and mass spectrometry results in complete control
over all experimental parameters, most importantly the chemical composition and
the amount of deposited material. ES-IBD setups typically resemble ES mass
spectrometers with features added that are needed for the controlled ion beam
deposition, i. e. additional deposition chambers and sample holders.

The spray needle (ES, see Figure 1.2) is fed with N3 solution of 10~ mol/1 in
ethanol. The source is operated in negative ion mode, applying a high voltage of
+4.2 kV to the metalized front-end (high-pressure side) of the capillary. The ions
created in the electrospray pass the glass capillary and expand with the carrier
gas into the first pumping stage. The dc-voltages applied to the metalized back-
end (low-pressure side) of the capillary and the ion funnel define the declustering
potential Vge;. The declustering potential is a measure for the intensity of the
collisions of the ions with the neutral background gas, which is used to break
apart cluster ions or create molecular fragments. Usually V.. is in the range of
100 - 400 V. The following pumping stages are equipped with various ion optics
for collimation, mass-selection and focusing of the ion beam. In the first stage
(IF), a radio frequency (rf) ion funnel (1MHz, 330V) bundles the ions expanding
into vacuum into a compact cloud that is passed to the next chamber (0.01mbar).
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Figure 1.2: Schematic setup of the electrospray ion beam deposition system.

There, a quadrupole (Q1) operated in rf-only mode (0.5 - 2 MHz, 50 - 200 V,.)
collimates the ion beam by collisional cooling. In the third pumping stage at 10.5
mbar another rf-quadrupole (0.5 - 2 MHz, 50 - 500 V,.) is used as a mass selective
ion guide (Q2). Further downstream electrostatic lenses with included steering
plates (LA-LG) pass the ion beam through 2 mm diameter apertures, which serve
as separators between the pumping stages and can be used for current monitoring,
when aligning the ion beam. A linear, orthogonal extraction, time-of-flight mass
spectrometer (TOF) is mounted on a z-travel in the fourth pumping stage and
can be retracted from the beam axis if not in use. The instrument can detect
positive and negative ions and has a resolution of m/Am = 300, which is sufficient
to confirm the intactness of a molecular species. Three different sample holders are
mounted in the 4™, 5% and 6" pumping stage. The sample is placed behind an
aperture in a shield electrode - both connected electrically for current measurement
and the applying of voltages. Well defined electric fields can be generated that
accelerate or decelerate the beam without major disturbance to the focusing, which
allows to control the deposition energy. In addition the current measurement offers
precise control of the flux and coverage. The high vacuum sample holder (S-HV
sample holder) in the TOF chamber is used for deposition of samples for ex-situ
analysis as well as for exact measurements of the beam energy with an integrated
retarding grid detector. A vacuum suitcase (S-UHV suitcase) containing a fully
functional ion beam deposition sample holder can be mounted at the fifth pumping
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stage. Here samples from the low temperature scanning tunneling microscope
operated at 1 K can be introduced for deposition at 1072 mbar. Finally, also in
the 6'" pumping stage a sample stage is mounted, which is used to coat substrates
intended for in-situ analysis with the connected STM. To avoid any contamination
at the surface the N3 ion beams were mass selected using the quadrupole in the
3'Y pumping stage. To further ensure the intact deposition the ion beams were
decelerated by applying an appropriate voltage to the sample. The kinetic energy
was measured at values of 35 - 50 eV and the bias at the sample was set to 30 - 45
V respectively, which lead to deposition energies of 5 eV. During the deposition
the ion current was monitored, which allows a precise adjustment of the molecular
coverage. After a desired coverage has been deposited, the sample is transferred in
situ into the STM - either directly or via the vacuum suitcase.

16
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ning tunneling microscope

As a prerequisite for experiments presented in this work, a new type of low
temperature scanning tunneling microscope operating in UHV at 5 K was realized.
The STM fulfills following criteria: (i) precise tip z-approach, (ii) lateral sample
positioning with (sub-)micrometer precision, (iii) simple in-situ tip exchange, (iv)
optical access for controlling the sample position and irradiating the sample with
light, (v) multiple electrical sample access for in-situ transport and back-gate
functionalities and (vi) use of versatile sampleholders for different substrates.
This STM provides a basis for future experiments on various substrates including
graphene to which a backgate voltage can be applied. The optical sample access
further allows for investigations of light-induced and photon-emission processes
(see Conclusions and Perspectives).

This chapter first describes the UHV system into which the STM unit was integrated.
As a second point, the mechanical and electrical connection to a new helium bath
cryostat is specified in more detail. Subsequently, the design and realization of the
STM unit itself as well as additional system components will be introduced. At
the end of this chapter, the performance of the STM is demonstrated.

2.1 Design, construction and setup

2.1.1 UHV system

The UHV system, into which the new STM unit was integrated, consists of a
preparation and an analysis chamber. These chambers are separated by a plate
valve as illustrated in Figure 2.1. The preparation chamber is equipped with
standard surface preparation tools (e.g. an ion gun for the sputtering of samples,
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gas dosing equipment) and a quadrupole mass-spectrometer for the analysis of
rest gases. Moreover, several evaporators for metals and organic molecules are
available. The sample can be positioned in both UHV chambers by a linear transfer
manipulator. A load-lock unit, installed at the preparation chamber, enables
the transfer of both samples and STM tips between ambient and UHV condition
and the mounting of a UHV transport suitcase (see Section 2.1.4). In both the
preparation and the analysis chamber, a sample storage magazine, for maximum
four samples respectively, is integrated. In the analysis chamber, the STM unit
is mounted to a liquid helium bath cryostat (Figure 2.2) which is surrounded by
a liquid nitrogen shield. The base pressures in the preparation and the analysis
chamber are lower than 3x107° mbar and 6x 107! mbar, respectively. The whole
UHYV system is installed on an optical table which is decoupled from external
vibrations by one active and one passive damping stage. Furthermore, a second
passive damping stage decouples the liquid helium bath cryostat from the liquid
nitrogen shield cryostat.

plate valve passive damping

\ 2" stage

preparation chamber \\
e metal wobble stick |
W dispenser

i \D\

mass spectrometer

| ——————  helium bath cryostat
nitrogen shield cryostat
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manipulator \\ << chamber
] % =
= — |
(5 = | = ion getter pumps

OMBE
source
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1% stage

turbo
molecular pump
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Figure 2.1: Schematic view of the UHV 5 K scanning tunneling microscopy setup
consisting of the preparation chamber equipped with standard surface preparation tools
and the analysis chamber containing the STM unit.
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2.1.2 Helium cryostat

Within the framework of developing the STM unit (see Section 2.1.3) and integrating
it into the UHV system described before, the existing liquid helium bath cryostat
was replaced by a new one which is shown in Figure 2.2a. The typical STM
operation temperature is aimed at maximal 5 K.

The cryostat top plate comprises UHV compatible BNC- and multipin-feedtrough
connectors, a common electrical grounding plate and a burst disc. In order to
ensure the STM operation temperature of 5 K, all cables and wires connected to the
STM unit are thermalized at different temperature levels of the cryostat. Further, a
cable thermalization unit was designed and integrated as shown in Figure 2.2b. For
the current and z-electrode signals, shielded phosphor bronze wires (supplier: Lake
Shore Cryotronics Inc., type: CC-SC) were employed. Further, shielded stainless
steel coaxial cables (supplier: Lake Shore Cryotronics Inc., type: CC-SS) with a
low thermal conductivity were used for bias and sample contacts. The shieldings
of these sensitive signal cables are electrically not interrupted along the whole
connection to the STM unit. On the other hand, non-shielded manganin wires
in twisted pair-/quad-configuration (supplier: Lake Shore Cryotronics Inc., type:
WDT-36, WQT-36) were used for the less sensitive xy-electrodes of the scanning
piezo, the xy-shear actuators, the two temperature sensors and the heating diode
(see Section 2.1.3). For the attocube coarse approach, a thicker manganin wire was
chosen since the maximum wire resistance should not exceed 10 Ohms for ideal
operation.

2.1.3 STM unit

Figure 2.3a schematically illustrates the design of the STM unit which consists
of an approach-scanning unit (indicated in blue) and a sample translation stage
(indicated in green/yellow). The STM is machined out of gold-plated, UHV
compatible oxygen free phosphor bronze. It is mounted modularly to the liquid
helium bath cryostat as shown in Figure 2.3b and 2.3c, respectively. Detailed views
of the STM components are depicted in Figure 2.4.

In this home-designed STM version, a highly stable tip-approach is achieved using
a commercial coarse-motion piezo z-stage (supplier: Attocube Systems AG, type:
ANPz101) which is mounted to the STM base plate (Figure 2.3a). The scanning
piezo, a lead zirconate titanate ceramic tube (supplier: EBL Products Inc., type:
EBL #3), is glued (supplier: Polytec PT GmbH, type: Epo-Tek E4110/H71) into
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Figure 2.2: The new liquid helium bath cryostat to which the STM unit is connected.
(a) From top: UHV cable feedthroughs, helium cryostat top flange, radiation shields,
helium pot with radiation shield and STM unit surrounded by a rotatable shield. (b)
Zoom-in image of the top part of the liquid helium bath cryostat. All cables and wires
are thermalized at different anchoring points including a home-built cable thermalization
unit.

a sapphire plate on top of the attocube z-stage (Figure 2.4a). Both the coaxial
cables for z-electrode and current (see below) are guided through this sapphire
plate in order to reduce the mechanical strains on the scanning piezo. The tip
can be easily screwed into the tipholder (Figure 2.6 a) which is made of magnetic
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Figure 2.3: The new 5 K STM. (a) Schematic overview of the STM unit consisting of
the approach-scanning unit (blue) and sample slip-stick translation stage (green/yellow).
Image of the front side (b) and back side (c) of the STM unit which is mounted to the
liquid helium bath cryostat.
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stainless steel. The tipholder is inserted into a magnetic receptacle which is glued
to the scanning piezo (Figure 2.4b). The optical access to the sample is realized
using an UV-enhanced aluminium-coated flat mirror (supplier: Melles Griot GmbH,
type: Oauv-Mfg-50003M-C) held by two copper-beryllium springs on a mirror plate
(Figure 2.4c). The whole approach-scanning unit is mechanically connected to the
sample translation stage via three metal rods.

: tip
ezl receptacle
piezo i
) sapphire sample slider

-

tipholder
with tip

spring plate with sapphir
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¢ noidet

|
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Figure 2.4: (a) Attocube coarse-motion piezo z-stage mounted onto the STM base
plate. The scanning piezo and magnetic tip receptacle are assembled on top of a sapphire
plate. (b) Tip screwed into the tipholder approaches from below the sample which is
kept in the sample slider. (c) Optical sample access via a metal-coated mirror. The inset
shows a CCD-camera image of the tip / Au(111) sample during approach. (d) Sample
translation stage with sample slider pressed by a spring plate and a sapphire ball with
adjustable frictional force in between the six xy-piezoelectric shear actuators. Surfaces in
frictional contact are made of planar sapphire plates allowing lateral slip-stick motion.
One side of the actuators is glued into molybdenum holders (see inset). (e) Sample
slider with four separate electrical sample contacts, integrated heating diode and copper
braids for optimized sample thermalization. The sampleholder is fixed via four pressing
springs. The inset shows the Cernox temperature sensor mounted to the bottom side of
the sample slider via a thermalization unit.
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The sample translation stage shown in Figure 2.4d consists of the sample slider
(Figure 2.4e) and the lateral sample positioning system (indicated in yellow in
Figure 2.3a). The sampleholder, inserted into the sample slider, is electrically
accessed via four isolated spring contacts (Figure 2.4e, supplier: Feinmetall GmbH,
type: F70611B130G150ST). Further, a heating diode (supplier: Vishay, type:
BZT03C200) is integrated into the sample slider to allow in-situ sample heating.
The sample temperature is measured by a Cernox thin film resistance cryogenic
temperature sensor (supplier: Lake Shore Cryotronics Inc., type: CX-1050-SD-HT-
P) which is mounted at the bottom side of the sample slider via a thermalization
unit (inset Figure 2.4e). The thermalization of the sampleholder is optimized by
flexible copper braids which connect the sample slider to the STM body. A second
temperature sensor is mounted to the STM top plate.

The precise lateral positioning of the sample slider both in x- and y-direction is
based on the principle of inertial slip-stick step motion”” using six xy-piezoelectric
shear actuators terminated with Al,O3 (supplier: PI Ceramic GmbH, type: PAXY
+ 0048). As a first step, the shear piezos are accelerated rapidly over a short period
of time so that the inertia of the sample slider overcomes static friction. The sample
slider remains nearly nondisplaced. Subsequently, the shear piezos move back to
their initial position slowly enough that the sample slider sticks to the shear piezos
and makes a net step. As shown in the inset of Figure 2.4d, the shear actuators are
glued on one side into a molybdenum holder to maximize the mechanical stability
and match thermal dilation parameters. All surfaces exhibited to frictional contact
are made of planar sapphire plates. The constant frictional force is adjusted via
choosing the right diameter of the sapphire ball sitting in between the spring plate
and the sample stage top plate (Fig. 2.4d). The x-/y-displacement of the sample
slider is restricted by three rods enabling sample positioning in the range of + 5
mm. This setup typically allows displacement steps down to 1 um.

In the STM unit, shielded phosphor bronze wires were used for the signals of
current and z-electrode. For bias and sample contacts, unshielded phosphor bronze
cables were used. In a similar way to the cryostat cabling, non-shielded cryogenic
wires in twisted pair-/quad-configuration were used for the xy-electrodes of the
scanning piezo, the xy-shear actuators, the two temperature sensors, the attocube
coarse approach and the heating diode. To allow easy removal of the STM from the
helium cryostat, the cables are attached via SMB connectors (supplier: Allectra
GmbH, type: 245-CON-SMB(-F)) and multi-pin plugs (supplier: Allectra GmbH,
type: 360-PPO-2.4) to the STM top plate.
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Chapter 2. Realization of a new 5 K scanning tunneling microscope

2.1.4 System components

In this section, the design of new home-built system components which were
necessary for the STM setup is described.

Sampleholders for various substrates

Three different sampleholders are designed to accommodate various types of sam-
ples, particularly (a) metal crystals, (b) natural single oxide crystals and (c)
graphene samples as depicted in Figure 2.5. All sampleholders are machined out of
molybdenum due to its mechanical stiffness, heat resistance and UHV compatibility.
As shown in Figure 2.5a, metal crystals are kept isolated from the sampleholder by
sapphire rings and are electrically accessed by contact wires (for bias and thermo-
couple) which are pressed between the sample and sapphire ring. The suitably cut
natural TiO, anatase single crystals (see Chapter 4) are pressed into a molybdenum
base plate. The electrical contacts are integrated into the molybdenum plate and
isolated from the sampleholder by a sapphire ring (Figure 2.5b). In addition, also
sampleholders for graphene samples were prepared. For example, a CVD graphene
sample on silicon oxide can be glued onto a sapphire base plate which fits into the
sampleholder (Figure 2.5¢). The graphene sheet can be electrically contacted via
bonding wires.

Tip exchange mechanism

Working with metal oxide surfaces necessitates regular tip exchanges. To this
end, a reliable and simple in-situ tip exchange mechanism is realized as shown in
Figure 2.6a. For changing the tip, the tip exchange slider is put into the sample

Figure 2.5: Schematic view and image of sampleholders for (a) metal crystals, here
Au(111) (bottom / top side) (b) natural single crystals, here TiO9 anatase (101) with
molybdenum base plate and (c¢) backgated substrates, here CVD-graphene on silicon
oxide with sapphire base plate. (black: sampleholder, grey: top-plate, blue: sample,
green: sapphire plate, red: molybdenum plate, yellow: electrical contacts)
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2.1. Design, construction and setup

slider. Subsequently, after positioning the tipholder (Figure 2.6a) into the exchange
slider, it can be removed by retracting the magnetic tipholder receptacle using the
attocube piezo z-stage. A CCD-camera snapshot of the tip exchange procedure is
shown in Figure 2.6 a.

New manipulator head

To accommodate the designed sampleholders, a new manipulator unit needed to
be realized. The manipulator head shown in Figure 2.6b is machined out of oxygen
free copper and mounted on a rotatable manipulator in the preparation chamber
(Figure 2.1). The sampleholder is kept in the manipulator head by a molybdenum
plate which is pressed to the manipulator body via heat-resistant springs (supplier:
Gutekunst+Co. KG, type: D-041A). Four contact rods, isolated via sapphire plates
from the manipulator body and pressed by tempered springs onto the sampleholder
contacts, allow electrical sample access (e.g. for applying high voltages and for
temperature read-out). A tungsten filament allows the annealing of the sample at
up to 1200 K by electron bombardment. Free space has been left to add additional
components such as a tip sputtering unit to the manipulator head.

Optical system

The optical system consists of a microscope zoom-system and a monochrom light-
sensitive CCD camera (Figure 2.6¢, supplier: EHD Imaging GmbH, type: Zoom
125 system (2.0X TV-tube, zoom 125 w/iris, 15mm fine focus, 0.25 X aux. lens,
flat flange mount, UK1156M CCD camera)) placed outside the UHV chamber. A
special optic holder was designed to enable precise positioning in x-/y-/z-direction
to allow the focusing on a desired sample spot. The optical path passes a standard
UHYV viewport and the STM mirror with a total working distance of 310 mm. In
this system, the field of view can be tuned from 1.48 x 1.97 mm? to 18.46 x 24.62
mm? with a numerical aperture of 0.025 and a theoretical resolution of 14 pum.
Further, an optical fibre holder is installed to allow sample light irradiation (e. g.
using a laser). The rotatable helium and nitrogen shields of the STM unit are
modified to feature closable holes that allow optical sample access (inset Figure
2.6¢).
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Chapter 2. Realization of a new 5 K scanning tunneling microscope

Sample transport suitcase

The in-situ sample transfer between the UHV STM and the electrospray ion beam
deposition system (see Section 1.3) is realized using an UHV vacuum suitcase. As
shown in Figure 2.6d, it consists of a sample transfer rod, an ion pump, a getter
pump, a pressure control and a battery unit as power supply for mobile transport.
The front unit (Figure 2.6d top) was designed and constructed to accommodate
the new type of sampleholder and is made out of stainless steel. The sampleholder
inserted in the suitcase is held by four springs integrated into the front unit and
one centered top spring. The sample is grounded to the front unit body by top
spring contacts. On the bottom side, an electrically isolated blend is installed for
the ESI deposition (see Section 1.3). The UHV transport suitcase base pressure is
typically lower than 3.0 x 1071 mbar.

contact
rods

UHYV suitcase
front unit

ion pump

-‘ qnc" —:ﬂ"ﬂl
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fibre
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optical
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sample transfer-rod d .
=
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Figure 2.6: (a) Tipholder with tip, tip exchange slider and CCD-camera snapshot of
the tip exchange procedure. (b) New manipulator head for sample and tip preparation
(e. g. annealing, sputtering). (c) Optical system consisting of a microscope zoom-system,
a CCD-camera and an optical fibre holder with precise x-/y-/z-positioning unit. STM
shields are modified with closable holes enabling optical access. (d) Top: newly designed
suitcase front unit to accommodate the sampleholders. Bottom: mobile UHV transport
suitcase with ion pump, ion getter pump, pressure control and battery power supply.
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2.2. System performance

2.2 System performance

The performance of the new STM was tested on the Au(111) surface which is well
suited for topographic and spectroscopic characterization.”™™ Here, the Au(111)
substrate was cleaned following the procedure described in Section 1.2. The STM
measurements were performed in constant current mode at 5 K using a chemically
etched tungsten tip. No filtering procedures were applied for the recorded data.

Topography

Figure 2.7a shows a STM topography image of the clean Au(111) surface which
is characterized by large, atomically flat terraces separated by monoatomic steps
of ~ 2.4 A height. The prominent herringbone superstructure resulting from the
22x+/3 reconstruction is clearly visible. A corrugation amplitude of ~ 0.2 A can
be derived from the corresponding linescan which matches well with values found
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Figure 2.7: Constant current STM images of the reconstructed Au(111) surface
measured at 5 K. (a) Overview of the stepped Au(111) surface (1.0 V, 1.0 nA, 5 K), (b)
linescan along direction indicated in (a), enlarged STM images revealing (c¢) herringbone
structure with atomic substrate resolution (0.1 V, 5.0 nA, 5 K) and (d) atomic substrate
resolution (0.1 V, 30 nA, 5 K). (e) and (f) 3D views of (¢) and (d), respectively.
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Chapter 2. Realization of a new 5 K scanning tunneling microscope

in previous studies.” Analysis of linescans shown in Figure 2.7b result in a peak
to peak z-noise of ~ 4.9 pm. Figure 2.7c and d show high-resolution STM images
of the atomically resolved Au(111) substrate.

Spectroscopy

Figure 2.8a shows a differential tunneling current spectra measured on Au(111).
The measured gold surface state onset of -0.5 eV below the Fermi energy is in good
agreement with well-known values from STS™ and photoemission®® studies. Figure
2.8b shows the distance-voltage characteristics (z(V)-spectrum) of Au(111). The
image-potential states are identified at 5.3, 7.0, 7.8, 8.4 and 9.0 V. Here, the typical
features are the large width of the n=1 state and the shoulder at about 3.6 V.
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Figure 2.8: Electronic characterization of the Au(111) surface at 5 K. (a) dI/dV-
spectrum with the surface state at - 0.5V. (b) Potential image characteristics.

In conclusion, the z-stability and spectroscopic performance comply with state of
the art microscopes working at liquid helium temperatures. Its high performance
stability has been proved over the last two years.
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8] Patterning and functionalization
of metal surfaces

The first part of this chapter reports on the realization of self-assembled metal-
organic coordination networks (MOCNs) which grow continuously over multiple
surface steps showing a high degree of insensitivity and adaptability to intrinsic
surface defects. The second part of the chapter reports on the utilization of these
surface confined MOCNs as templates to steer the adsorption and organization of
catalytically active nickel atoms and clusters as well as secondary ligands for the
assembly of multicomponent functional architectures.

3.1 Highly adaptable 2D-MOCNs

Supramolecular assembly of surface-confined 2D-architectures is a topic of intense

28,81,82

research with potential applications in surface patterning, catalytic model

37,83 8,85 In particular, surface

systems, molecular electronics, and spintronics.
assisted metal-coordination bonding allows the synthetic bottom-up fabrication of
molecular architectures of well-defined geometry with specific functional properties.
Many examples of diverse metal-organic coordination networks with tunable sizes

87.8% and regular arrays of spin

and topologies,®® suitable for host-guest chemistry,
centers® were demonstrated. Moreover, 2D metal-organic superlattices with a high
degree of structural order up to the micrometer range were reported.”’ Recently,
on-surface covalent polymer networks have gained increasing attention as a route
to pattern surfaces with molecular adlayers due to their high thermal and chemical
stability.”’ 7 However, in contrast to MOCNS, the structural control of polymer
networks is limited by the presence of radical and highly reactive intermediates
during the assembly process and the exclusion of error correction in the irreversible
formation of covalent bonds. MOCNSs, on the other hand, show self-selection and

error correction as demonstrated by a heteroleptic bonding motif due to the specific
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Chapter 3. Patterning and functionalization of metal surfaces

Figure 3.1: Chemical structure of the 4,4’-di-(1,4-buta-1,3-diynyl)-benzoic acid with
carboxylic and alkynyl functionalities (H, white; C, gray; O, red).

binding of the ligands to the metal centers.® Apart from separated examples
of graphene and hexagonal boron nitride layers, one common obstacle of both
MOCNSs and polymer networks is the limitation of the mesoscale ordering imposed
by substrate step edges. Recently, the assembly of several hundred nanometer
long one-dimensional molecular chains driven by hydrogen bonds showing crossing
over step edges was observed on one specific substrate and surface symmetry.2? %
However, 2D-MOCNs were not observed to show insensitivity to native surface

steps and defects.

Here we address the challenge of designing 2D-MOCNSs that overcome the limitations
imposed by surface steps. To this end, we have synthesized the rod-like ligand 4,4’-
di-(1,4-buta-1,3-diynyl)-benzoic acid BDBA?1! which is schematically depicted
in Figure 3.4. The BDBA constitutes a rod-like multitopic ligand comprising a high
degree of m-electron density within its molecular structure. Sample preparation
and characterization were conducted in two ultrahigh vacuum systems equipped
with a home-built variable temperature and a low-temperature scanning tunneling
microscope. STM data were recorded in constant current mode after the sample
was cooled to room temperature or 5 K, respectively. The base pressure of both
systems is better than 3 x 107!° mbar. Single crystal Cu(100), Ag(100) and
Au(111) surfaces were prepared by repeated cycles of Art sputtering and annealing
at 800 K (see Section 1.2).

3.1.1 BDBA on Cu(100), Ag(100) and Au(111)

The BDBA molecule was first thermally evaporated onto Cu(100). The results
obtained by means of variable temperature scanning tunnelling microscopy are
shown in Figure 3.2a. On Cu(100), substrate induced conformational changes of
the organic ligand with strong molecular relaxations on the Cu(100) surface were
observed. Here, the BDBA alkynyl groups bind strongly to the metal substrate
leading to a partial sp-hybridization of the alkynyl carbon atom and thus to the
observed molecular bending. As depicted in Figure 3.2b - 3.2d, the size of these
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3.1. Highly adaptable 2D-MOCNSs

Figure 3.2: (a) BDBA molecular domain on Cu(100). The molecules are clearly
bended upon adsorption. The BDBA domains grow in size with increasing substrate
annealing temperature of (b) 350 K, (c) 400 K and (d) 450 K.

molecular domains increases with higher annealing temperatures.

Upon room temperature deposition on Ag(100) surface, BDBA molecules form large
domains consisting of close-packed linear chains parallel to the surface principal
directions (Figure 3.3a). Within a chain the molecules potentially bind to each
other via complementary carboxylic hydrogen bonds.'“? Adjacent rows potentially
interact by attractive carboxyl-phenyl hydrogen bonds and van-der-Waals forces.
Annealing of the BDBA / Ag(100) system at temperatures above 430 K leads to the
reorganization of the molecules into a chiral chevron pattern (Figure 3.3b) similar
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Chapter 3. Patterning and functionalization of metal surfaces

Figure 3.3: STM images of the molecular phases of BDBA on (a,b) Ag(100) and (c)
Au(111) surfaces. At room temperature domains form where the molecules align parallel
to the chains (a,c). After annealing above 430 K on Ag(100) BDBA deprotonates and
a structure transition occurs (b). Yellow lines mark the close-packed directions of the
surface. (Image parameters: (a) - 1.2 V, 0.2 nA, 297 K; (b) - 1.3 V, 0.2 nA, 297 K; (c)
0.8 V, 0.3 nA, 297 K).

to the structure observed in Ref. 103. We ascribe this to the thermally induced

104

deprotonation of the carboxylic acid groups.'®* Here, the strong carboxylate-phenyl

104 and the carboxylate-carboxylate repulsion govern the

ionic hydrogen bonding
overall appearance of the observed structure. The BDBA molecules are stable
up to 500 K, beyond this temperature only disordered polymer-like features are

observed.

On the Au(111) surface, only the linear BDBA phase was found even after annealing
the sample at 450 K (Figure 3.3¢). The measured periodicity of 19.6 A within the
molecular chains is lower compared to the Ag substrate (20.2 A). Since adjacent
carboxylic acid groups are closer together (O-HO distance is 3.8 A for Ag and 3.1
A for Au), stronger hydrogen bonding between the molecules within the chains
is expected. On both surfaces the BDBA was always imaged as a straight and
elongated protrusion even after deprotonation on the Ag surface.

3.1.2 BDBA-MOCNSs on Au(111) and Ag(100)

The MOCN preparation method applied in this work is illustrated in Figure 3.4.
Accordingly, BDBA was deposited continuously from a quartz crucible heated to
560 K in a time range of 7 - 9 minutes (tgpga) on the metal substrate. During the
deposition the substrate was kept at an elevated temperature in the range of 450 -
460 K. Iron atoms were simultaneously deposited from an electron-beam heated
evaporator in homogeneously distributed 7 - 9 intervals of 20 - 30 seconds (tg.)
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tE?DBA

BDBA t {

Fe — I i

Figure 3.4: Tllustration of the applied MOCN preparation scheme. Continuous BDBA
deposition for tgpga = 7 - 9 minutes at substrate temperatures of 450 - 460 K. Fe
deposition distributed homogenously in 7 - 9 intervals of 20 - 30 seconds with equal
deposition breaks (tpreak)-

interrupted by time intervals ty..ax Where the shutter of the metal evaporator was
closed. After completing the BDBA and Fe deposition, the substrates were kept at
450 - 460 K for three minutes and subsequently cooled down to room temperature
with ~ 0.5 K/s. As a result, regular MOCNs with metal-to-molecule concentration
ratios of 1:1 were obtained while the formation of disordered or locally unsaturated
network parts was rarely observed. Regular networks were also observed when
molecule and metal deposition were carried out consecutively. While network
adaption to terrace steps and at network domain boundaries were still observed
the overall quality of the network formation improved when both constituents were
deposited simultaneously.

Figure 3.5a and 3.5¢ depict two representative STM images with 2D-MOCNSs on
Au(111) and Ag(100) surfaces, respectively. The network formation is controlled
by the metal-to-molecule concentration ratio as described before. At the employed
Fe:BDBA ratio of 1:1, fully reticulated network structures form comprising iron
dimers at the network nodes as demonstrated in Figure 3.5b. At each network node
four BDBA molecules coordinate with their carboxylate groups to Fe adatoms in
two different modes. Two BDBA molecules bridge the diiron unit symmetrically
while each of the other two axial ligands forms bidentate bonds to one Fe atom
of the dimer. An asymmetric configuration with monodendate axial ligands was
also observed. Similar networks and binding motifs were reported in previous
works on Fe-carboxylate coordination systems.?* %5197 However, in contrast to
previous findings the orientation of the Fe dimers shows a mixed phase of parallel
and alternating arrangements with no strict periodicity. Rarely, highly regular
sections of the BDBA-Fe MOCN on Au(111) were observed as shown in Figure 3.6.
In this case, the adjacent iron atom dimers (Fe-Fe spacing ~ 3.6 A) show a parallel
orientation. At each network node four BDBA molecules coordinate with their
carboxylate groups to Fe adatoms in two different modes. Two BDBA molecules
bridge the diiron unit symmetrically while the other two ligands form axial bonds
to the Fe dimer.!1 196108 The majority of the axial linkers bind with two oxygen
atoms to an Fe adatom, but an asymmetric configuration with only one oxygen
atom binding to the Fe adatom is also observed occasionally. The resulting MOCN
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irregular triangular and pentagonal network structures can be observed (Au(111), 5 K,

the same terrace. The conformational adaptation of the molecules and the formation of
-0.6 V, 0.3 nA). (c) Ag(100).

network with the central di-iron binding motif. The middle image shows ligands in a
bent configuration. The right image shows the mutual adaptation of two domains on

domains adapt both at surface steps and on terraces. (b) The left image shows a regular

Figure 3.5: Representative STM images of BDBA-Fe MOCNSs.

substrate directions are indicated by blue crosses.
shapes and adapts to subtle substrate variations
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3.1. Highly adaptable 2D-MOCNSs

Figure 3.6: (a) High-resolution STM topography of a BDBA-Fe MOCN on Au(111)
(-0.6 V, 0.3 nA, 5 K). A tentative model is superposed. (b) BDBA-Fe network on Ag(100)
(0.8 V, 0.3 nA, 5 K). The ligands appear in different conformations as illustrated in the
tentative model in (c).

can be characterized by a rectangular unit cell as indicated in the tentative model
in Figure 3.6a. Figure 3.6b illustrates the ligand adaptability within the MOCN.
The BDBA molecules exhibit different conformations in the BDBA-Fe MOCN on
Ag(100), e.g., strongly bent ligands were observed as highlighted in Figure 3.6b. In
Figure 3.6¢, a tentative model is given for the observed BDBA-Fe network. Apart
from the conformational degree of freedom of the BDBA ligand, the iron atoms
appear to have variable positions relative to the substrate lattice and presumingly
adapt their orientations to enable the MOCN formation.

Apart from the similarities of the local structural details of the networks with other
Fe-carboxylate systems, the BDBA-Fe MOCNSs exhibit a high insensitivity to step
edges of various shapes and orientations, i.e., the network extends over surface
steps without breaking the network integrity. At the step edges, BDBA-Fe domains
originating from adjacent surface terraces mutually adapt in-phase resulting in the
extension of the network structure over multiple surface steps (cf. Figure 3.5a and
3.5¢). The Fe dimer orientation, spacing, and local ligand arrangement exhibit
a broad range of geometries that becomes apparent in Figure 3.5b. The BDBA
is capable of undergoing internal conformational changes as demonstrated in the
middle and right image of Figure 3.5b. Here, several ligands are strongly bent
while coordinating to iron atoms in the network. In addition, network triangles
and pentagons can be identified at the domain interfaces. The strong variations of
the ligand adsorption geometry deviating from the high-symmetry directions of the
underlying surface are accompanied by a high degree of flexibility at the coordination
centers of the network.®® These highly irregular transition structures of the ligand
as well as the flexibility of the coordination bonding enable the mutual adaptation
of BDBA-Fe domains growing on the same terrace with different orientations.
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2nm.

Figure 3.7: High-resolution STM topographs of BDBA-Fe MOCNSs. (a) Fully reticu-
lated network crossing a Au(111) step (5 K, 0.8 V, 0.7 nA). The domains at the lower
and upper terrace mutually adapt and merge in-phase at an irregularly shaped step edge.
Iron dimer centers were resolved except at the direct step edge region. (b) Continuous
BDBA-Fe network on a rugged Ag(100) surface (5 K, -0.9 V, 0.5 nA). (c) BDBA-Fe
at a Au(111) step edge (5 K, 0.8 V, 0.3 nA). The submolecular resolution exhibits the
configurational degree of freedom of the edge molecules.

Both, the flexibility of the metal-ligand bond and the conformational freedom of
the molecules result in an overall fully reticulated network that lacks strict 2D
periodicity. In contrast to the metal-ligand bond flexibility found in heteroleptic
MOCNS®® the error tolerance and adaptability of the presented homoleptic network
are a consequence of the high flexibility of the chemisorbed ligands and shows, in
contrast to former works, also high insensitivity to step edges as presented in the
following,3% 86,105,106
Figure 3.7 demonstrates in more detail the flexibility and adaptability of the
BDBA molecules at Au(111) and Ag(100) step edges. Figure 3.7a shows an MOCN
extending over a step edge. BDBA decorates the step edge with its long axis
oriented along the step direction at the lower side of the step. Ligand molecules of
adjacent terraces point to a common network node across the step edge with the
upper ligand apparently extending over the step. The variations in the apparent
heights of the ligands in the STM images in Figure 3.7a and 3.7c indicate that the
step molecules can adopt different configurations. We interpret this observation as
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3.1. Highly adaptable 2D-MOCNSs

Figure 3.8: (a, b) STM images of a single domain and an overview of BDBA-Fe
networks on Ag(100) (5K, 0.5V, 1nA). Terraces appear to be restructured for the
accommodation of an integral number of BDBA molecules which each coordinating to
iron dimers. Between the network domains the surface is very rough consisting of many
small nanometer sized terraces.

the molecules’ ability to reside flat at the lower side of the step or, when closer to
the step, to adopt a tilted or bent configuration. Figure 3.7b illustrates the ability
to form continuous networks on a rugged Ag(100) surface. A fully reticulated
MOCN extending over multiple steps was observed. However, it is likely that
during the network formation the steps are reconstructed on the Ag(100) surface.
Figure 3.8 shows BDBA-Fe network domains on a rugged area of the Ag(100)
surface. In addition to the data shown in Figure 3.7d, also terraces with a width
of two and more crossing BDBA ligands were observed. The area between the
domains is very rough comprising many irregular nanometer sized terraces. The
MOCN formation process appears to strongly reshape the area under the network
which is indicated by the presence of larger sized terraces and straight terrace steps.
With an increasing number of BDBA ligands accommodated on each terrace, the
internal flexibility of the whole MOCN increases and consequently the network
adaption to the substrate becomes more and more dominant. Most processes
concerning Ag atoms on Ag(100) surfaces (e. g. diffusion, vacancy formation, ...)
have an activation energy below 0.5 eV, so they are easily activated even at room
temperature. To optimize the formation of mesoscale MOCNs, the influence of
particular crystallographic surface terminations of the substrates on the ability of
both surface reshaping and network adaption needs to be further studied.
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As demonstrated above, the BDBA exhibits a high degree of conformational and
orientational flexibility. The ability of the BDBA to assume different adsorption
geometries including strongly bent and titled configurations is ascribed to its
butadiyne backbone. In general the sp bonded alkynyl structure exhibits only
limited bond angle flexibility. However, the asymmetric interaction of the orthogonal
m-orbitals with the surface may lead to a partial rehybridization including higher
sp™ orbitals, thus altering the 180° bond angle. A potential charge transfer to
the 7* orbital could effectively lower the bond order of the alkyne carbon atoms.
On the other hand, in the absence of Fe atoms the pristine BDBA molecule does
not exhibit variations from its rod-like shape. In this case, neither intramolecular
bending nor strong adsorption site variation were observed on both Ag(100) and
Au(111) surfaces (see before).!% The estimated binding energy for Fe-carboxylate
networks in similar 2D configurations amounts to about 1.2 eV per bond.?* We
reason that the energy gain from the coordination bond formation overcompensates
the energy expense for the bending of the molecules, thus enabling the adaptation
ability of the network.

The position and orientation of the Fe dimers and ligands relative to the substrate
lattice is determined by the dominant BDBA-Fe coordination. The network
structure exhibits a broad range of nonequivalent adsorption sites and orientations
for both the iron dimers and ligands. This is a result of many different possible
bonding and adsorption configurations that are energetically accessible. These
observations are in contrast to Fe-carboxylate networks with rigid polyphenyl
ligands, where the network orientation, molecular adsorption, and the position of
the iron atoms is well determined with only little structural variations.?* 05107
However, the use of a less rigid 2-fold coordination motif can result in highly flexible
1D chains.”” The statistical analysis of the ligand orientations within the MOCNs
on Au(111) and Ag(100) is presented in Figure 3.9. It shows a BDBA-Fe network
on Au(111) used for analyzing the BDBA orientations that were measured in two
different ways: the first direction is defined by the center-to-center axis of the
two corresponding BDBA phenyl rings and the second direction is defined by the
node-to-node axis between the diiron centers. The result is presented in Figure
3.9b. The mean ligand orientation forms an angle of about 14° with the surface
principal direction marked in red in Figure 3.9a. Furthermore, the histogram shows
a relatively broad distribution of the ligand orientations. Due to the possible
ligand bending upon the coordination to iron atoms, the angular distribution of
the ring-to-ring directions (indicated in red and black in Figure 3.9b) is somewhat
broader compared to the node-to-node directions. Figure 3.9c further shows a
BDBA-Fe MOCN on Au(111) used for the Fourier analysis of the mean ligand
orientation (Fourier scheme shown in Figure 3.9¢). The broad spots in the Fourier
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3.1. Highly adaptable 2D-MOCNSs

transformed image (Figure 3.9d) yield a ligand orientation range of about 25°
in accordance with the statistical analysis (Figure 3.9b) where the width of the
angle distribution for the node-to-node direction amounts to 25-30°. In the Fourier
image also small dots appear close to the center that are due to the herringbone
reconstruction of the underlying Au(111) surface. The surface reconstruction has
no apparent effect on the BDBA-Fe network growth. For the BDBA-Fe network on
Ag(100) shown in Figure 3.9f, the ligand orientation deviates approximately 45-50°
from the surface unit vector indicated in red. These observations show that, in
contrast to a large number of previously observed systems, the underlying substrate
lattice does not strictly define the ligand orientations within the obtained MOCNS.

The crossing of the network structure at the step edges follows predominantly one
motif as indicated by the tentative model of the local configuration superposed
in Figure 3.7c. Two axial ligands are generally adsorbed directly parallel at the
step edge. The two molecules perpendicular to the step form bridging bonds to
the Fe dimer with the upper ligand extending somewhat over the terrace step
which is enabled by the flexibility of the ligand backbone. In previous work ditopic
rodlike dicarboxylic acids also extend with the carboxyl moiety over the step edge.
In that case however, the carboxylic acid remained protonated forming hydrogen
bonded molecular chains with no metal adatom involved in the bonding.”? Here,
we can rule out the possibility of protonated molecules by the presence of reactive
Fe metal adatoms and thermally induced deprotonation of the carboxylic group
upon annealing. The in-phase crossing of surface steps was not observed for related
Fe-polyphenyl carboxylate networks, which we ascribe to the low flexibility of these
ligands.33:86:87.105-107 The variations in the Fe dimer configurations are inherently
linked to their imaging by STM. Even under suitable tip conditions, parts of the
MOCN with visible iron dimers coexisted with network parts where the iron could
not be resolved. We ascribe this to local electronic differences due to different
coordination geometries. In this context, the iron centers were not resolved in the
direct step edge region. However, we expect the presence of iron dimers in the
coordination nodes at the lower side of the step edges from the analysis of the ligand
arrangement and distances. At the step edge, the metal-ligand bond distances
for both the bridging and axial molecules are in accordance with corresponding
distances found on surface terraces (further analysis see below).

In the absence of iron atoms, i.e., in the molecular phase of BDBA, this bonding
motif and step edge crossing was never observed, neither on terraces nor at step
edges of Ag(100) and Au(111) surfaces (see before). The necessity of iron atoms
indicates that neither silver nor gold adatoms are incorporated in the MOCN
nodes. In comparison to the hydrogen-bonded one-dimensional molecular chains,
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Figure 3.9: (a) STM topography of the BDBA-Fe MOCN on Au(111) used for the
statistical analysis of the ligand orientation relative to the red substrate direction (5K,
-0.6V, 0.3 nA). (b) Histogram of the ligand orientation in (a) obtained in two ways:
center-to-center axis of the BDBA phenyl rings and node-to-node axis between the
diiron centers. (¢) BDBA-Fe MOCN used for Fourier analysis (d) of the network growth
direction on Au(111) (5K, -0.6V, 0.3 nA). Following Fourier transformation (e) the ligand
angle distribution amounts to 25°. (f) BDBA-Fe MOCN on Ag(100) (297 K, -0.9V, 0.08
nA) with the ligand orientation statistically analyzed in (g).
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density functional theory calculations show that the binding energy is dominated
by hydrogen bonds with interaction strengths larger than the inclusion of substrate
adatoms or step atoms.”? With respect to metal-ligand interactions this supports
the incorporation of iron atoms in the coordination nodes and the exclusion of
surface adatoms in the nodes.

It is interesting to see the behavior of the structures at different stoichiometric
Fe:BDBA ratios. The fully reticulated iron dimer motif (Fe:BDBA ratio 1:1)
resolved on both Ag(100) and Au(111) surfaces is consistent with coordination
motifs observed in previous works, in which iron atoms and carboxylate ligands
were employed.!1:33:106 We performed in depth STM studies of the MOCNSs and its
coordination centers also at metal-to-ligand concentration different from 1:1. Upon
co-deposition of BDBA with lower amount of iron (Fe:BDBA ratio 2:3) on Ag(100),
double-row Fe-BDBA network structures were obtained as presented in Figure 3.10.
The BDBA molecules within the rows are bound together by coordination bonds
to single iron atoms, which are clearly resolved in Figure 3.10b. The Fe atoms in
those double-row structures are positioned off the central chain axis of the rows and
are stabilized by perpendicularly arranged bridging BDBA molecules. Within the
double rows, the molecules in neighbouring rows are presumably bound together
by phenyl-carboxylate hydrogen interaction as in the case of the molecular linear
BDBA phase. Increasing the Fe:BDBA ratio over 1:1 results in the formation of
iron clusters (not shown) on Ag(100). On Au(111) at the same low Fe:BDBA ratio,
the double row networks were not observed. Instead, fully reticulated BDBA-Fe
single row networks coexisted with the pure molecular phase described before. At
a Fe:BDBA ratio higher than 1:1, the single row BDBA-Fe networks coexisted with
a completely new phase (Fe:BDBA ratio ~ 2:1) which is depicted in Figure 3.11.
Large domains were formed with molecules arranged side by side in extended rows.
The high-resolution image (Fig. 3.11b) reveals that molecules in neighbouring rows
are bound together by coordination bonds via iron atoms, which are, however,
barely visible. In addition, we presume that the parallel alignment of molecules
within the rows is due to incorporation of additional Fe adatoms since the shape of
the molecules bends slightly from a perfect rod-like shape.

As no binding motifs similar to network nodes shown in Figures 3.6, 3.10, and 3.11
were observed for the pure molecular systems on both substrates, the incorporation
of substrate adatoms (i.e. Ag and Au) in the network coordination nodes is very
unlikely. The incorporation of Fe dimers in the coordination nodes (Fe:BDBA
ratio 1:1) at the surface step edges seems highly probable by further analysis of
the metal-ligand bond distances. The measured phenylphenyl distance of two axial
BDBA ligands across the coordination node is (15.1 + 0.2) A, which fits with
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Figure 3.10: (a) STM image of an overview of the double row Fe-BDBA network on a
Ag(100) surface and close views with structure model (b,c). The close-packed substrate
directions are indicated by yellow crosses. (Image parameters: a) 0.7 V, 1.0 nA, 5 K; b)
0.8V, 0.05 nA, 297 K; ¢) 0.2 V, 1.0 nA, 5 K)

the corresponding distance of (15.2 + 0.2) A measured on surface terraces. In
comparison, the phenyl-phenyl distance of two bridging ligands is (11.1 + 0.2) A
and the phenyl-phenyl distance of hydrogen bonded BDBA molecules is (10.0 +
0.2) A, i.e. much smaller than the one observed at the step edge. The BDBA
molecules are predominantly orientated perpendicular to the step edges. This lower
variability in the observed angles is a typical feature of coordination node bridging
ligands. On the Ag surface, the energetically optimal position of iron atoms is to
be embedded in the first substrate layer. In order to form coordination bonds, the
iron atoms need to be raised to adatom position. At the step edge, the situation
is half way in between and favorably the iron atoms are directly attached to the
step edges. A similar argument would hold also on Au(111) where the Fe adatoms
preferably nucleate at the elbow sites of the herringbone reconstruction and the
step edges.

Upon thermal activation during the MOCN formation process the Ag(100) surface
morphology appears to be reconstructed in certain areas (cf. Figure 3.7b)."1% On
each terrace a single BDBA molecule coordinates with its carboxylate groups to
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Figure 3.11: (a,b) STM images of the Fe rich phase on Au (111). The underlying
substrate orientation is marked by blue stars. (Image parameters: a) 1.0 V, 0.5 nA, 5 K;
b) 0.5V, 1.0 nA, 5 K)

iron dimers at opposite steps. Although this configuration is only rarely observed,
the terraces appear to be modified for the accommodation of one molecule. The
metal-ligand interactions are hereby combined with the surface reshaping (see
before). It is worth noting that the MOCNSs on both Au(111) and Ag(100) surfaces
are robust against annealing to at least 490 K.

In conclusion, we have demonstrated the self-assembly of extended metal-organic
coordination networks, which grow continuously over multiple surface steps showing
a high degree of insensitivity and adaptability to intrinsic surface defects. This is
enabled by the conformational flexibility of the butadiyne backbone forming bond
angles far from ideal, hence conferring a high degree of error tolerance to the ligand
molecules. Our findings are valid on both silver and gold substrates with different
surface symmetries. Further, the MOCNSs are distinguished by their considerable
thermal robustness. The high degree of substrate error tolerance of the MOCNs
enables the realization of large-scale 2D-MOCNs. Particularly, our findings open up
the way to pattern also rough and imperfect surfaces, e.g., small crystallites, with
regular and thermally stable metal-organic structures. These MOCNs with high
surface coverage can be further functionalized for diverse applications by making
use of the butadiynyl moieties for the selective binding of guest species.
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3.2 Functionalization of 2D-MOCNs

The self-assembly protocols developed in the field of supramolecular chemistry
are widely employed to engineer complex molecular architectures and materials
with tailored properties.?526: 111117 Ty particular, bulk metal-organic frameworks

(MOFs) and other porous compounds are highly versatile materials3!:32 1167118 that

119 or heterogeneous catalysis.'?’ Only recently,

can be utilized, e.g., for gas storage
the interest has shifted also toward MOF films, thereby expanding and enhancing
their applicability to membrane separators, chemical detectors, optical applications,
and quartz crystal microbalance devices.'?!"22 In the two-dimensional limit, metal-
organic architectures as well as hydrogen-bonded networks confined to single-crystal
metal surfaces have been intensively studied for gaining fundamental insights into

27,82,123

the substrate governed self-assembly phenomena as well as to investigate

their potential in the fields of surface patterning,'?* catalysis,®” and organic-based
magnetism.®

Functionality in materials is often achieved by incorporating particular molecular or
inorganic components into the framework that do not necessarily serve as building
blocks in the primary structure (see Introduction)). At surfaces, molecular networks
were tested for their suitability to serve as host-guest systems®! and as templates to

124 and metal atoms and

steer the adsorption and organization of secondary ligands
clusters.'?>126 However, the thermal stability of the latter proved to be challenging.
Further, the metal decorated networks and templates have so far not been used to

incorporate ligand molecules at a second stage of organization.

Here, we demonstrate the selective incorporation of Ni atoms and clusters into two-
dimensional metal-organic templates on Ag(100) and Au(111) surfaces that allows
to coordinate additional molecules into the open structure. The host coordination
network self-assembles from bifunctional ligands (BDBA, Figure 3.1) and Fe atoms
and provides a robust and flexible matrix.'?” Scanning tunneling microscopy reveals
the selective interaction of Ni atoms with the Fe-BDBA network. Depending on
the substrate, Ni atoms decorate either the benzene rings (Au) or the butadiyne
moiety (Ag) of the ligand, while the network remains thermally stable up to 450
K. The striking difference in the Ni binding behavior reveals that besides selective
Ni-ligand interactions also the substratedependent Ni atom diffusion processes play
a role in the network functionalization. The incorporation of additional ligands
into the network cavities coordinating to Ni atoms enables the assembly of robust
architectures at different organizational stages.

All experiments have been carried out in two separate UHV chambers (base
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pressure ~ 2 x 107® Pa) hosting a home-made variable-temperature STM and a
low-temperature STM (5 K) and standard tools for preparation of well-defined
metal surfaces. Clean Ag(100) and Au(111) surfaces were prepared by cycles of
Ar?t sputtering and annealing to 800 K, followed by a slow substrate cooling to
room temperature. The metal-organic networks were prepared by simultaneous
deposition of Fe atoms and BDBA molecules on the substrate held at 450 K.'27 The
BDBA molecules were deposited by thermal evaporation from a quartz crucible held
at the temperature of 560 K and metal atoms using a standard e-beam evaporator
(see Section 1.2) at a flux current of 1 nA. During the deposition (5 - 15 min)
the pressure was lower than 2 x 10~7 Pa. Ni atoms were deposited by a second
e-beam evaporator on the substrate held at room temperature (300 - 305 K). The
samples were then directly transferred to the respective STM. The STM images
were acquired either at room temperature or 5 K using electrochemically etched
tungsten tips with a sample bias in the range from - 1.0 to + 1.2 V and tunneling
currents ranging from 0.06 to 1.0 nA.

In Section 3.1, the formation of extended Fe-BDBA coordination networks on
both Ag(100) and Au(111) surfaces was demonstrated, showing a high degree of
structural flexibility and adaptability. In this section, the BDBA-Fe MOCNs were
prepared in the same way. As shown before, the iron atoms interact exclusively
with the carboxylate oxygen atoms leaving the butadiyne moiety virtually free,
which serves as anchoring sites for transition metal atoms with high m-electron
affinity, e.g., Ni. The Ni atoms can be utilized to bind additional ligands and
functional units to the host network. Further, low-valent Ni atoms are potential

active sites for CO4 conversion.!'?®

3.2.1 Ni decoration of Fe-BDBA on Au(111)

Figure 3.12 presents STM images of the Fe-BDBA network on Au(111) after
subsequent nickel deposition at room temperature followed by cooling to 5 K. The
BDBA ligands appear as dumbbell-like protrusions with an apparent height of 1.51
+ 0.04 A at the benzene ring and 1.31 + 0.04 A at the center of the molecule,
which is independent of the applied bias voltages (from -1.0 to +1.2 V). Upon Ni
deposition the following features are identified in the STM images: (1) decoration
of the benzene rings and (2) partial or complete filling of the network cavities.

The blue circle in Figure 3.12a marks a small protrusion at the benzene rings with
an apparent height in the range 1.9 - 2.1 A. The high-resolution image depicted
in Figure 3.12b and the averaged line profile (blue) in Figure 3.12¢ reveal a small
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asymmetry with respect to the long axis of the ligand. The somewhat larger
features (marked by a green square in Figure 2a) have an apparent height of 2.2 -
2.5 A, and their appearance extends from the benzene ring further to the center or
over the entire molecule. The corresponding line profile (green) is shown in Figure
3.12c. We attribute all of these analyzed features to the presence of Ni atoms and
small clusters which bind to the organic backbone of the network (see below).

Figure 3.12d shows a high-resolution image of a filled cavity, which apparent height
of 2.0 - 2.6 A at the center is close to the apparent height of Ni clusters on the
bare Au(111). The position of the filled cavities correlates with the elbow sites of
the herringbone reconstruction, which remains intact under the network as shown
in Figure 3.13. It shows STM images of a Fe-BDBA network together with the
bare Au(111) surface. On the clean Au(111) surface, Ni clusters aggregate in the
vicinity of elbow sites of the herringbone reconstruction.!?® The positions of the

Figure 3.12: Representative STM images acquired after Ni deposition at 300 K on
the Fe-BDBA network on Au(111). (a) Typical Ni-induced features near the benzene
rings (blue circle, solid square) or entire BDBA (dotted square) are highlighted. (b)
High-resolution image of the decorated benzene rings with superimposed BDBA model.
(¢) The average profiles (with 1o error bars) corresponding to the line colors in (a). (d)
High-resolution image of a filled cavity. (e) Upon annealing to 385 K only the filled
cavities remain. (f) Model of possible binding sites of the Ni atoms to BDBA. Acquisition
parameters: -0.2 V, 1 nA, 5 K (a, b) and 4+0.5 V, 1 nA, 5 K (d, e). Scale bars: 5 nm (a,
e) and 1 nm (b, d).
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Figure 3.13: Superposed overview and high-resolution STM images showing Ni clusters
that aggregate at elbow sites of the Au(111) herringbone reconstruction on the bare
surface and within the Fe-BDBA network. Acquisition parameters: +0.5 V, 1 nA, 5 K
(overview) and -0.2 V, 1 nA, 5 K (inset); Scale bar 20 nm.

elbow sites are marked by the lines in Figure 3.13.

Annealing to 385 K leads to the removal of the small features at the organic
backbone, and only completely filled cavities remain within the networks (Figure
3.12e). After this treatment, the filled cavity interior shows a uniform height that
corresponds to the formation of Ni islands with a height of monatomic Ni layer

(2.1-24 A).

3.2.2 Ni decoration of Fe-BDBA on Ag(100)

The incorporation of Ni atoms into the Fe-BDBA network on Ag(100) after deposi-
tion at room temperature followed by sample cooling to 5 K is illustrated in Figure
3.14. The apparent height of the pristine BDBA ligand on the Ag(100) surface is
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1.01 4 0.01 A at the benzene ring and 0.93 4 0.01 A at the center. The following
changes upon Ni deposition are observed: (1) lowering of the central part of the
BDBA molecule, (2) appearance of protrusions near the ligands, and (3) filling of
the network cavities.

The red circles in Figure 3.14a mark a large fraction of BDBA molecules (termed
w-BDBA) that display a bias-independent apparent height of 0.88 4 0.07 A at the
benzene ring and 0.53 £ 0.05 A at the central part of the ligand. The corresponding
averaged line profiles are plotted in Figure 3.14b. The variation of the w-BDBA
profile is considerably larger compared to the pristine ligand, suggesting that
a range of distinct configurations contribute to the appearance of the w-BDBA

molecules. The high-resolution images presented in Figure 3.14c,d reveal that some
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Figure 3.14: STM topographs of a Fe-BDBA /Ag(100) coordination network after Ni
deposition at room temperature (a, ¢, and d) and after subsequent annealing to 450 K
(e). (a) Red circles mark BDBA ligands with a pronounced depression at their centers
(w-BDBA). (b) Average profiles of pristine and w-BDBA marked by color-coded lines in
(a) with 1o error bars. The magnified images (c) and (d) show the observed features in
greater detail with the superimposed molecule model. (e) Only the w-BDBA features
remain after annealing to 450 K. (f) Line profile of a Ni atom embedded in the first Ag
substrate layer. (g) Proposed trapping site of Ni atoms underneath the ligand molecules.
Acquisition parameters: 5 K, 1 nA, +0.5 V (a, e), 40.7 V (c¢), and +0.2 V (d). Scale
bars: 5 nm (a, e), and 1 nm (c, d).
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of the BDBA molecules display an asymmetry along the long axis with one benzene
ring being lower than the other. Further, the apparent height at the center of
the molecules can be as low as 0 A. We attribute the dark features to Ni atoms
residing underneath the molecules (see below).

Figure 3.14a shows additional relatively large protrusions with measured heights in
the range of 1.4 - 2.2 A that are tentatively attributed to metal clusters. These
features are predominantly located near the central part of the ligands, and only
a minority of clusters is found near the benzene rings. Also on Ag(100) some of
the network cavities are completely filled with an apparent height of 2.05 A that
matches exactly the Ag substrate step height. As will be discussed below, both
clusters and islands are composed of Ag atoms. Apart from the decoration of
the network, rectangular metal ad-islands were found on the bare Ag surface as
discussed below.

Annealing to 385 K leads to a reduced amount of clusters decorating the network
and an accompanied increase in the size of the metal ad-islands on the bare surface.
Further annealing to 450 K removes nearly all cluster features inside the network
with only w-BDBA features remaining at the same abundance (Figure 3.14e).

3.2.3 Ni deposition on bare Ag(100)

Figure 3.15 shows STM images of the bare Ag(100) surface after Ni deposition at
room temperature. The apparent depressions marked by orange, red and green
circles in Figure 3.15a are associated with Ni atoms embedded in the first substrate
layer.!3%: 131 The corresponding average line profiles are shown in Figure 3.15b (the
color corresponds with the color of the circles in the Figure 3.15a). The depressions
are associated with Ni atoms and clusters, where the variation of the profiles is
ascribed to the number of Ni atoms as well as the cluster geometry. Figure 3.15¢
presents a variety of Ni induced features on the bare surface with the associated line
profiles plotted in Figure 3.15d. The depressions (profiles 2 and 3) are attributed
to embedded Ni atoms. Further, a volcano-like cluster with an apparent height of
1.2 - 1.3 A at the rim and 0.7 A in the center (profile 4) and a half-volcano cluster
(profile 5) are due to Ag adatoms surrounding embedded Ni atoms.!3% 131

Since Ni atoms readily exchange their position with substrate atoms, diffusing Ag
adatoms become available during this process. In Figure 3.15a rectangular shaped
Ag islands are randomly placed on the bare substrate and have an apparent height
of about 2.05 A, which matches exactly the height of a monoatomic step of the
Ag(100) surface. In addition, the orientation of the edges of the islands follows the
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close-packed orientation of the Ag(100) surface.'®® The embedded Ni atoms and
the network periphery act as nucleation sites for the Ag island growth. The height
of the clusters decorating the network amounts to 1.4 - 1.8 A, which is comparable
to the height of the Ag adatoms in the volcanoshaped features in Figure 3.15c.
Hence, we identify the clusters inside the network as Ag adatoms in the vicinity of
embedded Ni atoms. The bigger clusters and filled cavities can be related to Ag
atoms on the Ag(100) substrate as their apparent height is close to the height of
the Ag islands. Annealing at 385 K increases the mean size of the islands on the
bare surface due to the diffusion and aggregation of Ag atoms that were trapped
inside the network areas.

3.2.4 Binding guest molecules into Ni-functionalized cavities
on Ag(100)

The applicability of the Ni-functionalized Fe-BDBA/Ag(100) networks for the
hierarchical assembly of multicomponent architectures is demonstrated by binding
additional BDBA molecules into the cavities. Upon subsequent deposition of
BDBA onto the Ni-decorated networks at room temperature (see Figure 3.16a), the
molecules are bound into the cavities as depicted in Figure 3.16b. The guest BDBA
molecule binds predominantly to the central butadiyne groups at the opposite
sides of the cavity (see red circles in Figure 3.16b and scheme in Figure 3.16¢).
The accommodated BDBA molecules can also point to a network node or to the
center of adjacent ligands of the cavity involving the bending of the guest molecule
(marked by orange and yellow circles in Figure 3.16b, respectively). For steric
reasons the ligands preferentially arrange parallel to the long side of the cavity. The
accommodation of additional molecules was not observed for the plain Fe-BDBA
network.

Discussion

A number of distinct explanations for the nature and positions of the observed
adspecies can be presented since a delicate interplay of a variety of mutual inter-
actions and surface-related processes contributes to the resulting structure. On
the bare substrate the surface diffusion and island nucleation may be altered by
the interchange of incoming Ni metal atoms with atoms from first substrate layer
(see before). Besides reactive sites related to the substrate, e.g., step edges and
heteroatoms embedded in substrate, the molecular networks, i.e., butadiyne group,
phenyl rings, and coordination nodes, additionally modify the adatom diffusion.
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Figure 3.15: Representative STM images (a,c) acquired after Ni deposition on the
Ag(100) surface at room temperature and related profiles (d) along the marked lines in
(c). (a) Several smaller (orange and red) and larger depressions (green) are highlighted
by circles with (b) corresponding line profiles. Acquisition parameters: + 0.5 V, 1 nA, 5
K; Scale Bar: 5nm.

Moreover, the observed features are not necessarily the thermodynamically most
stable ones because all above-mentioned processes are thermally activated. All
these processes should be taken into account in order to reach a coherent and
consistent interpretation of the experimental results. We start the discussion by
considering the surface diffusion processes of Ni adatoms on the surfaces.

The distinct observations in the incorporation of Ni into the networks on the
Au(111) and Ag(100) substrates can be understood by taking into account also the
elementary processes for Ni atoms on the bare surfaces. On the Ag surface, Ni atoms
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exchange with the substrate atoms, assuming their thermodynamically most stable
position within the first layer.'!:133 The associated activation energy amounts
to only ~ 0.3 eV,'* enabling the exchange process even at low temperatures (~
130 K).'3 The surface diffusion of Ni atoms proceeds via an exchange diffusion

135 that can be assisted by Ag adatoms

131

mechanism within the topmost Ag layer
(from the exchange process) binding to the embedded Ni atom (Ni - Ag pair).
Ni atoms migrate in the first substrate layer and form islands,'” following the
standard nucleation and island growth model.'?6

The situation changes by the presence of the Fe-BDBA network on top of the
surface. Here, the mobility of the Ni-Ag pair is spatially limited to the network
cavity. The apparent depth of ~ 0.4 A associated with a single Ni atom (see
exemplary profile in Figure 3.14f and Supporting Information for details) matches

Figure 3.16: (a) STM image taken at room temperature shows the Ni-decorated
Fe-BDBA /Ag(100) network before the deposition of additional BDBA molecules; the
main features - w-BDBA molecules and Ag clusters - are highlighted by red circles and
yellow arrows, respectively. (b) Upon BDBA deposition (310 K), the additional BDBA
molecules are bound into the cavities as highlighted by circles. The orange and yellow
circles highlight accommodated BDBA molecules that point to a network node or to
the center of a cavity molecule involving the bending of the guest molecule, respectively.
Note that the Ag clusters are still present as marked by an arrow. (¢) Tentative model
of the BDBA bound into the cavity. Acquisition parameters: (a) -1.0 V, 0.07 nA, 300 K
and (b) -0.9 V, 0.09 nA, 300 K. Scale bars: 5 nm.

52



3.2. Functionalization of 2D-MOCNs

closely the lowering of the central part of the w-BDBA molecules. Since no excessive
segregation of Ni-related islands was observed on the bare surface, and no features
were found within the exposed surface area of the cavities, we propose that the
Ni atoms reside directly below the butadiyne group. During the diffusion process
the Ni atoms are attracted by the high electron density of the alkynyl group,
thereby breaking the Ni-Ag pair. Already a weak Ni-butadiyne attraction raises
the diffusion barrier for the Ni atoms, which increases the residence time of the
Ni atoms in the vicinity of the butadiyne moiety and consequently enhances the
probability to form a stable nucleus by trapping a second Ni atom. Figure 3.14g
illustrates the proposed geometry of the Ni nucleus. Its stability is enhanced by the
absence of Ag adatoms assisting the Ni diffusion. The differences and variations in
the measured heights of the ligands are thus ascribed to the number and geometry
of Ni atoms below the molecules. In the proposed configuration, the Ni atoms
could not be incorporated oxidatively by rehybridization of the alkynyl bonds since
this would lead to a strong upward bending of the ligand.!3" 4! Therefore, we
expect a rather weak nonoxidative binding between Ni and BDBA. 142,143

To accommodate the additional BDBA into the cavity as shown in Figure 3.16b,
we presume that the Ni atom is lifted again above the surface. The energy gain
from the formation of coordination bonds (~ 1.2 éV)?! is much higher than the
energy expense (~ 0.4 eV) needed for lifting the embedded Ni atom. Apart from
the butadiyne moiety, the benzene rings also possess m-electron density, and the Ni
atoms can be localized there. The benzene rings show a decrease in the apparent
height of 0.13 4 0.08 A for the w-BDBA ligands, which suggests the presence of Ni
atoms below the aromatic rings. However, a reduced height of the benzene rings
was always accompanied by a significantly lowered central part of the molecules.
Thus, we infer that the presence of Ni atoms under the aromatic rings is a result
of the continuing growth of the Ni clusters and that the benzene rings do not serve
as primary nucleation sites.

The stability of the Ni functionalized network at temperatures exceeding 450 K is
significantly higher compared to previous reports, in which Co and Fe decorated
networks start to collapse above 250 K.'?° Since every molecule in the network
acts as a nucleation site for Ni atoms, the resulting pattern shows a mean Ni

cluster distance of 2 nm corresponding to an areal density of 4 x 10'® clusters/cm?.

125,126

Besides the organic templates, other patterning methods can be employed to

steer the cluster growth with comparable areal cluster density. These include the

145,146

use of surface strain relief patterns,'** surface oxide templates, or graphene

Moiré patterns.'*” However, only the last two approaches also show appreciable

cluster stability above room temperature. 46147
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The trapped Ni atoms and clusters can serve as a template for the growth of
metal clusters of a third kind as demonstrated by the presence of Ag clusters.
These Ag adatoms originate from the Ni-Ag exchange process and aggregate close
to embedded Ni atoms inside the networks or on the bare surface. The room
temperature stability of the Ag clusters is traced back to their appreciable binding
energy of 0.59 €V in the vicinity of an embedded Ni atom. This energy gain
increases to 0.82 eV for Ag adatoms in contact with two Ni atoms, which usually
leads to the capping or encapsulating of Ni islands on the bare Ag surface.'?% 3!
At elevated temperatures, the Ag atoms can overcome the binding energy, resulting
in the removal of the Ag clusters from the network area and to the attachment
of the adatoms to the substrate step edges and Ag islands on the bare surface
(Figure 3.14e). In contrast to Ag(100), on the Au(111) surface the Ni adatom
interchange takes place only in the vicinity of elbow sites of the herringbone
reconstruction,'?” leading to the preferential formation of Ni islands at these
sites. 48119 This preference is maintained even within the network area. However,
the size of the clusters is limited to the size of the cavity. The composition of
these islands is presumably a mixture of Ni and Au atoms.”™ On Au(111) the Ni
atoms show only a low affinity to the butadiyne moiety but rather interact more
strongly with the benzene rings. The interaction of transition metal atoms with the
benzene rings of organic templates was reported recently. Cobalt atoms residing
on top of the benzene rings were observed for both coordination networks'?®
molecular adlayers'? on a Ag(111) substrate. The observations were explained by

and

the formation of stable half-sandwich complexes.'® Similar behavior was observed
for Fe atoms decorating the benzene rings at lower temperatures (90-130 K).'%°
In this work a slightly asymmetric binding of the Ni atoms to the benzene rings
was found on Au(111) (cf. Figures 3.12b and 3.12c). The calculated binding
energy to a free benzene ring is considerably lower for Ni (1.73 eV) compared to
Co (2.58 eV).'2 On the other hand, the adsorption energy of a Ni adatom on
Au(111) amounts to about 2.9 eV.3* Hence, a preferential binding of Ni atoms to
the substrate would be expected. This explains the observation of filled cavities
after annealing the substrate, which was not observed for both Fe and Co atoms on
the Ag(111) surfaces.'* The Ni binding to the benzene rings is only metastable for
the BDBA ligands on Au(111). Further insight into the selective interaction of Ni
atoms with the BDBA ligand on the two surfaces can be gained by the investigation

of the Ni-BDBA interaction in the absence of Fe.
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3.2. Functionalization of 2D-MOCNs

3.2.5 Ni-BDBA networks

On Au(111), Ni binds almost exclusively to the carboxylate oxygen atoms, forming
nearly identical network structures as Fe-BDBA. Contrarily, on Ag(100) predomi-
nantly disordered structures were found that involve the binding of Ni adatoms
equally to the carboxylate and the butadiyne groups. The bonding to the latter is
sufficiently strong to bend the ligands, indicating a strong oxidative Ni-butadiyne
association.!3” 14! The Ni atoms could also interact with the carboxylate groups.
Since Fe forms stronger coordination bonds with carboxylate groups than Ni,** the
interchange of Ni and Fe atoms in coordination nodes is not expected. However,
the clustering of Ni atoms with Fe dimers at the network node after a pronounced
annealing at temperatures beyond 450 K cannot be fully excluded. To examine
the difference in the interaction of Ni atoms with the BDBA butadiyne moiety
on both Au(111) and Ag(111) surfaces, we investigated the interaction of Ni and
the free BDBA ligand. The intact BDBA molecules form close packed domains
consisting of complementary hydrogen bond rows on both Au(111) and Ag(100)
substrates; for details see Section 3.1. Subsequently deposited Ni binds to BDBA
and forms metal-organic networks at elevated substrate temperature of 430 - 450
K. As presented in Figure 3.17a, the Ni-BDBA coordination networks on the

Figure 3.17: Representative STM images of (a) the Ni-BDBA coordination network
formed on Au(111) substrate, and (b, ¢) L- and T- shaped binding motifs within disordered
Ni-BDBA phases on Ag(100). The tentative models of T- and L- shaped geometry are
depicted in (d) and (e), respectively. Acquisition parameters: -1.0 V, 0.3 nA, 5 K (a);
-1.2 'V, 0.2 nA, 297 K (b); -1.0 V, 0.4 nA, 297 K (c); Scale bars: 3 nm.
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Au(111) resemble their Fe-BDBA analogue. In contrast, on Ag(100), Ni atoms
interact strongly with the butadiyne moiety and disordered phases possessing no
long range order were mainly observed. Figures 3.17b and 3.17c present two typical
small ordered domains coexisting with the disordered phase. Here, two prevailing
binding motifs are distinguished: (1) T-shaped motif with Ni atom in between the
butadiyne group and carboxylate moiety of two distinct ligands (Figure 3.17d). In
this case, a pronounced lowering of the central part of BDBA molecules hosting the
Ni atoms is observed, which relates the origin of w-BDBA molecules to the presence
of Ni atoms. (2) L-shaped motif where the Ni atom coordinates to two BDBA
carboxylate groups and one alkynyl carbon atom of the butadiyne moiety. Such a
binding situation supports the mechanism of oxidative addition of the metal atom
to the ligand.'*"'#! This binding motif includes the lowering of the carbon-carbon
bond order from sp! — sp® (with n close to 2) of the alkynyl carbon to a trigonal
planar geometry and the formation of o-bonds between both C atoms of the alkyne
and the nickel atom (see tentative model in Figure 3.17e). This results in the
strong bent shape (L-shape) of the BDBA molecule. From the energy expense for
the lifting of Ni atoms from the embedded to the adatom position (AE = 0.3 -
0.4 eV13L134) and the stability of this configuration at room temperature, one can
estimate the lower limit for the associated binding energy to 0.5 eV.

However, for an existing Fe-BDBA network this strong binding is only possible at
the network periphery, i.e., for undercoordinated ligands. Here, strong deformations
of the BDBA molecules were observed even on the Au(111) surface. Within the
network, the BDBA geometry is fixed by the dominant coordination bonds to
Fe atoms, and hence, the structural change associated with the rehybridization
of alkynyl bonds is not possible. Consequently, the Ni atoms can only interact
nonoxidatively with the high m-electron density of the butadiyne group, which
results in a much weaker binding of Ni atoms to the ligand molecules.

The striking difference in the behavior of the Ni binding on Au(111) and Ag(100),
both to the free ligands and within the Fe-BDBA networks, highlights the role of the
underlying substrate. On the one hand, the Ni adatom processes are distinct on the
two surfaces as described above, and on the other hand, the specific interaction of
the m-electrons of the butadiyne moiety and benzene rings with the metal substrates
results in different chemical states of the constituents on the two surfaces and hence
to different affinities to Ni atoms.

In summary, the incorporation of Ni atoms and clusters into open two-dimensional
robust metal-organic templates was demonstrated. The functionalized networks
are thermally stable at temperatures up to 450 K and enable the coordination
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of additional molecules into the open structures, demonstrating the utilization of
selective interactions for the assembly of multicomponent architectures at different
organizational stages. Further, we showed that the employed metal substrate plays
a crucial role in the interaction of transition metal atoms with the metal-organic
host networks. On the Ag(100) substrate, the surface-confined metal-organic
template steers the growth of the Ni clusters underneath the network pattern.
Here, the embedded Ni atoms nucleate preferentially at the butadiyne moiety of
the BDBA ligands. Thereby, Ni clusters consisting of a few metal atoms with
an areal density of 4 x 10'3 cm™ can be obtained. In contrast, on the Au(111)
substrate the Ni atoms interact preferentially with the BDBA benzene rings and
form size-limited clusters inside the cavities.

The work demonstrates the unique occurrence of selective interactions in a multi-
component system including the surface that may be further explored to create
functional molecular architectures with novel properties. Moreover, the stability
and direct accessibility of the non-capped Ni atoms and clusters on both gold
and silver substrates render these systems attractive candidates to explore their
catalytic activity.
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% Resolving the molecule-oxide
interface of DSSCs

In a time when conventional sources of energy become depleted, the development of
potent novel technologies for the efficient conversion of solar energy into electricity
and suitable energy carriers plays a key role in paving the way towards a carbon
neutral energy economy. Furthermore, it is of paramount importance to improve
the efficiency of existing technologies in order to meet the challenges of the climate
change and the increasing energy demands of the future. As explicitly illustrated
in the main introduction chapter, dye-sensitized solar cells constitute a promising
approach meeting the requirements of sustainability and low production costs
with considerable light conversion efficiencies in excess of 12 percent.6!66,153,154
However, at present, substantial improvement of the DSSC efficiencies is particularly
hindered by a deficient understanding of the interfacial characteristics of the dye-
substrate interface at a fundamental level. Since the charge injection efficiency and
consequently the overall photovoltaic performance of DSSCs directly depends on the
effective coupling of the photosensitizer molecules to the TiO5 substrate (see below),
great theoretical and experimental efforts have been made to investigate such dye-
substrate interfaces. So far, the detailed structural and electronic properties of
photosensitizer molecules adsorbed on TiO, surfaces are being actively debated
and no conclusive understanding has been achieved at the atomic level.

For the first time since the invention of the DSSC in 1991,°! we address the challenge
of investigating at the atomic level the geometrical and electronic characteristics of
both the photosensitizer N3 and its anchoring ligand BINA on the most relevant
surface of DSSCs - TiO; anatase (101). The unique method of electrospray ion
beam deposition was employed to bring the thermally fragile N3 dye onto the
oxide surface at maximum level of control. The molecule-substrate interface was
investigated by means of scanning tunneling microscopy and spectroscopy methods
at 5 K in UHV. Furthermore, the N3 dye was investigated on Au(111) surfaces.
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Chapter 4. Resolving the molecule-oxide interface of DSSCs

Extensive first-principle density functional theory based calculations were performed
to support the experimental findings.

This chapter is organized as follows: at first, the basic concepts of DSSCs are
described. The next paragraphs introduce the material properties of TiO, and
illustrate different ways how molecules with carboxylate anchoring groups can
coordinate to metal oxide surfaces. Subsequently, the successful preparation of
natural TiO anatase (101) crystals and its characterization by means of STM and
STS are described. In the following, the combined experimental and theoretical
study of the structural and electronic properties of the photosensitizer N3 adsorbed
on TiO, anatase (101) is presented. The structural and electronic properties of the
N3 dye deposited on Au(111) are compared to the results obtained on the TiO,
substrates. At the end, the findings are correlated to atomic-scale investigations of
the N3 anchoring ligand BINA on TiO, anatase (101).

4.1 Scientific background

4.1.1 Dye-sensitized solar cells

In conventional solar cells, charge separation is achieved by an internal electrical
field, produced by incorporating differently charged atoms in a semiconducting
material. In this way, an electron-rich n-region and a hole-rich p-region can be
produced, which together form a pn-junction with a certain build-in potential
difference. Depending on the specific realization of this junction, light absorption
and electron-hole pair generation happens either mostly in the p or in the n region
of the semiconductor. This implies that either electrons or holes are minority
charge carriers, with only very short lifetimes due to interfacial recombination.
Since recombination occurs very likely at impurities, the chosen material has to be
extremely pure to guarantee high energy conversion efficiencies. In addition, the
material has to be a very good conductor for both electrons and holes, and has to
harvest incident photons from sun efficiently, i.e. its bandgap has to be close to
the optimum values of 1.4 eV.

In DSSCs, where the two operation steps of light absorption and charge separation
are separated, the materials can be optimized independently. The operating
principle of DSSCs is schematically depicted in Figure 4.1a. These devices consist
of a mesoporous high-surface-area TiO5 layer on a transparent fluorine-doped SnO,
conducting glass coated with a charge-transfer dye to sensitize the film for light
harvesting.%? Similar to natural photosynthetic systems with chlorophyll molecules,
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Figure 4.1: (a) Schematic view and device operation of a dye-sensitized solar cell
(DSSC) comprised of a transparent conducting oxide on glass, a nanoparticle photoanode
covered by a monolayer of sensitizing dye, a hole-conducting electrolyte and a FTO-coated
glass back-contact. The sensitizing dye absorbs a photon, the electron is injected into the
conduction band of the metal oxide and travels to the front electrode. The oxidized dye is
reduced by the electrolyte, which is regenerated at the counter-electrode to complete the
circuit. (b) Energy level diagram of a DSSC. The open-circuit voltage V¢ is determined
by the Fermi level of titania and the redox potential (I3 /I7) of the electrolyte.

the light absorption is handled by a photosensitizer. As indicated in Figure 4.1a and
4.1b, photoexcitation of the dye molecule is followed by ultrafast electron injection
from the dye into the conduction band of the TiO, film.'?% %6 Subsequently, the
photosensitizer is regenerated by electron donation from the redox electrolyte
such as an iodide/triiodide couple.'® The regeneration of the redox mediator by
reduction of the triiodide at the counterelectrode completes the electric circuit
which results in the generation of a photocurrent through an external load.% 158
Since only majority charge carriers are involved in this process, the demands on
material purity existing in conventional pn-devices can be relieved. To a great
extent, the efficiency of DSSCs depends on the structure-property relationship
at the photosensitizer-TiOs interface. For example, efficient excited-state charge
transfer dynamics necessitate stable electronic coupling between the sensitizer
molecules and substrate atoms. Hence, particularly the dye adsorption geometry
on TiOy nanoparticles has crucial influence on the electron transfer kinetics and
open-circuit potential of DSSCs.'®® Furthermore, the dye has to be custom-tailored
to have optimized lowest unoccupied molecular orbitals (LUMOs) and highest
occupied molecular orbitals (HOMOs) relative to the energy levels of both the
substrate and electrolyte. As shown in Figure 4.1b, the open-circuit voltage Voc
of DSSCs is determined by the Fermi level of the titania and the redox potential
of the electrolyte.%% In turn, the process of electron injection is controlled by
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Chapter 4. Resolving the molecule-oxide interface of DSSCs

the energy difference between the conduction band of the TiOy material and the
LUMO level of the dye. In this context, the process of electron recombination is
mainly dominated by the interaction between the electrons at the surface of TiO,
and the I3 - ions in the electrolyte. Charge recombination at the surfaces or back-
electron transfer to the electrolyte are a direct result of interfacial processes and can
both act to reduce the efficiency of DSSCs. In particular, the process of electron
injection at the TiOy/dye interface and the electron recombination reaction at the
TiOy/dye/electrolyte interface are critical because they control both the short-
circuit current and open-circuit voltage of the DSSC. Thus, the characterization of
the dye-substrate interface at the atomic level is of great importance to optimize
the overall photovoltaic performance of DSSCs.

4.1.2 TiO, anatase substrate

The low-cost, widely available and non-toxic wide-bandgap semiconductor titanium
dioxide represents one of the most investigated metal oxides. As mentioned in the
main introductory chapter, TiOs materials find versatile applications in important
technological areas. Titanium oxide exhibits three major crystalline polymorphs:
the tetragonal forms rutile and anatase as well as the thombic form brookite.*3: 160166
Titanium(IV) is the most stable valence state while Ti(II) and Ti(IlI) are readily
oxidized to the tetravalent state.'®” Accordingly, the titanium-oxide system shows
a quite diverse phase diagram with a lot of different structures and stoichiometries
TiO, with Xz%, 1, %, g, 2, g, an_l (n=4,...,10).1" With increasing n, the phase
structures resemble more and more closely that of TiO, rutile. While rutile

constitutes the thermodynamically stable phase, both anatase and brookite are
metastable. The TiO, brookite is difficult to synthesize in the laboratory and
is consequently rarely studied.!®® In contrast, surface science investigations have
yielded a quite extensive database on the structural and chemical properties of
single-crystalline rutile TiO.431% On large single TiO, anatase crystals, only few
atomic-scale studies exist so far.!"*"1"® However, the anatase phase represents the
technologically most interesting crystallographic form of titanium dioxide since,
in many cases, it exhibits a higher photocatalytic acitivity in its bulk form than
other TiO, polymorphs.® 263 Furthermore, mesoporous TiO, films in DSSCs are
predominantly of the anatase phase.*3:63 170,175, 177,178

TiO, anatase has the same stoichiometry as rutile, but a different crystal structure
with space group 14; (compared to rutile P4s). Figure 4.2d shows the 140 A3 sized
tetragonal unit cell of the metastable TiOy anatase phase including four TiO,
units which corresponds to nearly 100 atoms/nm?3. The bonding of titanium with
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Figure 4.2: (a) The equilibrium shape of a TiO9 crystal in the anatase phase, according
to the Wulff construction and surface energies given in Ref. 170. The crystallographic
planes that have been investigated with surface science techniques are indicated. (b)
Photograph of a natural TiO2 anatase mineral crystal characterized by an octahedron
shape (image taken from Ref. 170). (c) Side-view atomic model of the low-energy
bulk-terminated TiO2 anatase (101) surface with characteristic sawtooth-like surface
corrugation. The titanium (Ti) ions are five-/sixfold coordinated and the oxygen (O)
ions are two-/threefold coordinated, respectively. (d) Schematic drawing of the bulk
TiOg crystal structure in the anatase phase. The space group is I4; /amd, the unit cell
10.24x3.78 A? in size with the substrate orientation indicated. (yellow: titanium atom,
red: oxgen atom)

oxygen atoms has rather ionic character.!™ The titanium cation is surrounded
by a distorted oxygen octahedron with each octahedron having four edge-sharing
and four corner-sharing neighbors. Each titanium atom is coordinated via two
(long) apical and four (short) equatorial bonds, of lengths 1.979 A and 1.932 A,
respectively.'®0 Figure 4.2a shows the equilibrium shape of an anatase crystal
calculated according to the Wulff construction® with the relevant surface planes.
This calculated anatase equilibrium shape compares well with the bipyrimidal
shape of naturally-grown mineral samples as exemplary shown in Figure 4.2b
(image taken from Ref. 170). Several theoretical studies have predicted the
stability of the different low-index anatase surfaces.!™ %2 It appears that the
(101) orientation which is stable in a (1x1) configuration was found to be the
thermodynamically most stable surface of anatase.!”™ 177178183 Tnterestingly, the
average surface energy of an equilibrium-shape anatase crystal is smaller than
the one of rutile,'™ which explains the fact that nanoscopic TiO, particles are
more stable in the anatase phase. A side-view model of the main low-energy
bulk-terminated (101) surface with characteristic sawtooth-like surface corrugation
is shown in Figure 4.2c. As indicated, the titanium atoms at the terraces are
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fivefold and sixfold coordinated, and titanium atoms at the step edges are fourfold
coordinated. Twofold coordinated (bridging) oxygen atoms are located at the ridges
of the sawtooth like structure. According to previous studies,'®? these oxygen atoms
relax inwards by ~ 0.21 A. The threefold coordinated O atoms relax outwards by
0.06 A and the fivefold coordinated Ti atoms inwards by 0.17 A, so that the surface
exhibits a slightly buckled geometry. The coordinatively unsaturated 2(5)-fold
O(Ti) atoms (indicated in Figure 4.2c) are expected to be favorable anchoring
points for adsorbates. At elevated temperatures, the metastable anatase phase

184

transforms irreversibly to rutile’®* where the transition temperature depends on

a variety of factors including impurities and crystal size. One strategy to deal
with this problem was to grow TiO, films on SrTiO3z (001)'85 !¢ and LaAlO3'%7

but only the (001) crystallographic surface of anatase could be studied in this

63,171, 188,189 are typically small and take a

170,186,190

manner. Synthetically grown anatase
considerable time to grow. Alternatively, mineral samples as large, well
ordered, single-crystalline, and relatively pure specimens can be found in nature.
However, working with natural minerals poses its own difficulties, in particular its

preparation in UHV as described below.

The general topology of the electronic band structure was found to be similar
for both TiOy anatase and rutile. As expected for a mostly ionic compound,
the electronic bands are very flat. However, the most striking difference in the
bandstructures of anatase and rutile is the deeper minimum in the conduction
band of anatase which indicates a much smaller effective electron mass in anatase
being 10 times lower compared to rutile.*® %! In contrast, the effective hole mass
seems to be higher in anatase compared to rutile resulting in substantial differences
in the electron transport properties of the two polymorphs. The electron transport
is clearly favored in anatase due to the much higher electron mobility in the
conduction band. The single-band conduction in anatase is isotropic in contrast
to rutile in which anisotropic conduction occurs due to the presence of several

conduction band minima.*® 19

Because of the high bandgap of anatase, thermally
excited intrinsic charge carriers are generated only in very small numbers at ambient
temperatures. Consequently, electrical currents are usually sustained by extrinsic
charge carriers. For example, oxygen vacancies produce bandgap states which are
associated with Ti** ions acting as electron donor. In heavily doped anatase films,
even a Mott transition to metallic conduction occurs.!®® The higher photoactivity
of TiO, anatase compared to rutile can be partially attributed to the Fermi level
of the anatase which is about 0.1 eV higher than that of rutile.*>!% However, no

clear and widely accepted explanation is available yet.
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4.1.3 Carboxylate groups on metal oxides

A carboxylate group can coordinate to metal oxide surfaces in different ways,
e.g. in a monodentate, a chelating or a bridging bidentate mode as illustrated in
Figure 4.3.1% The monodentate coordination of a carboxylate group removes the
equivalence of the two oxygen atoms resulting to an ester type of bond formation
between the carboxylic acid group and for instance the TiOy surface. Attenuated
total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) allows the
elucidation of specific coordination configurations of carboxylate groups for instance
on Ti0,.1%* In ATR-FTIR spectroscopy measurements, the asymmetric and
symmetric bands in the free and the adsorbed state of the carboxylate group have
been used as criteria for identifying the carboxylate-anchoring mode.'®* If the
difference between the asymmetric and symmetric bands of the carboxylate group
in the adsorbed state is lower than that in the free state, the anchoring mode is
interpreted being either bidentate chelating or bridging. If the band difference is
greater or equal to that in the free state, the anchoring mode is most probably
unidentate. For the photosensitzer N3, ATR-FTIR spectroscopy measurements

195 To note,

suggested e.g. a bridging coordination mode on nanocrystalline TiOs.
there are several hints from both experiment'% and theory!'®” that the bridging
binding is favoured over monodentate ester type binding for an individual carboxyl
group on metal oxide surface such as TiOs. However, the elucidation of specific

coordination types, particularly at dye-TiO, interfaces, remains demanding.
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Figure 4.3: Carboxylate coordination to metal oxide surfaces: (a) monodentate (b)
chelating (c) bridging bidentate mode.
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4.2 Preparation of atomically well-defined TiO,
anatase (101)

4.2.1 Natural TiO, anatase single bulk crystal

Experimental investigations on well-defined TiOq anatase (101) surfaces are still
relatively sparse. The lack of atomic-scale studies on this surface most relevant for
DSSCs is mainly attributed to major difficulties in successful sample preparation.
On the one hand, TiO, anatase is a metastable phase which makes the preparation
of both suitably large and atomically well-defined surfaces challenging. In this work,
natural TiO, anatase single crystals with a size of ~ 4x4x2 mm? and a metallic
opaque color'®® were employed as depicted in Figure 4.4a (supplier: SurfaceNet
GmbH). The crystals were cut in the (101) surface orientation and polished with a
roughness of smaller than one lattice constant. X-ray photoelectron spectroscopy
(XPS) measurements indicate relatively small amounts of impurities (lower than
1 % of Zr, Al, Zn, Pb). Furthermore, the natural TiO, anatase crystals were
investigated by X-ray diffraction method (XRD) to ensure surface orientation in
the (101) plane. For coherent scattering from a crystal lattice, the Bragg’s law has
to be fulfilled: nA = 2dsin(©). With respect to the tetragonal unit cell of TiOs

anatase, d can be calculated according to dpg = ﬁ with h=1, k=0 and
<+ 1
=zt

1=1 for anatase (101). The lattice constants for anatase are a = 3.74 A and b =
9.39 A while the XRD measurement was performed at A=1.54059 A. The XRD
spectra of the natural TiO, anatase crystal is shown in Figure 4.4c. It reveals two
major peaks at 26.21° and 82.53° which nicely correspond to the calculated value
© = 27,20° (n=6) and © = 82,19° (n=13). Since there are no further major peaks
in the XRD spectra, the anaylsis shows that the TiOy anatase crystal is ideally
cut and polished in the (101) surface plane. The crystals were further analyzed by
Laue diffraction technique indicating high crystallinity (cf. Figure 4.4b). Before
transfer into UHV, the natural TiO, crystals were cleaned both with acetone and
isopropanol. Subsequently, the crystal surfaces were prepared in UHV by repeated
cycles of Ar™ ion sputtering (ion energy 600 eV, incidence angle 30°, ~ 1 pA ion
beam measured on the sample, 10 min) and annealing at ~ 900 K (pressure below
2 x 1072 mbar, 10 min). On a regular basis, the TiO, crystals were reoxydized
by dosing oxygen for 15 minutes at a partial pressure of ~ 5x10~7 mbar while
keeping the crystal at ~ 900 K. The reoxidation is required since the TiOy gets
reduced to a n-type semiconductor by vacuum annealing. In this context, XPS
studies led to the conclusion that defects are localized at the titanium sites next to
oxygen vacancies.!?%2% The surface-defect states can be quenched by exposure of
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Figure 4.4: (a) Natural TiO2 anatase single crystal which was cut and polished in the
(101) surface orientation and employed in this work. (b) Laue diffraction pattern and (c)
XRD spectrum of the natural TiOy anatase crystal.
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the sample to oxygen at elevated temperature, which fills the vacancies.

4.2.2 STM characterization

Figure 4.5a shows a typical STM overview image of the bulk-terminated TiOq
anatase (101) surface after crystal preparation. The surface morphology is char-
acterized by flat terraces with an average width of ~20 nm and characteristic
trapezoidally shaped islands. As indicated, the monoatomic steps are preferably
orientated along the [010], [111] and [111] crystallographic directions which were

175 On a molecular scale, a typical nanocrys-

assigned according to previous work.
talline facet of 25x25 nm?

terrace of such a bulk single crystal. Figure 4.5b shows the atomically resolved

is indistinguishable from the similarly sized anatase

anatase (101) surface where rows of circular-shaped protrusions oriented along the

Il The interpretation of atomically resolved constant-

[010] direction are revealed.
current STM topographies on TiO, surfaces is complicated by strong electronic
effects.!™ 17 Because TiO, anatase is an n-type semiconductor with 3.2 ¢V band
gap, empty states are usually imaged when scanning at positive bias voltage. The
conduction band is dominated by titanium 3d states which should give rise to a
high tunneling probability and bright contrast on titanium sites. On the other hand,

the anatase (101) surface is very corrugated and the twofold-coordinated oxygen
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250 pm DTi @o

Figure 4.5: (a) STM overview image of TiOy anatase (101) showing typical trapezoidal
islands and monoatomic steps with distinct orientations (1.8 V, 0.16 nA, 5 K). (b)
Atomically resolved substrate with unit cell overlayed (1.2 V, 0.2 nA, 5 K). The titanium
and oxygen atoms are indicated in yellow and red, respectively.
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atoms at the highest position could also be imaged bright. The corresponding
unit-cell is overlayed to the STM image with respect to the assignment made in
previous work!™ (see Figure 4.5b). The bright features are identified as twofold
oxygen atoms. These STM surface investigations proof both the suitability of the
described sample preparation procedure and the high quality of the natural TiO,
anatase single crystals. These findings renders the natural TiOy anatase crystal
to a highly suitable substrate for studying photosensitizer-TiO, interfaces at the
atomic level.

Defects on TiO, anatase (101)

TiOy samples used in experiments are generally reduced and should thus contain a
substantial amount of oxygen vacancies and titanium defects. These defects have
been known for long time to play a central role in the surface chemistry of oxide
materials. Oxygen vacancies are also relevant for the sputtering and annealing
processes that are used to prepare the surface: the diffusion of these defects, and
of Ti interstitials, largely determines the mass transport occurring between the
surface and the bulk,?% as well as the surface reconstruction that often results from
these processes.?” However, TiO, anatase surfaces were found to have a signifi-
cantly lower defect concentration and are more difficult to reduce than the rutile
surface.*>2% Titanium interstitials prefer to have a high coordination and therefore
are mostly found in the bulk. For oxygen vacancies, instead, undercoordinated
surface sites, where a smaller number of Ti-O bonds needs to be broken, should be

&
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Figure 4.6: High-resolution STM images of TiOg anatase (101). (a) Bright spots are
revealed at regular lattice sites (1.8 V, 1.0 nA, 5 K). (b) STM image taken from Ref. 205.
The bright features were attributed to oxygen vacancies.
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energetically favored. Thus, these defects should be observed on the TiOy anatase
surfaces. STM measurements of the bare TiO, anatase (101) were performed to
elucidate the amount of surface defects. Figure 4.6 shows a high-resolution STM
image of the clean, almost pristine TiO, anatase (101) surface measured at 5 K after
sputtering and annealing (sample preparation see Section 4.2.1). At regular lattice
sites, some bright features were revealed. These features resemble previous STM
observations in which the bright protrusions were attributed to oxygen vacancies on
TiO, anatase (101) as shown in Figure 4.6b (taken from Ref. 205). The low defect
concentration revealed on this natural TiOy anatase (101) surface is in agreement
with theoretical predictions. A removal of a twofold coordinated oxygen atom
would give rise to one fivefold and one highly unstable fourfold coordinated Ti**
cation, whereas the Ti*" cations neighboring bulk oxygen vacancies are fivefold
coordinated. Moreover, the titanium-oxygen (twofold coordinated) bonds are short
and strong, so breaking two titanium-oxygen bonds at the surface is expected to
be energetically more costly than breaking three in the bulk. Therefore, defects
on the anatase surface were shown to migrate into the bulk making this specific
phase of TiOy highly interesting for pristine surfaces which are desirable in efficient

DSSCS.209’210

4.2.3 STS investigation

The atomic-scale investigation of electronic properties at the TiO, interface is of
paramount importance as discussed in the following chapters. Figure 4.7 shows
a typical scanning tunneling spectroscopy spectrum which was taken on the bare
TiO, anatase (101) surface by varying the bias voltage in a range between -5 and
+2 V. The spectroscopy measurements were performed at 5 K using chemically
etched platinum-iridium tips (see Chapter ??). As revealed in the Figure 4.7, the
differential conductance increases in the filled-state region below -2.5 V and in
the empty-state region above +0.8 V. At positive bias voltages, the differential
conductance shows a slightly higher magnitude compared to the spectra at negative
bias. It is important to note that the STS measurements depends for instance
on the degree of substrate defect concentrations and the tip condition. The STS
spectra shown in Figure 4.7 reveals a typically observed band gap of ~ 3.3 V.
As mentioned in Section 4.1.1, the process of electron injection and consequently
the overall efficiency of DSSCs is controlled by the energy difference between the
conduction band of the TiOy material and the LUMO level of the dye. Hence,
the possibility of resolving both the conduction and valence band onset of the
TiO, anatase (101) substrate is of paramount importance when elucidating the
charge injection potential of photosensitizers adsorbed on this relevant oxide surface.
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Figure 4.7: Differential conductance spectra taken on TiO9 anatase (101) in the bias
range -b V to +2 V at 5 K. The conductance increases below -2.5 V and above +0.8 V,
respectively.
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4.3 Photosensitizer N3 on TiO, anatase (101)

As described before in detail, DSSCs constitute a promising approach to sustainable
and low-cost solar energy conversion. The overall efficiency of DSSCs is determined
by three interdependent dynamical processes, namely photon absorption and
electron-hole pair creation, the injection of the photoexcited electron into the
conduction band of the semiconductor and the subsequent dye regeneration by the
electrolyte (see Section 4.1.1). For these processes, integral time-resolved optical
spectroscopic and theoretical methods have provided a great deal of information.
The effective operation of the photosensitizers crucially depends on the specific

159,211,212 and consequently, much effort has been dedicated to

adsorption geometry
study the binding configurations of the dye molecules on TiO, surfaces. For instance,
a highly efficient photosensitizer prevalently coated on the mesoporous TiO, films
of DSSCs is the N3 dye (cis-di(thiocyanato)-bis(2,2’-bipyridyl-4,4’-dicarboxylate)
ruthenium(IT)) with a mass of 705.64 dalton.?* Its chemical structure is shown in the
inset of Figure 4.8 (marked in red). However, the determination of the precise N3
adsorption geometry and its associated electronic properties has not been directly
achievable so far. In addition, recently proposed supramolecular interactions

3 The further optimization of

between N3 dyes lack experimental evidence.?!
DSSCs would greatly benefit from the possibility of correlating photosensitizer
adsorption geometries to electronic properties at the dye-substrate interface, i.e.
the fundamental understanding of the interfacial properties will provide chemists
with specific design rules which enable the synthesis of optimized photosensitizer

structures for higher charge injection efficiencies in DSSCs.

Raman spectroscopy and DFT based studies indicate that N3 molecules are in
general coordinatively bonded to the fivefold coordinated Ti sites of the anatase
(101) surface via the carboxyl groups of their anchoring ligand BINA (2,2’-bipyridyl-
4,4’-dicarboxylic acid).?'*2'6 However, there is profound uncertainty about the
number of involved carboxyl groups and the respective binding modes of the partially
deprotonated carboxylic groups, i.e. monodentate, bidentate bridging and bidentate
chelating (see Section 4.1.3). Studies on the readily accessible TiO, rutile (110)
surface report ambiguous N3 anchoring either only via two carboxyl groups,?!”2!8
or mixed-binding involving both carboxylate groups and sulphur atoms of the N3’s
thiocyanate ligand.?'” Experimental data for the relevant TiO, anatase is scarce,
but vibrational spectroscopic and x-ray photoemission spectroscopy investigations
indicate adsorption of the Ru-based dyes via two deprotonated carboxylate groups
either in a bidentate chelate or in a bridging coordination.'?%22%221 DFT based
molecular modelling proposed the thermodynamically most stable N3 anchoring
to be given by a bidentate configuration of the BINA ligand.??? In addition, the

72



4.3. Photosensitizer N3 on TiO, anatase (101)

stabilizing role of surface hydroxyl groups and supramolecular interactions between
the photosensitizers through hydrogen bonds were recently discussed.?'%22* Despite
previous experiments and theoretical studies, the experimental investigation of
individual N3 photosensitizers on atomically well-defined TiO, rutile and anatase
surfaces at the molecular level has not been achieved so far. The lack of atomic-
scale studies is mainly attributed to the major obstacle of sample preparation as
discussed in Section 4.2.1. Deposition techniques such as substrate immersion in N3
solution prevailed high-resolution imaging and characterization of the dye-substrate
interface.2!™2!® Here we address the challenge of investigating both the adsorption
geometry and electronic characteristics of the photosensitizer N3 adsorbed on TiO,
anatase (101) with single molecule sensitivity.

4.3.1 Electrospray ion beam deposition of intact N3

In this study, a natural TiO, anatase single crystal with (101) surface orientation
was employed (see Section 4.2.2). Complex functional photosensitizer molecules typ-
ically have a low vapor pressure which represents a major problem for their analysis
by means of scanning probe microscopy and other UHV-based advanced character-
ization techniques. In fact, such molecules decompose before being sublimed and
therefore cannot be deposited onto clean surfaces in UHV by traditional molecular
beam evaporation techniques. Hence, the photosensitizer N3 was brought onto the
atomically well-defined substrate by means of electrospray ion beam deposition
technique (see Section 1.3). For deposition, N3 molecules (supplier: Sigma-Aldrich,
703206) were dissolved in ethanol (supplier: Sigma-Aldrich, 34998) at a concen-
tration of 10 M. A high efficiency nano electrospray ionization source was used
in negative ion mode to generate the ions at a spray voltage of 3500 V. The top
row of Figure 4.8 shows a typical ESI time-of-flight mass spectrum of the N3 ion
beam containing both differently charged N3 molecules (M~, M?~, M?~) by likely
proton abstraction from the carboxylic groups and fragments (M?~-S). To avoid
any contamination at the surface, the ion beam was mass selected to transmit only
the peak at 705 thomson, which corresponds to the singly negative charged N3
ion. The ESI-TOF spectrum of the mass-selected N3 ion beam is shown at the
bottom of Figure 4.8. The kinetic energy of the singly ionized N3 molecules was
measured at values of 35 - 50 eV and the bias at the sample was set to 30 - 45 V
respectively, which led to N3 deposition energies of ~ 5 eV. At the target in UHV,
mass selected ion currents of 60 - 120 pA were measured.

It was further made sure that the fragile N3 molecules survive the ESI deposition
procedure by choosing minimal kinetic energies of 5 4+ 2 eV. The intactness of
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Figure 4.8: Typical ESI-TOF mass spectrum of the N3 ion beam before (top) and
after (bottom) mass-selection of the singly-ionized N3 molecules (704.83 Th, marked in
blue). Only singly negative ionized N3 molecules were deposited on the TiOy anatase
(101) surface by ES-IBD. The chemical structure of the N3 dye is shown in the inset
(marked in red).

the N3 molecules upon substrate adsorption was verified by soft cluster-induced
desorption (SCID) experiments.??* This technique employs neutral SO, clusters
which are seeded in a helium beam and hit the collision target in UHV (see Figure
4.9a). Five N3 samples on gold substrates were prepared: four samples onto which
N3 molecules were deposited by ES-IBD (charge ~ 50 pAh) at different kinetic
energies (3/8/20/50 eV) and one sample by simply drop casting the respective
N3 solution. Upon impact of the neutral cluster beam on the sample surface, the
abundant formation of free N3 ions was detected with a pulsed time-of-flight mass
spectrometer which is oriented perpendicular to the beam axis. The corresponding
mass spectrum is shown in Figure 4.9b. The spectrum of the drop-cast sample can
be considered as a reference showing intensity peaks at 705 thomson and around
1400 thomson. These peaks correspond to the singly-ionized (M!~) and two coupled
singly-ionized (2M!~) N3 molecules, respectively. Importantly, compared to the
ES-IBD prepared samples, the major peaks of the singly-ionized N3 molecules
remain and no additional strong peaks arise. This shows that even at a N3
deposition energy of 50 eV, the vast majority of adsorbates are intact N3 molecules.
Accordingly, the kinetic energy upon adsorption gets transferred to internal degrees
of freedom of the N3 molecule®?® 226 keeping the photosensitizer intact.
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Figure 4.9: (a) Upper left: schematic depiction of the cluster-impact experiment.
After the neutral cluster beam hits the N3/Au(111) sample surface, charged fragments
carrying N3 molecules are extracted by the biased grid (G). Mass analysis is performed
in the TOF mass spectrometer oriented perpendicular to the primary beam. Skimmer
(S) and aperture (A) allow for beam collimation. Lower right: schematic depictions of
cluster impact and subsequent desorption of biomolecules from a surface (Taken from ref.
224). (b) TOF analysis of N3 desorbed by neutral SO clusters from Au(111): N3 dyes
deposited by means of electrospray ion beam deposition method (top four spectra) and

drop-cast method (bottom spectrum) on Au(111).
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4.3.2 Mobility and formation of dye assemblies

Figure 4.10 shows STM images of the bulk-terminated TiO, anatase (101) surface
revealing typical flat terraces with an average width of ~ 20 nm and characteristic
trapezoidally shaped islands. The monoatomic steps are preferably orientated
along the [010], [111] and [111] directions (see Section 4.2.2). The bright particles
protruding by ~ 6 A and a lateral diameter of ~ 15 A are assigned to intact N3
molecules.

At low N3 coverage (charge 15 pAh, Figure 4.10a), initial N3 adsorption is evidently
preferred close to step edges without any preference of a particular step orientation.
Moreover, only few N3 molecules adsorb isolated on terraces. As the coverage
is increased (charge 30 pAh, Figure 4.10b), N3 molecules assemble into larger
two-dimensional clusters and chains both close to step edges and on terraces. The
formation of dye clusters is further revealed in Figure 4.11a and 4.11b, respectively.
In absence of molecular diffusion, a spatially random adsorption of N3 molecules
would be expected due to the strong anchoring via the carboxylic groups. However,
the preferred N3 binding at step edges and the formation of N3 assemblies revealed
in Figures 4.10 and 4.11 indicate a certain mobility of the N3 molecules in their
physisorbed or chemisorbed state. The time between the deposition and the
measurement at 5 K amounts to several hours (~ 8 h). During this time, the
substrate is at room temperature and N3 might diffuse through a sequence of
intramolecular transitions overcoming existing energy barriers, whose calculation is
a challenging task not achieved so far. However, the energetics can be estimated
from the diffusion barrier of a single benzoic acid adsorbed in a bidendate manner
on TiO, rutile (110) along the (001) direction that was calculated to ~ 0.55
eV.??" Compared to rutile (110), the large surface corrugation at the anatase (101)
induces a high degree of diffusion anisotropy potentially leading to an increase
of the N3 diffusion barrier. Further, the N3 diffusion barrier depends on the
number of carboxylate groups involved in the coordination to the anatase (101).
In order to gain further insights into the N3 diffusion, the binding behaviour of its
bare anchoring ligand BINA is studied in Section 4.4. Moreover, intrinsic surface

210 of the anatase (101) represent special

defects such as step edges and defect sites
adsorption sites (see Section 4.1.2) and local electric fields could contribute to the
immobilization of N3 molecules close to these sites as observed in Figure 4.10 and
4.11. The role of a potential physisorbed intermediate state in the adsorption and

anchoring process needs to be considered as well.
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Figure 4.10: Photosensitzer N3 adsorbed on TiOg anatase (101). (a) STM overview
image at low N3 coverage (charge 15 pAh, 2.04 V, 0.06 nA, 5 K). (b) STM image at
middle N3 coverage (charge 30 pAh, 1.99 V, 0.15 nA, 5 K). The crystallographic directions
of the substrate were assigned according to Ref. 175.
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Figure 4.11: Photosensitzer N3 adsorbed on TiO2 anatase (101). Clustering at (a)
step edge (1.98 V, 0.08 nA, 5 K) and (b) on terrace (1.80 V, 0.06 nA, 5 K).

4.3.3 Multi-conformational binding geometries

Figure 4.12 shows a high-resolution STM image revealing individual N3 molecules
with submolecular structure adsorbed on atomically resolved anatase (101). Sur-
prisingly, each N3 molecule reveals a different shape and inner structure whereas
the apparent height is very similar (~ 6 A). While the top left and bottom N3
molecules are characterized by broad protrusions, the top right and middle N3
molecules rather show oval adsorption geometries. This observation gives direct
hint to multi-conformational N3 binding geometries.

Following theoretical approach was pursued to model the experimental findings.
First, the electronic structure of an intact N3 molecule was obtained by densitiy
functional theory in absence of the substrate. Calculations were performed within
a generalized-gradient approximation to density-functional theory [28]. The core-
valence interaction was taken into account using ultrasoft pseudopotentials.??®
Periodic boundary conditions and plane-wave basis sets were used as implemented
in the Quantum ESPRESSO package.??® The electronic wavefunctions and densities
were expanded up to kinetic energy cutoffs of 35 and 200 Ry, respectively. For
the calculations on the isolated N3 dye, a simulation cell of dimensions 32x32x32
A3 was used, and the Coulomb interaction between periodic replicas was removed
via the truncation technique of Ref. 230. The relaxed structure of the gas-phase
molecule was obtained by minimising the forces until the total force on each atom
was less than 25 meV/A. STM images of the dye were simulated in the Tersoff-
Hamann approach.® The local density-of-states (LDOS) was integrated up to 1
eV above the N3 LUMO and plotted on a logarithmic scale. A large number of
different geometries were investigated by randomly varying the orientation of the
molecule. For each case, the map was calculated on a plane located 3 A above
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4.3. Photosensitizer N3 on TiO, anatase (101)

the furthest atom from the (virtual) TiOs surface. The DFT-calculated maps
which correspond most closely to the experimental STM maps of Figure 4.12a
are displayed in Figure 4.12b. In general, the calculated STM maps show the
particular electronic features of the main ligand parts, i.e., the thiocyanate, phenyl
and carboxylic group, sticking out of the surface. For instance, the thiocyanate
group is imaged as a single round protrusion while the carboxylic group features a
double lobe structure as can be seen in the upper right and bottom simulation in
Figure 4.12b. Molecules having a different orientation are imaged asymmetrically

| S ‘ 1_:

Figure 4.12: Individual N3 molecules on TiO2 anatase (101). (a) High-resolution
STM image revealing multi-conformational N3 adsorption geometries and submolecular
N3 structure at atomic substrate resolution. Top two N3 molecules form a dimeric
supramolecular assembly (1.72 V, 0.06 nA, 5 K). (b) DFT-calculated maps which
correspond most closely to the experimental STM map neglecting substrate influence.
Realistic placement of the N3 model on the experimental STM map of the (c) bottom
and (d) middle N3 molecule. Ball-stick model of the coordination geometries of the (e)
middle and (f) bottom N3 molecules. (1.72 V, 0.06 nA, 5 K)
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Figure 4.13: (a) STM image of an individual N3 dye with atomically resolved substrate
(2.0 V, 0.2 nA, 5 K). (b) Corresponding ball-stick coordination geometry including three
carboxylic groups binding to the substrate in unidendate modes. (c¢) Realistic N3 model
overlayed to STM topograph. (d) Corresponding Tersoff-Hamann STM simulation.

and show lobes originating from different parts of the ligand. In this way the best
theoretical fit structure for the experimental topographs was obtained. Figure
4.12¢ and 4.12d show the experimental STM maps of the two bottom N3 molecules
with the best fitting N3 model overlayed. The corresponding ball-stick models of
the N3 - anatase (101) interface are shown in Figure 4.12e and 4.12f (models of the
top two N3 molecules see below). The specific N3 binding geometries are derived
from a realistic placement of the molecules on the substrate, and vary from the
unidentate to the bidentate bridging mode.

In most cases, the access of the energetically most favourable N3 configuration seems
to be kinetically hindered due to insurmountable barriers at room temperature. The
observation of multi-conformational N3 binding geometries indicates that the N3
molecules are frequently trapped in local energy minimum configurations. Rarely,
N3 adsorption geometries in the lowest energetical configuration were observed.
Figure 4.13a shows a high-resolution STM image of a single N3 molecule on the
atomically resolved TiOs anatase (101). The corresponding ball-stick binding
model for this particular case is shown in Figure 4.13b, Figure 4.13c¢ shows the N3
model overlayed to the STM image and the corresponding DF'T map is depicted in
Figure 4.13d. In this N3 adsorption geometry, three carboxylic groups bind to the
substrate in unidendate modes. According to Ref. 213, this configuration is the
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4.3. Photosensitizer N3 on TiO, anatase (101)

energetically most favorable one owing to the minimum strain exerted on the dye
molecule. However, in general, even energetically less favorable configurations such
as the unidentate mode involving a hydrogen bond to the surface or the bidentate
bridging mode including only one out of four N3 carboxylate groups are observed
(see Figure 4.12). These findings indicate that the adsorption energetics of the
interface models is not a reliable quality indicator and that kinetics fundamentally
influences the N3 adsorption behaviour. Note that by the examples given here,
the participation of the thiocyanato ligands in the substrate bonding for other
not identified N3 adsorbates cannot be excluded. The multitude of observed
configurations is even more surprising considering the residual ion kinetic energy of
~ 5 eV that could provide for a transient mobility after deposition giving additional
impetus to overcome energy barriers.

4.3.4 Supramolecular interaction

The two top N3 molecules revealed in Figure 4.12a are shown in greater detail
in Figure 4.14a. Compared to the two bottom N3 molecules (Figure 4.12), they
are further characterized by an elongated intermolecular protrusion which gives
strong hint to the formation of a dimeric N3 assembly. The corresponding DFT

Figure 4.14: (a) STM image of the two top N3 molecules from Figure 4.12a forming
a dimeric supramolecular assembly (1.72 V, 0.06 nA, 5 K). (b) N3 binding models
overlayed to the STM image. (c¢) Ball-stick representation of best-fitting DFT model
with a hydrogen bond interconnecting both N3 dyes.
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structures and binding modes are shown in Figure 4.13b and 4.13c, respectively.
In this proposed configuration, the left N3 molecule forms a unidentate linkage
to the substrate whereas the right one coordinates in the bidentate bridging
configuration. Particularly, this configuration allows the formation of a hydrogen
bond interconnecting both N3 carboxylic groups. These findings support the
recently proposed supramolecular interactions between N3 molecules based on the

reverse-engineering of core-level spectra.?'3

4.3.5 N3 charge injection potentials

As discussed in Section 4.1.1, the process of electron injection in DSSCs is crucially
determined by the energy difference between the LUMO level of the photosensitizer
and the conduction band of the TiO4 substrate. Since the N3 molecules coordinate
in various different ways to the TiO, surface (see before), an important question
directly relating to the DSSC performance arises: do the specific N3 adsorption
configurations have an influence on the respective dye LUMO level relative to the

dI/dV [arb.u.]

Voltage [mV]

Figure 4.15: (a) STM overview image of various different N3 adsorption configurations
on TiOg anatase (101) (1.98 V, 0.08 nA, 5 K). (b) Corresponding dI/dV spectra taken
at positions indicated in (a).
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Figure 4.16: (a) STM overview image of N3 adsorption configurations on TiO anatase
(101) (1.98 V, 0.09 nA, 5 K). (b) Corresponding dI/dV spectra taken at positions indicated
in (a).

substrate conduction band? Are there preferential N3 adsorption geometries which
promote an efficient charge transfer from the dye into the substrate by effectively
coupling to the TiO, surface? It was shown in Section 4.2.3 that both the substrate
HOMO and LUMO can be revealed by STS. The onset of the TiO5 conduction band
lies at about + 0.8 €V and the valence band maximum is found at ~ -2.5 eV. Here
we adress the challenge of characterizing individual N3 molecules adsorbed on TiO,
anatase (101) by means of STS. Note that STS of the occupied states is unstable
due to the dye’s HOMO levels being inside the TiO, band gap and corresponding
discharging of the N3 when approaching the HOMO. Hence, the STS spectra were
recorded in the positive bias voltages range. Figure 4.15a shows a STM overview
image of N3 molecules which are adsorbed in various different configurations on
TiO, anatase (101). Figure 4.15b reveals the corresponding differential conductance
spectra of both the substrate (black line) and the individual N3 molecules (coloured
lines) which were recorded as indicated in the figure. The STS spectra of the
individual N3 molecules show a strong variation in the LUMO energetic position
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Figure 4.17: (a) STM overview image revealing a dimeric N3 assembly (Mol. 1 and
Mol. 2) on TiOg anatase (101) (1.8 V, 0.08 nA, 5 K). (b) Corresponding dI/dV spectra
taken at positions indicated in (a).

up to ~ 1 eV. These findings are of paramount importance since they indicate with
single molecule sensitivity the fundamental dependence of the N3 LUMO positions
on the specific N3 coordination mode. Since the dye LUMO position varies in such
strong manner, even adsorbtion geometries where the dye LUMO states lie below
the conduction band minimum are conceivable. In this case, not all photoabsorbers
would contribute to the photovoltage. Figure 4.16a shows three N3 molecules
adsorbed on the TiO, anatase (101). The two bottom molecules are characterized
by quite similar topographical shapes. However, even such little variations between
these N3 adsorption geometries are directly visualized in differing STS spectra
which are shown in Figure 4.16b. Figure 4.17a shows a dimeric N3 assembly on
TiO, anatase (101) which was characterized by means of STS. Figure 4.17b shows
the corresponding differential conductance spectra. The N3 molecules can be nicely
distinguished by their LUMO levels (Mol. 1: 2.25 V, Mol. 2: 1.94 V). These
findings provide the possibility to perform STS calculations and learn from theory
the change in energy alignment upon mutual dye interaction.

4.3.6 Monolayer of N3

To complete the investigation of the N3 molecules on TiO, anatase (101), a N3
monolayer sample (deposited charge 90 pAh) was prepared. Figure 4.18 shows
the TiOy substrate at full N3 coverage where an underlying molecular ordering
is not directly visible. In some areas (marked by white circle), the formation of
chain-like structures can be observed. This finding could potentially support the
recently suggested self-assembly of hydrogen-bonded N3 molecules in chains.?3!

Furthermore, Figure 4.18 gives a realistic scenario for DSSCs.
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Figure 4.18: STM image of a monolayer N3 (deposited charge 90 pAh) adsorbed on
TiOg anatase (101) (2.08 V, 0.07 nA, 5 K). Formation of chain-like structures can be
observed (area marked by the white circle).

In conclusion, our studies provide first atomic-scale insights into the structure-
property relationship of the photosensitizer N3 adsorbed on the relevant TiO,
anatase (101). The local structure of N3 molecules was probed with single molecule
sensitivity revealing a multitude of different N3 binding geometries on the oxide
surface. The specific N3 binding geometries were derived by DFT simulations
and vary from the unidentate to the bidentate bridging mode involving various
carboxylate groups. This indicates that the N3 molecules are frequently trapped
in local energy minimum configurations and demonstrates the essential influence of
adsorption kinetics on the N3 binding geometry. Further, our studies revealed the
formation of supramolecular dye assemblies. The strong influence of specific N3
adsorption geometries on its electronic properties, i.e. the N3 LUMO level with
respect to the substrate Fermi level, was demonstrated. Our experimental findings
supported by DFT-based calculations show that understanding the kinetics of the
N3 molecule is essential to control both the adsorption geometry and the diffusion of
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N3 on the TiO, anatase (101) surface. The present work carries direct relevance to
the optimization of the quantum yield of DSSCs, enhance their stability and design
more efficient dyes.?*? Even in the early stages of development, photosensitizers
can be probed with molecular sensitivity on relevant TiO, surfaces which allows
preselection of highly suitable chemical structures. The experimental procedure
can be directly extended to new dye molecules and a variety of different substrates.
Furthermore, the atomic-scale insights pave the route towards achieving optimum
dye coverages and enhanced structural stability of the dye-substrate interface.
Finally, the present work provides an experimental basis for important theoretical
investigations in the future.
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4.4 Dye anchoring ligand BINA on TiO, anatase
(101)

It was shown in Section 4.3 that the polypyridyl complex N3 coordinates in
various different adsorption geometries via carboxylate groups of its anchoring
ligand to the TiO, anatase (101) surface. STM and STS investigations further
gave evidence that the electronic properties of N3 dyes, i.e. the dye LUMO
level with respect to the substrate Fermi level, depend on the specific molecular
adsorption geometry. This finding is of paramount importance for increasing
charge injection efficiencies in DSSCs and additional insights into the specific
photosensitizer coordination geometries would be advantageous. Here we study
the adsorption geometry of the anchoring ligand of the photosensitizer N3 (BINA,
2,2’-bipyridyl-4,4’-dicarboxylic acid,'®®233234 cf. Figure 4.19) on TiO, anatase
(101) by means of STM at 5 K combined with DFT-based calculations. Revealing
the BINA binding characteristics with single molecule sensitivity will contribute
to understanding the multi-conformational binding geometries of the N3 dye in
more detail. Previous work has shown that the BINA ligand provides a route for
ultra-fast electron transfer from the photosensitizer into the conduction band of

235

the substrate on a femtosecond timescale.”>> Consequently, its integrity is critical

to the function of DSSCs which are based on this molecular anchoring ligand.

Details of the BINA configuration geometry on well-defined TiOy anatase (101)
still lack experimental evidence at the atomic level. Strongly surface-bonded N3
dyes can be expected to be more favorable than a weakly adsorbed dye with an
undeformed surface-binding BINA.?%¢ The high flexibility of the BINA molecules
has been evidenced with rather strong twists between its two pyridine rings.?*" 240
A theoretical study of the BINA adsorbed on TiO, anatase (101) indicated that
the lowest energy configuration for this system is the bridging bidendate adsorption
mode (see Section 4.1.3) involving both carboxyl groups.?*"2*! This means the
deprotonated carboxylate oxygen atoms of each pyridyl ring bind to neighbouring Ti
atoms along the Ti rows rather than to one Ti atom in a chelate-like geometry.?*?
Further theoretical works on the adsorption of the BINA molecule on anatase

h236:243 and semiempirical

(101) surfaces using the large unit cell periodic approac
techniques® have been reported. Apart from theoretical studies, UHV experiments
have been recently carried out to study the adsorption geometry of the bare BINA
molecule on TiO, surfaces.?*"'?** The general consensus now seems to be that
at least a fraction of the carboxylic groups of the BINA ligand are deprotonated
and coordinate to the TiO, substrate.??>??? In addition, core-level spectroscopy

(XPS and XAS) studies of intermolecular hydrogen-bonding in thick films of BINA

87



Chapter 4. Resolving the molecule-oxide interface of DSSCs

I 6.63 A {

|

4.59 A
> e
s A J_

Figure 4.19: Chemical structure of the cis-confomer of the bi-isonicotinic acid (2,2’-
bipyridyl-4,4’-dicarboxylic acid).

on TiO, rutile (110) were reported.?’> NEXAFS investigations also focused on
the BINA bonding to TiOy rutile (110).%* However, previous studies have not
been sufficient to determine the full atomic-level details of the BINA coordination
geometry on the relevant TiO, anatase (101) surface.

STM study of BINA on TiO, anatase (101)

Atomically well-defined TiO, anatase (101) surface was prepared following the
procedure described in Section 4.2.1. BINA (supplier: Sigma-Aldrich, 550566 )
was thermally evaporated at 520 K (see Section 1.2) in UHV onto the substrate
which was kept at room temperature during dosing. Subsequently, the sample
was cooled down to 5 K. The STM measurements were performed in the constant
current mode using chemically etched platinum iridium tips. Figure 4.20 shows
a high-resolution STM overview image of the BINA molecules adsorbed on TiO,
anatase (101). Numerous different molecular adsorption shapes are revealed on
the atomically resolved substrate. Two adsorption structures can be observed
more frequently: u-shape (20 %) and three-lobe shape (13 %) BINA geometries as
highlighted in Figure 4.20.

The u-shape BINA configuration is shown in greater detail in Figure 4.21a. It
reveals a significant circular protrusion in the molecule center and an extended
u-shape protrusion around the molecule center. Besides some additional adsorbates
revealed in the STM image, this STM topograph represents the typically observed
u-shape BINA and allows detailed analysis due to the atomically resolved substrate.
In this configuration, the BINA molecules show a preferential binding angle of ~
-45° and 39° relative to the [010] direction of the atomically resolved substrate as
indicated in Figure 4.21a. In order to elucidate the underlying coordination mode,
DFT-based simulations of the STM data were performed. For calculations of the
BINA molecule on the TiO5 surface, a twelve-layer anatase TiO slab of dimensions
20.9 x 19.0 A was used as in Ref. 213. Periodic images of the slab were separated
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Figure 4.20: High-resolution STM overview image of the photosensitizer ligand BINA
(2,2’-bipyridyl-4,4’-dicarboxylic acid) on TiOg anatase (101). Various different BINA
adsorption configurations are revealed on the atomically resolved substrate (1.75 V, 0.08
nA, 5 K).

by a vacuum region of 22 A. A single BINA molecule was adsorbed on the slab
and relaxed with the same 25 meV /A force criterion as for the isolated N3 dye.
The Tersoff-Hamann STM images were obtained by integrating the LDOS up to
1.2 eV above the anatase conduction band edge. This integration bound correctly
captures the contribution from the LUMO of BINA, whose energy is calculated
to be 1 eV above the conduction band edge. The map was calculated on a plane
located 2 A above the extremal BINA atom.

Among the various different BINA configurations revealed in Figure 4.20, the
most frequently observed u-shape was modeled by DFT. The calculated overall
molecular shape shown in Figure 4.21b (bottom) represents the best fitting model
at present. It shows highly similar features compared to the STM map of the
u-shape BINA (Figure 4.21a) revealing a circular protrusion in the molecule center
and a extended overall u-shape. The corresponding ball-stick model of this BINA
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Figure 4.21: U-shape BINA adsorption configuration on TiO2 anatase (101). (a)
High-resolution STM image of the BINA molecule (2.0 V, 0.3 nA, 5 K). (b) Corresponding
substrate and BINA overlayed on the atomically resolved substrate of the STM map. (c)
DFT ball-stick model of the BINA adsorption configuration. (d) Corresponding DFT
map of the BINA u-shape with molecule model overlayed.

adsorption geometry is shown in Figure 4.21c. In this particular configuration,
both carboxylic groups are deprotonated and two bidentate bridging modes are
formed with one elongated Ti-O bond and a substantial twist between the pyridine
rings. The BINA model overlayed to the DFT map (Figure 4.21d) shows that the
two main protrusions of the u-shape result from the pyridyl rings of the BINA. The
circular protrusion at the center is attributed to one nitrogen atom of the bipyridyl
complex while the additional lobe in the bottom right corner of the DFT map arises
from one of the pyridine rings. Furthermore, the binding angle of the calculated
structure matches well with the experimental observation (~ -45° relative to the
[010] substrate direction) which strongly supports the theoretical model. However,
the present DFT simulations still show some deviations to experimental findings.
Figure 4.21b (top) shows the STM map of BINA with overlayed atomic substrate
lattice and the suggested BINA model. The adsorbed molecule appears as large and
bright oval spot in between two adjacent titanium rows. Zooming in the DFT plot
with the substrate and comparing the positions of the bright spots to the atoms
on the surface, the correspondence of the theoretical findings to the experimental
modeling (see Figure 4.21b (bottom)) appears to be incidental. In terms of scale,
the experimental picture occupies a larger area. Currently ongoing calculations
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Figure 4.22: High-resolution STM image of a second BINA configuration regularly
observed on TiOg anatase (101). (a) Single BINA ligand binding at a step edge (1.8 V,
0.07 nA, 5 K). (b) Formation of a type II BINA dimer (1.7 V, 0.08 nA, 5 K).

will clarify these slight deviation, one possible explanation for the size difference
might be the broadening due to the extended tip.

The second type of BINA frequently observed on TiOy anatase (101) is the three-
lobe structure. Figure 4.22a shows this coordination type adsorbed at a step
edge with atomically resolved substrate. The submolecular resolution reveals six
protrusions. Figure 4.22b shows a dimeric BINA three-lobe assembly. The currently
performed DFT modeling of the three-lobe shape and of additionally observed
BINA structures will reveal further details of specific coordination modes.

In previous theoretical studies, the adsorbed molecules have been generally con-
sidered as isolated, even though high coverages or full monolayers of adsorbed
molecules are often present in experiments and are relevant for applications. Hence,
the experimental determination of supramolecular interactions between BINA
molecules is important. The STM image shown in Figure 4.23a reveals the for-
mation of molecular assemblies, i.e. dimeric and trimeric u-shape BINA clusters.
Strikingly, the BINA molecules assemble into single molecular chains which are
orientated again in a preferential angle of ~ -45° relative to the [010] substrate
direction. Figure 4.23b shows a 3D view of a BINA u-shape dimer at atomic
substrate resolution. The mobility of the BINA molecules on the TiO, anatase
(101) surface is also revealed in Figure 4.23¢ and 4.23d where the binding of both
single and dimeric BINA molecules to step edges are resolved. These findings show
that supramolecular mutual interactions have a direct influence on the adsorption
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Figure 4.23: High-resolution STM images of the BINA ligand adsorbed on TiO,
anatase (101). (a) Formation of supramolecular BINA assemblies preferentially orientated
along the [010] substrate direction (1.7 V, 0.08 nA, 5 K). (b) Perpective view of a BINA
dimer with atomic substrate resolution. (c) Single BINA molecule binding at a substrate
step edge (1.9 V, 0.07 nA, 5 K) (d) Formation of a BINA dimer at the step edge (1.8 V,
0.06 nA, 5 K).

sites on TiOy anatase (101).

The observation of various different BINA adsorption geometries on TiO, anatase
(101) represents an unexpected finding since not only the thermodynamically most
stable adsorption configuration of the BINA was observed. These results suggest
that the observation of various different N3 adsorption geometries reported in
Section 4.3 can be attributed to a complex combination of the multiple BINA
coordination modes. One further important finding is the BINA ligand mobility
which correlates to the observed N3 dye diffusion on TiOy anatase (101).

92



4.5. Photosensitizer N3 on Au(111)

4.5 Photosensitizer N3 on Au(111)

Elucidating details of the geometrical and electronic properties of the photosensitizer
N3 on Au(111) surfaces potentially helps to understand fundamentals of a new type
of dye-sensitized solar cell proposed by McFarland and Tang.?*¢ In these cells, a
fluorescein photoreceptor is adsorbed on an Au/TiOy/Ti multilayer structure. The
photoexcited electrons are transferred from the dye through the conducting surface
layer and over the Schottky barrier to the titanium providing a photocurrent. These
devices show high internal quantum efficiencies and the advantage of operating
without an electrolyte. Furthermore, comparing STM/STS findings of the N3 dye
on Au(111) to respective structural and electronic properties on TiO, anatase (101)
gives insights into the general N3 adsorption characteristics on both metal and
metal oxide surfaces.

In this section, we study the geometric and electronic properties of the N3 dye
adsorbed on Au(111) by means of scanning tunneling microscopy and spectroscopy
at 5 K. The Au(111) surface was prepared following the sample cleaning procedure

Figure 4.24: Constant current STM images of the photosensitizer N3 adsorbed at low
coverage on Au(111). (a) Overview image revealing the formation of N3 assemblies (2 V,
0.3 nA, 5 K). (b) N3 clustering along the Au(111) herringbone reconstruction (2 V, 0.3
nA, 5 K). (c) Enlarged view of a N3 cluster (1.8 V, 0.2 nA, 297 K).
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Figure 4.25: High-resolution STM images of the N3 dye adsorbed on (a) Au(111)

)
(inset: rotated 3D-view) (1.48 V, 0.1 nA, 5 K) and (b) TiOz anatase (101) 2.0 V, 0.2 nA,
5 K.

described in Section 1.2. Electrospray ion beam depostion was employed to bring
singly ionized N3 molecules onto the Au(111) surface (details see Section 1.3 and
4.3.1) Upon N3 deposition, the sample was cooled to 5 K for characterization.

Figure 4.24a shows a STM overview image of N3 dyes adsorbed at low coverage
(charge of 15 pAh) on Au(111). It reveals the assembly of N3 molecules into larger
two-dimensional clusters and chains on both terraces and, to a greater extent, at
substrate step edges. The supramolecular N3 clusters preferentially assemble along
the Au(111) herringbone reconstruction as shown in Figure 4.24b. This corresponds
to previous findings that N3 dyes adsorb primarily at the faulted regions of the
Au(111) herringbone reconstruction.?*” Figure 4.24c shows a N3 cluster in more
detail. Comparing the lateral size of N3 dyes of ~ 15 A measured on TiO, anatase
(101) (see Section 4.3) to the dimensions of each protrusion revealed in the STM
image allows the conclusion that each protrusion in Figure 4.24c¢ corresponds to
a single N3 molecule. The observation of N3 assemblies hints to N3 molecules
which are free to diffuse upon adsorption on the Au(111) surface. Their mobility
seems not to be hindered by interaction with the substrate and only gets reduced
upon the formation of molecular assemblies preferentially at the elbow site of the
herringbone reconstruction or upon binding at step edges. The preferential N3
binding at the Au(111) elbow sites of the herringbone reconstruction could be
attributed to the higher electron density at these sites.
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Figure 4.26: Differential conductance spectrum recorded above the center of the N3
dye adsorbed on Au(111) at 5 K. N3 HOMO and LUMO starts rising at - 1.5 V and +
1.2 V, respectively. Vibronic modes are revealed with equidistant features (A E ~ 200
mV).

A high-resolution STM image of a single N3 molecule adsorbed on Au(111) is
shown in Figure 4.25a. The N3 dye is characterized by a triangular adsorption
shape with ~ 15 A lateral size. The submolecular resolved STM image indicates
three circular protrusions within a single N3 dye. The molecular adsorption shape
of the N3 molecules show similar dimensions on both Au(111) and TiO, anatase
(101) as compared in Figure 4.25.

Figure 4.26 shows a differential conductance spectrum of the N3 dye taken at 5
K. The spectrum exhibits rising of the N3 HOMO and LUMO at - 1.5 V and +
1.2 V, respectively. Furthermore, the spectrum displays a series of equally spaced
features with equidistant peaks separated by ~ 200 mV. These features are at-
tributed to resonant tunneling into vibronic states of individual N3 molecules.?*8
Polypyridyl ruthenium complexes were studied for instance by resonance Raman
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spectroscopy.?? The equidistant features (AE ~ 200 mV) are indicative of C-H
bending and C-C stretching modes of the bipyridine rings. XPS studies suggested
that the N3 dye bonds to the Au(111) surface via the sulphur atoms of its thio-
cyanate ligands, most likely accompanied by a physisorption interaction from the
bi-isonicotinic acid ligands.?*"2°" The observation of vibronic modes in the STS
spectrum supports such possible N3 adsorption configuration on Au(111) where
the bipyridine rings are lifted up from the surface. In this case, the N3 molecules
are chemisorped with either one or two NCS groups on the gold substrate.

In conclusion, the coordination of the N3 molecules via its thiocyanate ligands
to the gold substrate shows remarkable different adsorption behaviour on TiO,
anatase (101) where the carboxylate groups of the N3 anchoring ligand BINA
dominate the substrate binding.
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The current thesis aimed at providing an experimental basis for gradually approach-
ing the longterm aim of increasing the efficiency of current solar converters such
as dye-sensitized solar cells as well as the realization of surface assisted catalysis
for chemical energy conversion. To this end, both the hierarchical assembly of
metal-organic coordination networks for functional catalysis and the molecule-oxide
interface of dye-sensitized solar cells have been investigated. The key scientific
results of this thesis can be condensed as follows:

1. Realization of a new low-temperature scanning tunneling microscope

2. Hierarchical assembly of highly adaptive metal-organic coordination networks
and its catalytic functionalization

3. Structural and electronic characterization of the photosensitizer N3 - TiO,
anatase (101) interface at the atomic level.

The investigation of metal oxide surfaces necessitated the first integral part of
this thesis: the design and construction of a new type of low-temperature STM
operating in UHV. The realization of the STM unit, its wiring to a new liquid helium
bath cryostat as well as the construction of various different system components
such as a manipulator unit, an optical microscope or an UHV transfer suitcase
unit was described in Chapter 2. In this STM design, the z-approach is realized
by using an Attocube piezo system which allows precise tip z-approach. Lateral
sample positioning with (sub-)micrometer precision in a range of 5 x 5 mm? is
made possible by x-y shear actuators. An optical access to the tip-sample junction
allows to control the sample positioning by a CCD camera and furthermore enables
light-induced or photo-emission studies. In addition, the new STM design features
simple in-situ tip exchange and the possibility of using a variety of sampleholders
for different substrates. Four independent contacts to the sample can be used for
in-situ transport and back-gate functionalities. The STM setup provides a basis
for a variety of novel experiments on different substrates (see below).
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Based on this STM, the first main research direction constituted the fabrication
and characterization of extended metal-organic coordination networks on metal
surfaces with insensitivity to intrinsic substrate defects and its functionalization
by catalytic active metal atoms. The formation of extended two-dimensional
MOCNs showing high adaptability to surface step edges and structural defects was
revealed by scanning tunneling microscopy. Chapter 3 reported on the rod-like
4,4’-di-(1,4-buta-1,3-diynyl)-benzoic acid BDBA and iron atoms which assemble
into extended 2D-MOCNs on Au(111) and Ag(100) surfaces. Independent from
the chosen substrate and its surface symmetry the MOCN grows continuously
over multiple surface terraces through mutual inphase structure adaptation of
network domains at step edges as well as on terraces. The adaptability of the
MOCNs was mainly ascribed to the high degree of conformational flexibility of the
butadiynyl functionality of the ligand. Despite their flexibility, the MOCNs exhibit
considerable robustness against annealing at high temperatures. The findings
show that mesoscale self-assembled functional architectures with a high degree of
substrate error tolerance can be realized with metal coordination networks.

Further, the interaction of nickel atoms and clusters with the butadiyne metal-
organic templates on Au(111) and Ag(100) surfaces was investigated by STM. It
was shown that Ni atoms can be incorporated in the metal-organic matrix without
loosing its structural integrity. It turned out that the metal substrate plays a
crucial role in the interaction of Ni atoms with the metal-organic host networks.
On Au(111), Ni clusters and islands are spatially limited to the network cavity size
and decorate the phenyl rings. In contrast, on Ag(100) the metal-organic template
imposes the nucleation of Ni atoms within the topmost substrate layer underneath
the network pattern. In both cases, clusters consisting of a few metal atoms with an
areal density of 4 x 10'3 em™2 can be obtained that are stable upon annealing up to
450 K, i.e. relevant temperatures in catalytic reactions. Additionally, experimental
evidence was given that the Ni decorated networks can be utilized for binding
additional molecular units into the network cavities which opens up the way to
assemble hierarchically organized multicomponent architectures at surfaces.

The second main research topic of this thesis focused on the atomic-scale investiga-
tion of the structural and electronic properties of the photosensitizer N3 and its
anchoring ligand BINA adsorbed on TiO, anatase (101). First, the preparation
of atomically well-defined TiO, anatase surfaces using natural TiO5 bulk crystals
was reported. Subsequently, Chapter 4 reported on a combined experimental and
theoretical study of the geometric and electronic properties of the photosensitizer
N3 adsorbed on TiO, anatase (101). In situ electrospray ionization deposition
combined with STM and STS studies in UHV at 5 K provided direct access to the
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dye-substrate interface at the atomic level. The local structure of N3 molecules
was probed with single molecule sensitivity revealing multi-conformational N3
binding geometries on the oxide support. Experimental evidence was given that the
electronic properties of the photosensitizer N3 strongly depend on its adsorption
geometry which makes specific dye adsorption geometries more favorable in terms
of higher charge injection efficiencies. Furthermore, the STM studies revealed the
formation of supramolecular N3 dye assemblies that are potentially stabilized by
molecular interactions. To gain further insights into the N3 coordination geometry,
the N3 studies were complemented with STM investigations of the N3 anchor-
ing ligand BINA adsorbed on TiO, anatase (101). The multi-conformational N3
binding geometries were correlated to the observation of multiple adsorption con-
figurations of the BINA ligand on the TiOy support. These experimental findings
were supported by density functional theory based calculations. Additionally, the
N3 dye was resolved with submolecular resolution on Au(111). The observation
of vibronic modes in the N3 STS spectrum supports previously suggested N3
adsorption configuration on Au(111) where the bipyridine rings are lifted up from
the surface with the N3 molecules chemisorped with either one or two NCS groups
on the gold substrate.

These findings contribute to a major leap when striving for higher efficient DSSCs
with the longterm aim to make these devices a primary contributor to renewable
electricity generation. Further optimization of DSSC efficiencies greatly benefits
from the possibility of correlating the photosensitizer adsorption geometries to
electronic properties at the dye-substrate interface. The insight that only specific
dye adsorption configurations participate in the charge injection process is of direct
relevance to the optimization of the quantum yield of DSSCs. By proceeding
current investigations, chemists can be provided in the future with specific design
rules enabling the synthesis of optimized photosensitizer structures for maximum
charge injection efficiencies and low charge recombination rates. The experimental
procedure developed in this thesis can be directly extended to new dye molecules
and a variety of different substrates. Even in the early stages of development, pho-
tosensitizers can be probed with molecular sensitivity on relevant photoelectrodes
which allows preselection of highly suitable chemical structures. Furthermore, the
atomic-scale insights pave the route towards achieving optimum dye coverages and
enhanced structural stability of the dye-substrate interface. Finally, the present
work provides an experimental basis for important complementary investigations
in the future.
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Defects, dye co-sensitization and photodynamics at molecule-oxide
interfaces

The new STM developed in the framework of the thesis allows further investigations
which are highly relevant for increasing the efficiency of DSSCs. One important
aspect to be studied in detail constitutes the spectroscopic characterization of
local defects on TiOs surfaces at low temperature. Furthermore, the experimental
setup allows investigations of light-induced processes at the atomic level of the
dye-substrate interface in situ during the STM measurements. Among various
potential projects, one particular interesting study represents the investigation
of co-sensitization processes, i.e. systems in which different dye molecules are
combined to extend the photoabsorption spectrum toward longer wavelengths. In
this context, little is known about the so-called concerto effect: the absorption, i.e.
bandwith as well as cross section, of a dye mixture is larger and enhanced with
respect to the single components. The composition and adlayer structure alone
would be of great interest to understand this effect.

The following experiment can be envisioned as schematically illustrated in Figure
4.27. Light coupled into the tip-surface junction is absorbed by the molecules
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Figure 4.27: Schematic drawing: studying the photodynamics of single photosensitizers
as well as compositions of different dyes on TiO9 surfaces. Light coupled into the tip-
surface junction induces charge injection into the metal oxide support. Measuring the
inherent changes in the tunneling current allows estimations of absorption probabilities
well as the recombination rate aiming at providing an atomistic picture of for instance
the concerto effect (see text).
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(2). The excited state generally has a short lifetime (fs) and donates charge into
the substrate (3). The dye is left in a positively charged state with a hole in the
HOMO which should influence the conductance of the tunneling junction because
of a change in the potential conductivity and in the work function due to positive
charge on the molecule. After a certain time (us - ms) the dye recombines with
electrons from the substrate to a neutral state due to the absence of the electrolyte
(4) and a new cycle can begin. The photon absorption process should be slower
than the recombination rate at the employable light intensities (~ seconds at mW
laser intensities focused to the tip). Hence, the current should be in a low and high
state, corresponding to be charged and neutral molecule one way or another. From
the frequency of up and down jumps of the current one can estimate the absorption
probabilities as well as the recombination rate. The latter should be independent of
the wavelength of the light and is an important parameter in the overall efficiency
of DSSCs. Then the wavelength of the light can be tuned using a tunable white
laser and one would obtain a histogramm of current jumps in dependence of the
light wavelength and hence a measure of the absorption probability of a single dye
for each wavelength. This can be then studied in dependence of local fields and
dipoles (from steps, defects) and other dye molecules and adsorbates to get an
atomistic picture on the concerto effect.

Magnetic impurities on gate-tunable substrates

The ability to implement chip carriers and to access optically controlled small
sample areas with the new STM setup allows the investigation of gate-tunable
substrates such as graphene on SiOy or SrTiO3; as shown in Figure 4.28. Most
of the recent studies on organic-based nanostructures on surfaces have focused
on metallic surfaces. It is widely known that the metallic substrate specifically
modifies the electronic and chemical properties of the adsorbates.?”! However, the
usage of substrates such as graphene gives rise to the possibility of adjusting the
substrate charge carrier density and thus, to modify self-organization processes
on such substrates. Furthermore, the study of systems consisting of magnetic
impurities in/on graphene and their property dependence on the substrate are
currently of high interest. Over the last ten years, for instance the Kondo effect??
has been observed in the transport properties of many nanoscale systems such as

253 4 255 and single molecules.?%

quantum dots,?*® single atoms,?>* carbon nanotubes
Due to the powerful ability in high resolution observation and manipulation in real
space, the STM has been employed for both observing and controlling the Kondo
effect of magnetic impurities on surfaces at a single-molecule level. There have been

several efforts to study the Kondo effect of a single adsorbed magnetic impurity
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top
electrode

M } backgate

Figure 4.28: Schematic drawing: studying the Kondo effect and RKKY interaction of
magnetic impurities adsorbed on a graphene monolayer on Si wafers. The system can be
tuned into the Kondo regime and the RKKY interaction between adatoms modulated
from ferromagnetic to antiferromagnetic coupling by applying a backgate voltage.

controlled indirectly by modulations of surface density of states,?” by surface

coordination numbers?°”

and by controllable ligation.?”® However, manipulating
the Kondo effect of a single magnetic impurity by directly tuning its interaction
with the metal host remains challenging. Furthermore, the indirect exchange
interaction between magnetic impurities localized in a graphene plane and its
influence on the Kondo effect is currently of high interest.?*®2%® One promising
future research direction constitutes the study of magnetic impurities on gate-
tunable substrates. Theoretical works predict the observability of an unconventional
Kondo effect?®®26! and a finite critical Kondo coupling strength in/on graphene.
Accordingly, the Kondo regime can be entered by tuning the applied sample gate
voltage und thus varying the graphene charge carrier density.?® However, at
present, experiments in this field are scarce.?’? Furthermore, the focus could be on
the investigation of the Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction®%?
between magnetic impurities in/on graphene. According to existing theories, the
properties of magnetic impurities and their mutual interaction could be manipulated
between the ferromagnetic and antiferromagnetic regime by tuning the substrate
charge carrier density.?°%26% A potential experimental approach could comprise:
(i) realization of samples consisting of e.g. a graphene monolayer on Si wafers
and adsorbing cobalt phthalocyanine molecules as spin 1/2 system with an out of
plane orbital on the graphene monolayer (ii) appropriate electrical contacting of
the samples and integration into the new sample holders which were specifically
developed for this purpose (iii) study properties mainly with respect to the tunable
substrate charge carrier density and verify theoretical predictions. Furthermore,
the mutual RKKY interaction between magnetic impurities on graphene, their
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dependence on the graphene electron density and their influence on the Kondo
effect are highly interesting topics.

Surface assisted catalysis for chemical energy conversion

The realization of extended and robust metal-organic coordination networks as well
as their functionalization with catalytic active nickel atoms opens new research
avenues in the field of surface assisted catalysis. The stability and direct accessibility
of the non-capped Ni atoms and clusters on both gold and silver substrates render
these systems attractive candidates to explore their catalytic activity. The low-
valent Ni atoms are potential active sites for CO, conversion'?® and consequently,
a highly promising experiment would be the study of the binding behaviour of COq
and CO to these MOCNSs.
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