TECHNICAL UNIVERSITY OF MUNICH

TuTl

DEPARTMENT OF PHYSICS

CHAIR OF MOLECULAR NANOSCIENCE &
CHEMICAL PHYSICS OF INTERFACES (E20)

Bonding, Reactivity and Chemical
Transformations of Adsorbed Organic and
Metal-Organic Species

Dissertation

Peter Sebastian Deimel






TECHNISCHE UNIVERSITAT M UNCHEN

PHYSIK-DEPARTMENT

LEHRSTUHL FUR MOLEKULARE NANOWISSENSCHAFTEN &
CHEMISCHE PHYSIK VON GRENZFLACHEN (E20)

Bonding, Reactivity and Chemical
Transformations of Adsorbed Organic and
Metal-Organic Species

Peter Sebastian Deimel

Vollstandiger Abdruck der von der Fakultat fiir Physik der Technischen Universitat

Miinchen zur Erlangung des akademischen Grades eines
Doktors der Naturwissenschaften (Dr. rer. nat.)

genehmigten Dissertation.

Vorsitzender: Prof. Dr. Martin Zacharias
Priifer der Dissertation: 1. Prof. Dr. Johannes V. Barth
2. Prof. Dr. Ulrich K. Heiz

Die Dissertation wurde am 20.02.2019 bei der Technischen Universitat Miinchen

eingereicht und durch die Fakultéat fiir Physik am 10.05.2019 angenommen.






Abstract

In the presented work, by means of state-of-the-art surface science investigations in ultra-
high vacuum, prototypical organic and metal-organic species are adsorbed on well-defined
single-crystal metal supports and their structural and electronic properties are character-
ized at the sub-molecular level. In all considered cases, the influence that the supporting
metal substrates exert on the adsorbed molecular species reflect the wealth of physical and
chemical interfacial phenomena and stress the significance of such investigations for the
fields of heterogeneous catalysis, the bottom-up synthesis of nano-scaled surface-supported
structures and the functionalization of surfaces.

Specifically, for the two technologically relevant phenol derivatives Bisphenol A and
Diethylstilbestrol, the Cu(111) surface acts as template promoting a highly selective,
surface-assisted covalent coupling reaction. The combination of X-ray photoelectron
spectroscopy (XPS), temperature-programmed desorption (TPD) and scanning tunneling
microscopy measurements reveals a three-step chemical transformation from monomers
to disordered networks of branched polymers and confirms both the directing role of the
hydroxyl group as well as the active role of the metal substrate.

In addition, for the metal-organic complex iron phthalocyanine (FePc) X-ray standing
wave experiments supported by theoretical calculations indicate that a Ag(111) substrate
can behave in a similar way as a molecular ligand, via redistribution of charge along
the molecule-to-substrate bond. In particular, the coordination of water or ammonia to
the iron center of FePc, in trans-position to the silver surface, distinctly increases the
adsorption height of the central Fe atom. This structural manifestation of the “surface
trans-effect” reflects that the coordination to incoming ligands can be influenced by and
at the same time modify the bonding of the metal-organic complex to the surface.

Moreover, via exposure to ultraviolet light, two intrinsically different surfaces, namely
Ag(111) and rutile TiO2(110), are activated to trigger chemical reactions. Specifically,
in the case of Ag(111) the light-stimulated dehalogenation of adsorbed brominated pre-
cursors is observed, while on TiO5(110) the adsorbed glycine undergoes photodissociation
and -desorption. The two proof-of-concept studies demonstrate the applicability of a
custom-designed light source devised within this work.

Eventually, with the aim of suppressing and controlling the strong influence of the sup-
porting metal substrate on molecular adsorbates observed in the aforementioned studies,
a self-assembled monolayer (SAM) of 4-fluorothiophenol (4-FTP) is introduced as molec-
ular spacer layer between metal-organic complexes (FePc and ruthenium tetraphenyl-
porphyrin) and the underlying Ag(111) support. Here, the combination of XPS, TPD
and low-energy electron diffraction measurements reveals the thermal evolution of the
organic/SAM /metal-stacking. At low temperatures, the 4-FTP SAM serves to decouple
both electronically and physically the molecular layer from the underlying metal sup-
port, whereas upon annealing SAM constituents are displaced from the surface by the
metal-organic complexes, resulting in an inverted layer stacking.






Zusammenfassung

In der vorliegenden Arbeit werden mittels experimenteller Methoden der Oberflédchen-
physik im Ultrahochvakuum verschiedene organische und metallorganische Adsorbate auf
einkristallinen Metalloberflichen untersucht. Die Metalloberfliche erfiillt hierbei fiir die
adsorbierten Molekiile und die betrachteten Systeme ganz unterschiedliche Funktionen.
Die sich in den vorgestellten Experimenten wiederspiegelnde Fiille an physikalischen und
chemischen Phénomenen auf Oberflichen und an Grenzflichen betont dabei die Bedeu-
tung der Oberflichenphysik fiir z.B. die heterogene Katalyse, die Bottom-up-Synthese von
Nanostrukturen und die Funktionalisierung von Oberfléchen.

In der ersten Untersuchung bildet die Cu(111)-Oberfliche die Unterlage fir die se-
lektive, oberflachengestiitzte Bildung einer kovalenten C-C Bindung zwischen Monome-
ren der technologisch relevanten Phenolderivate Bisphenol A (BPA) und Diethylstil-
bestrol (DES). Mittels Kombination von Rontgenphotoelektronenspektroskopie (XPS),
Temperatur-programmierter Desorption (TPD) und Rastertunnelmikroskopie wird dabei
sowohl fiir BPA als auch fiir DES die dreistufige chemische Umsetzung der Monomere zu
ungeordneten, verzweigten Polymeren nachverfolgt. Hierbei bestétigt sich, dass sowohl die
dirigierende Funktion der Hydroxylgruppen als auch die aktive Rolle des Metallsubstrates
fiir die beobachtete Umwandlung ausschlaggebende Faktoren sind.

In der nachsten Untersuchung zeigen XSW-Messungen (engl.: “X-ray standing waves”)
am metallorganischen Komplex Eisen(IT)-Phthalocyanin (FePc), gestiitzt auf theoretische
Berechnungen, dass sich die Ag(111)-Oberfliche dhnlich einem Liganden verhalt. Insbe-
sondere verursacht die Koordination von HoO und NHj3 an das zentral koordinierte Eisen-
lon, trans-stéindig zum Tragermedium Ag(111), eine Zunahme des Abstandes zwischen
letzterem und dem Eisen-Ion. Die sich hierbei manifestierenden strukturellen Auswirkun-
gen, die dem “surface trans-effect” zugeschrieben werden, legen nahe, dass sich sowohl
die Bindung eines Liganden an das zentral koordinierte Metall-Ton, als auch die Bindung
zwischen dem metallorganischen Komplex und der Metalloberfliche, wechselseitig beein-
flussen. Insbesondere tibt die Ag(111)-Oberflache damit direkt Einfluss auf die chemischen
Eigenschaften des darauf adsorbierten Metallkomplexes aus.

In einer anderen Untersuchung wird durch Beleuchtung mit ultraviolettem Licht in zwei
“Proof of Concept” Experimenten sowohl die Ag(111)- als auch die TiO2(110)-Oberflache
(Rutil) elektronisch angeregt. Im Falle von Ag(111) wird dabei mittels XPS eine licht-
induzierte Dehalogenierung des auf der Oberflache adsorbierten, bromierten Precursor-
Molekiils beobachtet. Auf der TiO,-Oberfliche adsorbiertes Glycin hingegen desorbiert
bei Beleuchtung mit ultraviolettem Licht in Bruchstiicken von der Oberfliche. Die bei-
den Experimente bestédtigen damit die Praxistauglichkeit der in dieser Arbeit entworfenen
LED-basierten Lichtquelle und motivieren weitere Untersuchungen.

In Anbetracht des starken Einflusses der Metalloberflachen auf die Adsorbate wird in ei-
ner weiteren Untersuchung, mit dem Ziel der Entkoppelung zweier metallorganischer Kom-
plexe (FePc und Ruthenium-Tetraphenylporphyrin) von der Ag(111)-Oberflache, eine auf
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letzterer aufgebrachte selbstorganisierende Monoschicht (SAM) aus 4-Fluorothiophenol
(4-FTP) als molekulare Deckschicht eingesetzt. Mittels Kombination aus XPS, TPD und
der Beugung niederenergetischer Elektronen an Oberflichen (LEED) wird die temperatur-
abhdngige Entwicklung des Metallkomplex/SAM/Ag(111)-Schichtautbaus nachvollzogen.
Bei niedrigen Temperaturen ist die Entkoppelung der Komplexe von der Oberfliche mog-
lich. Mit zunehmender Temperatur bricht der Schichtaufbau jedoch zusammen, wobei
die Metallkomplexe die SAM von der Oberflache verdringen und sich der Schichtaufbau
zwischen Metallkomplexen und SAM umkehrt.
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1 Introduction

Surface science aims at the fundamental understanding of chemical and physical phe-
nomena occurring at surfaces and interfaces. To obtain such insight, very often a drastic
simplification of the investigated systems as well as the ultimate control of their struc-
ture and composition is required. To this end, surface science investigations are com-
monly performed in an ultra-high vacuum (UHV) environment under model conditions.
Although this approach inherently complicates a direct linking to many complex “real-
world” systems, it is principally this strategy of reducing the complexity of real systems
into elementary representations that enables to gain a comprehensive understanding of
their physical and chemical behaviour at the atomic or molecular level. The denomination
“surface science” may, however, appear imprecise and vague to a non-specialist person,
partly related to the fact that surface science itself is an extremely broad, far-reaching and
interdisciplinary field and that surfaces are ubiquitous in nature as well as in technology.
Thus, to obtain a clearer perception of what this field of science does actually imply, to
delineate the opportunities and prospects for surface scientists and also, more specifically,
to motivate the present work, one should start by answering the following questions:

Why is it important to understand surfaces and where do they matter?

A first exemplary answer is offered by life sciences. When it comes to issues of biocom-
patibility, of biological response to a material, of synthesis of complex biological surfaces,
tissue engineering, molecular- and bio recognition, and, more fundamentally, when one
aims to understand how key biological reactions take place and can be described, it is
mostly interfaces and surfaces that play the central role and are the scene of action [1, 2.
Even more, the formation of structure and function in biology itself requires the con-
finement by functionalized boundary layers, which, in the most banal case, allow the
build-up of the electrochemical gradients that enable life [3]. In the context of biomimet-
ics and bio(medical) surface science [1, 2], it is thus the characterization as well as the
functional reproduction of these highly specialized and precisely functioning biological
surfaces, devised by nature, that represents both an exciting challenge and a key field for
expanding the classical surface science, with a potentially tremendous impact in phar-
macology and medicine, just to mention biosensors, medical implants and templates for
tissue growth. The controlled fabrication of novel bioengineered surfaces could, e.g., be
achieved in a bottom-up approach by self-assembly [4]. In this case, self-assembled mono-
layers (SAMs) of deliberately tailored organic compounds could allow to endow surfaces
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with well-defined chemical and structural properties, a method that is referred to as “sur-
face functionalization”. From the point of view of the classical UHV-based surface science
approach, however, the major difficulties here lie in the complex 3D topographies, the role
of the aqueous environment (hydration) and the dynamic properties that are, altogether,
essential for the bio-specific functioning in biological environments [1], demanding for pur-
poseful and systematic investigation under simplified conditions. As an introductory step,
in chapter 6 of this work a simple self-assembled monolayer is used as spatial decoupling
layer between prototypical, bio-inspired metal-organic complexes and the subjacent metal
single crystal, providing important insights on the structure, stability and “permeability”
of such a layered system under UHV conditions.

Secondly, an industrially important field that demands for a comprehensive under-
standing of the physical and chemical properties of surfaces is heterogeneous catalysis.
Here, recent publications show that the systematic exploration of factors that decisively
influence catalytic properties, particularly the atomic structure and surface composition,
by means of a surface science approach offers enormous potential to devise and improve
novel catalysts [5-9]. In addition, the desire to approach realistic catalytic conditions also
comes along with continuous advances in instrumentation, which led for instance to the
development of (near-)ambient pressure X-ray photoelectron spectroscopy [6, 10-12] and
high-pressure scanning tunneling microscopy [10, 12]; this emphasizes the relevance of
classical surface science techniques for operando detection of intermediate species during
catalytic reactions. In the context of heterogeneous catalysis, notably the field of pho-
tocatalysis appears highly appealing to current research, motivated by the abundance of
sunlight that can be exploited to drive chemical conversions. An example for this are
promising studies on the photo-induced water-splitting capability of metal-organic com-
pounds [13-15], which boost efforts directed to further reveal and verify the underlying
processes by means of surface science techniques. Along this line, in the present work
a UHV-compatible LED-based re-entrant light source was devised (c.f. section 3.3), with
the aim of providing our UHV-setup with high intensity visible and ultraviolet light. The
successful application of this device is verified by two proof-of-concept experiments in
chapter 7.

Another topical field of surface science aims to elucidate processes intervening in the
surface-supported bottom-up synthesis of novel low-dimensional architectures from simple
molecular precursors, exploiting the self-assembly and hierarchical organization of suitable
organic building blocks, as well as the structural and catalytic properties of the supporting
substrates. The obtained synthesis routes for nano-scaled structures hold promise for ap-
plication in future nano devices. One example is given by the highly flexible graphdiyne
nanowires reported by Klappenberger et al. [16], in principle allowing to store data at
an unprecedented storage density and thermal stability by means of cis-trans switching
of molecular sub-units along nanowires adsorbed on a metal support. A second exam-
ple is the surface-confined, atomically precise formation of graphene nanoribbons, which



have already been successfully implemented in nanoscale field-effect transistors [17, 18].
Specifically, these two special examples emphasize that the surface-assisted bottom-up
approach can be a promising strategy to promote the downsizing of electronic devices
and sensors. In this context, a successful mechanism to covalently link molecular precur-
sors in a highly selective manner is the so-called surface-assisted Ullmann coupling [19].
However, the latter is prone to leave halogen byproducts coadsorbed on the surface. In
the search of alternatives, the hydroxy-directed C-C coupling was first reported by Li
et al. [20], and here it will be explored in detail in chapter 4 of this thesis, whereby we
will demonstrate the occurrence of a characteristic pattern of sequential reactions for two
prototypical phenol derivatives.

With respect to the above-stated questions, and as already reflected in the examples
of heterogeneous catalysis and the surface-supported bottom-up synthesis of nanoscale
architectures, solid surfaces still offer a wealth of yet unexplored, and often unexpected
chemical phenomena and reaction pathways for adsorbed species, which may be new to
traditional, and especially solution based chemistry. One example is the “surface trans-
effect” [21, 22], the structural implications of which are investigated in chapter 5 of the
present work. The elucidation of such novel or unprecedented phenomena often opens up
new perspectives for applications, improves the fundamental understanding of surfaces
and stimulates implementation in devices.

Thus, motivated by the examples and fields of research mentioned above, and in the
framework of UHV-based surface science, this thesis embodies relevant examples of the
very different roles that a surface can play for molecular adsorbates. In chapter 4,
a Cu(111) surface acts as template for promoting a highly selective, surface-assisted
hydroxy-directed covalent coupling reaction. Here the nature of the support plays a
decisive role in the sequential reaction steps [20]. A multi-technique approach provides
detailed information regarding the chemical and structural evolution of the adsorbed
phenol derivatives (Bisphenol A and Diethylstilbestrol) to branched molecular chains.
Furthermore, in chapter 5 X-ray standing wave experiments supported by theoretical cal-
culations demonstrate that a Ag(111) surface behaves in a similar way as a molecular
ligand with respect to adsorbed metal-organic complexes. In particular, the coordination
of small molecular adducts such as water or ammonia to the metal center of the metal
complex (here: iron phthalocyanine), in trans-position to the surface, can be influenced
by, and at the same time modify, the bonding of the metal-organic complex to the sur-
face. This specific case thus exemplifies how the metal surface can influence the electronic
and chemical properties of adsorbate species, which should not be neglected in the de-
velopment of real devices. For example, the metal support can have a substantial effect
on the reactivity of adsorbed species [23] and the photoexcitation of adsorbate molecules
can be heavily affected or even quenched by the substrate. In the attempt to “turn
off” this often detrimental influence of the metal substrate, in chapter 6 a self-assembled
monolayer of 4-fluorothiophenol is introduced as spatial decoupling layer between pro-
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totypical metal-organic complexes (iron phthalocyanine and ruthenium tetraphenylpor-
phyrin) and the Ag(111) support, and the structural, chemical and thermal evolution
of the organic/SAM/metal-stacking is investigated. Specifically, in the already consid-
ered context of biomimetics it is envisaged that such self-assembled monolayers should
not merely be regarded to act as inert supports, promoting the decoupling of the metal-
organic complexes from the substrate, but instead, could also be functionalized for the
design of biologically relevant surfaces [2]. Finally, via exposure to UV light in chapter 7,
two intrinsically different surfaces, Ag(111) and rutile TiO5(110), are electronically acti-
vated, triggering chemical reactions like the dehalogenation of a brominated precursor (on
Ag(111)) or even the removal of the adsorbed molecular species (glycine on TiO5(110)),
and demonstrating the applicability of the home-built LED-based light source which is
described in section 3.3.

The presentation of the experimental studies (chapters 4 to 7) is preceded by a concise
introduction to the employed experimental techniques and methodology (chapters 2 and 3)
and concluded by a brief summary and outlook (chapter 8).



2 Experimental Methods

In this chapter, the fundamental principles and the theoretical background of the exper-
imental techniques employed in this work are described. X-ray photoelectron spectro-
scopy (XPS) allows for an element-specific investigation of the chemical state of the con-
sidered organic and metal-organic adsorbates and surfaces and, in the form of tempera-
ture-programmed XPS (TP-XPS), it is utilized to reveal thermally triggered chemical
transformations. Latter can result from surface-assisted chemical reactions, the desorp-
tion of molecular species and fragments, or changes in adsorbate morphology. Especially
in combination with TP-XPS, temperature-programmed desorption (TPD), which allows
monitoring the desorption of adsorbate species, their fragments and reaction products,
is a powerful tool to unravel chemical reactions taking place on surfaces. Furthermore,
low-energy electron diffraction (LEED) is used to reveal the self assembly and long-range
ordering of the deposited molecules, as well as corresponding transformations in adsor-
bate structure, and to assess the quality of the single-crystal supports. Finally, the
synchrotron-based normal incidence X-ray standing waves (NIXSW) technique provides
an elegant way to determine the height of adsorbate atoms above the respective single-
crystal surface. All of the applied experimental techniques rely on the detection of either
electrons or smallest amounts of desorbing molecular species and thus require an ultra-
high vacuum (UHV) environment.

2.1 Ultra-High Vacuum and Surface Science

Surface science aims at the fundamental understanding on the atomic level of physical and
chemical phenomena that take place on surfaces, and thus, is of paramount importance
in various fields of science and technology. For instance, as many studies show [9, 24-26],
novel heterogeneous catalysts may even be devised in a surface-science approach by reveal-
ing the role of their atomic structure. In the same manner, atomic-scale studies on molec-
ular adsorbates on surfaces, revealing their fundamental physical and chemical properties
in the adsorbed state, as well as possible surface supported chemical transformations,
are highly relevant, both for the creation of functional systems by self-assembly [27] and
the discovery of formerly unknown surface-supported reaction pathways. However, such
investigations require the probed system to be entirely pure and free of contaminants,
which can only be achieved in an ultra-high vacuum (UHV) environment. In this regard,
using the kinetic theory of gases and the Hertz-Knudsen equation, we need to consider
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the flux F' of molecules impinging on a surface (Ref. [28], page 19):

p

V2rmkgT

Here, p is the pressure, m the mass of the molecule, kp the Boltzmann constant and
T the temperature. Considering a UHV system at a pressure of 1 x 1072 mbar, latter of
which shall be entirely due to the major residual gas C'O, and a temperature of 300 K, each
surface will be subject to a corresponding molecular flux of ~3 x 10*s™! em=2. Assuming
that each CO molecule that hits the surface will stay adsorbed (i.e., implying a sticking
coefficient of unity), and a surface atom density of 1 x 10" ecm™2, it will take roughly
60 min until the number of adsorbed molecules equals the number of atoms in the first
atomic layer of the surface. In this case, one monolayer of CO is adsorbed. In practice,
as controlled experimental conditions require the investigated systems to stay clean for
the entire period of the performed measurements, pressures far below 1 x 10~ mbar are
highly desired. This becomes particularly important when dealing with reactive species
and surfaces and cryogenic sample temperatures, as in these cases the sticking probability
for residual gas species is maximized. In the context of surface science and UHV, a
unit of the gas exposure to a surface is introduced (Ref. [29], page 30): 1 langmuir (1L)
corresponds to an exposure of 1.33 X 10~ mbar for 1s. Again considering Eq. (2.1) for
CO and a surface atom density of 1 x 10'® cm~2, an exposure of 1 L implies that a number
of CO molecules as high as 40 % of the number of surface atoms have impinged on the
surface.

In addition, beside keeping the system free of contaminants, UHV is also technical
prerequisite for experimental methods that rely on the detection of electrons. In fact, as
electrons strongly interact with matter, a large residual gas pressure in the experimental
chamber can effectively prevent them from reaching the electron detector.

F= (2.1)

2.2 X-ray Photoelectron Spectroscopy

Through the detection of photoemitted electrons, X-ray photoelectron spectroscopy (XPS)
provides insight into the electronic, stoichiometric and chemical properties of surfaces and
adsorbate overlayers on surfaces.

2.2.1 Physical Principles

According to the photoelectric effect, which was first explained by A. Einstein in 1905 [30],
the absorption of a photon can provide an electron with enough energy to leave matter.
The kinetic energy Ey;, of the photoemitted electron is then given by the following relation
(Ref. [31], page 268):

Epin = hv — Ef — Oy . (2.2)
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Here, hv is the incident photon energy, Ef" is the binding energy of the electron with
respect to the Fermi level and ®g4,; is the work function of the electron detector. With the
work function of the detector and the exciting photon energy fixed, detection of Ey;, by
means of an electron analyzer gives direct access to the binding energy of the photoemitted
electron. As each element features a unique set of electron binding energies, characteristic
of the probed elemental species and with absolute peak positions indicative of its chemical
environment, XPS allows for both the determination of elemental compositions and an
in-depth chemical analysis. For this reason, XPS is also commonly referred to as electron
spectroscopy for chemical analysis (ESCA).

Based on the detection of photoemitted electrons, however, the information gathered
with XPS is limited by the inelastic mean free path (IMFP) of electrons in matter. For
kinetic energies ranging from 10 to 1000eV, the IMFP in metals varies between 3 and
20 A [32]. As a consequence, XPS only probes the surface region, i.e. the first few atomic
layers of a sample. Due to this inherent surface sensitivity, which can also be regarded
as an advantage, XPS is the method of choice for the study of thin films, molecular
adsorbates on surfaces and surface-supported reactions. Owing to the strong interaction
of electrons with matter, a large number of inelastically scattered and secondary electrons
will contribute a featureless background to the recorded XP spectra, and the element-
specific core-level lines are superimposed onto this background.

Considering the direct experimental access to Ef" via Eq. (2.2), several effects need to
be taken into account which affect the binding energy of the detected photoelectrons and
also determine the appearence and shape of the corresponding peaks in the XP spectrum.
In this regard, one discriminates between initial- and final-state effects. An initial-state
effect that strongly influences the measured binding energy is the so-called chemical shift:
the exact binding energy of core-level electrons varies with the chemical environment of the
considered atomic species. This comprises the nature of the chemical bonding, the bonding
partners, the associated oxidation state and, eventually, defines the resulting net charge
on the atom [33]. For example, an increase of the oxidation state implies the donation
of valence electrons to a bonding partner. As a result, less electrons remain to shield
the positively charged nucleus, and the associated increase in the Coulomb interaction
between nucleus and inner electrons increases the respective core-level binding energies.
In this context, an example for titanium going through different oxidation states, which
has been monitored by XPS, is given by Duncan et al. [23].

Among the final-state effects, atomic and extra-atomic electron relaxation [33] charac-
terize the relaxation of the electronic system immediately after core-hole creation upon
photoemission. The energy gain within this relaxation generally leads to an increase in
the kinetic energy of the photoemitted electrons, in turn lowering the measured binding
energy. Furthermore, spin-orbit coupling between the remaining unpaired spin after core-
hole creation and the orbital angular momentum leads to a splitting of core-level lines
for orbital quantum numbers [ > 0. The corresponding intensity ratio for the spin-orbit
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split peaks is given by the ratio of the associated degeneracies [33]. In addition, multiplet
splitting may occur if the spin of an upaired core-level electron remaining in the formerly
closed shell interacts with unpaired electrons in the valence shell. Finally, upon photoe-
mission, the outgoing electron may also promote electronically excited final states. In this
case, both discrete satellite peaks and peak broadening towards higher binding energy can
occur. For example, excitation of electrons into bound states below, or unbound states
above the vacuum level, leads to so-called shake-up or shake-off satellites, respectively. In
the case of metals, excitation of electron-hole pairs around the Fermi level may result in
an asymmetry of core-level peaks towards higher binding energy, whereas the excitation
of plasmons may result in a progression of equally spaced plasmon-loss satellites as shown
in Ref. [34].
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Figure 2.1: Schematic of the principle of temperature-programmed XPS (TP-XPS):
recording XP spectra while the sample is heated at a constant rate allows to resolve temper-
ature induced chemical changes of surfaces and adsorbate species (here: the blue-coloured
film on the sample).

2.2.2 Temperature-Programmed XPS

Very often, chemical transformations and reactions on surfaces are triggered by increasing
temperatures. While the standard XPS method is usually applied with the sample at
a constant temperature, Fig. 2.1 shows how the technique can be upgraded in order to
monitor the thermal evolution of a system. By means of a proportional-integral-derivative
controller (PID controller) the investigated sample is heated at a constant heating rate
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(e.g. 0.1K/s). Simultaneously, subsequent XP-spectra are recorded and finally arranged
in form of a two-dimensional colormap, providing direct access to temperature induced
changes in binding energy. Limited by the intensity of the detected electrons, TP-XPS
requires to find a compromise between a sufficiently slow heating-rate, a good signal
intensity and acceptable energy resolution. The latter two factors can be controlled by
the incoming X-ray intensity and the choice of analyzer slit-, pass energy- and lens mode
settings.

2.3 Temperature-Programmed Desorption

The temperature-programmed desorption (TPD) method is a major tool to investigate the
bonding interaction between adsorbates and the supporting surfaces, simply by monitoring
desorption. In addition, utilizing the superior mass resolution of a quadrupole mass
spectrometer, TPD is the technique of choice for identifying desorbing species and reaction
products. Latter makes TPD a powerful technique to complement TP-XPS analyses, when
investigating surface supported chemical modifications.

2.3.1 Physical Principles

According to the Polanyi-Wigner equation, the desorption rate dN/dt for an adsorbate
species can be written as [35]

— dd—];[ = de“e:cp(—%) . (2.3)
Here, v4 is a pre-exponential frequency factor, N the surface concentration of the adsor-
bate, x the order of the desorption process, F; the activation energy for desorption per
mole of adsorbate, and R the ideal gas constant. The desorption rate depends exponen-
tially on the temperature 7', clearly becoming higher at increasing temperature. Note
that the order of desorption, the pre-exponential factor and the activation energy can,
in practice, depend on the surface concentration N, while at least the pre-exponential
factor may, additionally, vary with temperature [36]. In the case of modern TPD exper-
iments, the desorption rate dN/dt in Eq. (2.3) is measured by means of a quadrupole
mass spectrometer that faces the probed sample at very short distance. Here, given a
sufficient pumping speed and a sufficiently low heating ramp, the detected mass signal
is a proportional measure for the desorption rate [35, 36]. Considering the nature of the
desorption process itself, one usually distinguishes between first- and second-order des-
orption [37, 38]: second-order desorption (x = 2) implies desorption upon recombination
(e.g., Hadsorved + Hadsorvea — H2) and, thus, the desorption rate depends on the probabil-
ity of adsorbed species coming close to each other; for the first-order or direct desorption
(x = 1), the desorption rate is instead directly proportional to N. As a result, first- and
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second-order processes may easily be distinguished by means of TPD experiments starting
with different initial surface concentrations Ny. More precisely, following D. P. Woodruff
and T. A. Delchar (Ref. [38], pages 363 to 364), the condition for the desorption peak
maximum in the case of x = 1 is given by

E, dt ( E,
= Vg——exp(—
RT2 T’ Rl

maxr

), (2.4)

whereas for z = 2 the following equation holds:

E, N dt ( E,
—— = Novg—=exp(—
RT? T P R

max

). (2.5)

Note that dT'/dt is the heating rate of the TPD experiment. From Eq. (2.4) and (2.5) it is
evident that, for first-order desorption, 7)., is independent of the surface concentration
N, while for a second-order desorption process the maximum of desorption shifts to lower
temperature with increasing Ny. However, this simple consideration does not take into
account that, as already mentioned above, v; and E; may also be dependent on N, and vy
may additionally depend on 7. Furthermore, desorption events can be correlated to, or
can be a direct product of surface supported chemical reactions. An example are covalent
coupling reactions like the cyclodehydrogenation of tetraphenylporphyrin derivatives [39],
which is accompanied by the desorption of H,. In this specific case, the desorption of Hs
clearly occurs via the recombination of hydrogen. Nevertheless, the desorption kinetics
of this process may reflect the chemical reaction that leads to dehydrogenation, which,
however, may not necessarily be of second order. In general, an unambiguous and correct
determination of kinetic parameters from TPD experiments, even in the case of simple
surface supported reactions, is far from trivial. An extensive overview and discussion, as
well as an experimental test of the used experimental approaches and analysis methods to
extract both kinetic parameters and the order of desorption from TPD spectra is provided
by L. K. Ono and B. Roldan Cuenya in Ref. [40].

2.3.2 2D-TPD

TPD spectra may not be recorded for single mass-to-charge ratios (m/z) only, but, if
mass resolution and signal intensity allow, for a whole mass range. An example of such
a two-dimensional TPD (2D-TPD) spectrum is shown in Fig. 2.2. In this specific case,
the species under investigation should have the molecular formula Co H; NOy4, with a total
mass of 193amu. However, the desorption spectrum recorded from a Ag(111) surface
starts with the desorption of mass-to-charge ratio 149 (cf. feature 1 in Fig. 2.2), peaking
at a temperature of ~260 K. Only shortly after, peaking at a temperature around 320 K,
a second molecular species desorbs, with its largest mass at 193 (cf. feature 3 in Fig. 2.2).
This parent ion nicely corresponds to the singly ionized CyH; N Oy-species, whereas the
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species of mass-to-charge ratio 149 can be identified as CgH;NO,, a similar molecule
with the -COOH group replaced by -H, which can be a decay product of the former.
Notably, as the supposed decay product leaves the surface at lower temperatures than
the pristine Co H; N O4-species, the TPD experiment suggests that the powder from which
the molecule has been deposited onto the Ag(111) surface was contaminated with the
undesired CsH; NOy. As nicely illustrated by this example, recording 2D-TPD spectra
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Figure 2.2: Experimental illustration of collecting TPD spectra in a two-dimensional
fashion (2D-TPD): a) side- and b) topview of the two-dimensional colormap plot for a
TPD experiment of CoH7;NO, and CsH7NOy adsorbed on Ag(111). Features 1 and 3 are
the identified parent ion masses of both CoH7NO4 and CgH7N O, whereas feature 2 is a
fragment of 3, likely corresponding to Co H; NO4 minus one H20 molecule of mass 18. The
TPD experiment was performed at a heating rate of 0.5 K/s.

over the full range of accessible masses allows for the unambiguous identification of des-
orbing molecular species, especially because each species shows its singly ionized parent
ion, followed by a characteristic fragmentation pattern towards lower masses. For iden-
tification, the fragmentation pattern can be compared to reference databases [41, 42]. In
this regard, 2D-TPD is of particular use and provides a simple and fast means to assess
the purity of investigated molecules.
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2.4 Low-Energy Electron Diffraction

Low-energy electron diffraction (LEED) exploits the elastic scattering of electrons from
two-dimensional periodic structures and, thus, is a standard tool to investigate the struc-
ture and to assess the quality of single-crystal surfaces, in particular, allowing to reveal
periodic arrangements of adsorbate overlayers. As shown in Fig. 2.3a, by means of an
electron gun, electrons are emitted and accelerated towards the probed sample. Meeting
the Laue-condition for elastic scattering (Ref. [38], page 24)

ki —k; = G |, (2.6)

with k; and k¢ the momentum vectors of incident and backscattered electrons, respectively,
and G a reciprocal lattice vector, the backscattered electrons constructively interfere to
form a periodic diffraction pattern which is monitored on a fluorescent screen. While
Eq. (2.6) holds for generic particles (electrons, neutrons, photons, etc.), in the special
case of LEED, due to the short inelastic mean free path of electrons, elastic backscattering
occurs predominantly from the first few atomic layers of the sample. As a result, in a
simplified picture, only the momentum parallel to the surface needs to be conserved to
meet the Laue-condition, turning the reciprocal lattice points along the surface normal
into reciprocal lattice rods [29, 37, 38]. The Laue-condition in Eq. (2.6) thus simplifies to

ke — ki =Gy . (2.7)

In reality, however, scattering from the first few atomic layers will always superimpose a
large intensity modulation on the lattice rods, which can be exploitded for structure anal-
ysis by recording LEED-IV curves [29, 37]. In the considered simplified case of scattering
from the two-dimensional reciprocal lattice of the surface only, the cases under which the
Laue-condition is fulfilled is illustrated by the construction of an Ewald sphere (or circle)
in Fig. 2.3b. Having the incident momentum vector k; pointing onto the origin of the
reciprocal lattice, for each intersection between the circle of radius |k;| around the origin
of k; (which gives all possible final vectors k) and the reciprocal lattice rods, constructive
interference occurs and a diffraction spot will appear. In a standard LEED experiment, as
depicted in Fig. 2.3a and b, k; impinges normal to the surface, with k; | equal to 0, and,
as a result, ke equal to G|. The LEED pattern for a surface of hexagonal symmetry is
shown schematically in Fig. 2.3c. Here, as k¢ equals Gy, the labelling of the diffraction
spots follows the unit vectors of the reciprocal surface lattice. As an example, Fig. 2.3d
shows the LEED pattern for terephthalic acid molecules on a Ag(111) surface at 90 K.
At an incident electron energy of 100eV, the hexagonal pattern of the Ag(111) support
is nicely visible, with the (0,0)- and (—1,0)-spots enclosed in the red rectangles. Note
that, as the sample is inclined by ~7° in our experimental setup, the (0,0) reflection does
not appear in the center, but right to the electron gun. In general, the angle 6,, under
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Figure 2.3: Schematics on the principle of low-energy electron diffraction (LEED):
a) Simplified sketch of a LEED experiment in which electrons are accelerated towards
a periodic sample and the elastically backscattered electrons are detected by means of a
fluorescent screen. b) Illustration of the conditions for constructive interference from a two-
dimensional lattice by construction of an Ewald sphere in reciprocal space. ¢) Exemplified
LEED pattern for a two-dimensional system of hexagonal symmetry. d) LEED pattern for
terephthalic acid on the close-packed Ag(111) surface at 90 K for incident electron energies

of 50eV and 100eV, respectively.
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which the backscattered electrons are detected on the fluorescent screen with respect to
the surface normal is given by

) k
sin(bps) = ||kff”|| )

As a decrease in the incident electron energy E also implies a decrease of the elastically
scattered electron momentum |kg|, for a fixed |kg| the scattering angle 6, will increase
accordingly. Thus, following the decrease in electron energy in Fig. 2.3d, from 100eV
to 50eV, the (0,0)- and (—1,0)-spots move away from each other. Furthermore, in the
considered case of terephthalic acid on Ag(111), a set of additional spots starts to appear
in between the hexagonal Ag(111) reciprocal space pattern, which is caused by the periodic
overlayer of the molecules. The latter has larger unit cell dimensions as compared to the
underlying Ag(111) lattice and, thus, shows more closely spaced spots in reciprocal space.

(2.8)

2.5 X-ray Standing Waves

The X-ray standing waves (XSW) technique [43, 44] is a synchrotron-based structural
method that allows to study the adsorption structure of molecules on well-defined single
crystal surfaces. Specifically, normal incidence X-ray standing waves (NIXSW) gives direct
experimental access to the height of atomic species above the bulk terminated surface of
a single crystal support.

2.5.1 Physical Principles

For a typical XSW measurement (cf. Fig. 2.4), the supporting single crystal is exposed to
X-ray photons that fulfill the Bragg condition for specific lattice planes (i.e. the scatterer
planes), leading to the generation of a standing wave field inside the crystal. The spatial
positions of maximum field intensity of this standing wave are given by planes parallel to
the corresponding scatterer planes, with periodicity equal to the scatterer-plane spacing
dpr- Importantly, the standing wave reaches out the crystal and, by tuning the incident
photon energy hv (or the incident angle 6;) across the region of maximum reflectivity, i.e.
from situation (a) to (b) in Fig. 2.4, the phase of the standing wave is shifted by =. Latter
implies a shift of the maximum field intensity by dpx /2 relative to the scatterer planes.
Thus, when shifting the standing wave through the crystal, also the atoms of adsorbed
species face a maximum or minimum field intensity — and thus a maximum or minimum
of X-ray absorption — that is dependent on both the phase of the standing wave and their
position relative to the extended scatterer planes. The X-ray absorption of the adsorbate
atoms as a function of the incident photon energy (or the incident angle 6;) can then
be monitored by means of photoemission (cf. section 2.2), and the obtained absorption
profiles in Fig. 2.4c bear information about the average position (coherent position, D)
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and the distribution or disorder around that positon (coherent fraction, f..) relative to
the scatterer planes.

2.5.2 Normal Incidence X-ray Standing Waves

In contrast to XSW experiments performed at inclinded photon incidence, in the case
of incident X-rays impinging normal to the scatterer planes (cf. Fig. 2.4, NIXSW) the
angular range in which maximum reflectivity occurs, i.e. the width of the the so-called
Darwin- or reflectivity curve, becomes comparatively broad and, thus, less sensitive to
the exact incidence angle [45]. The reason for this behavior can be illustrated by the
expression for the width of the Darwin curve Af in terms of the incident angle 6; as
described by Woodruff et al. [45]:

2|PIT/FuFy)
Ag === (2.9)

Here, P represents a polarization factor, Fiy and F3 are geometrical structure factors for
the considered Bragg reflection associated with the reciprocal lattice vectors H and —H,
f; is the incident angle of the photon beam with respect to the scatterer planes and I is
a factor given by (cf. Ref. [45])
e?\?2

 Ar2egmVe? (2.10)
In the latter expression, e and m are the charge and electron mass, respectively, A is
the wavelength of the incident light, &, the vacuum permittivity, ¢ the speed of light
and V' the unit cell volume. As becomes immediately clear from Eq. (2.9), for 6; ap-
proaching 90°, the angular width A# of the Darwin curve becomes infinitely large, in
reality approaching widths of up to 1° [45]. Accordingly, the requirements of the NIXSW
technique on the quality of the crystal, the control of the incidence angle and the colli-
mation and monochromaticity of the incident photon beam become less demanding and,
thus, the standing wave measurements become feasible even for the usually less perfect
metal single crystals [45]. However, note that, in the fixed normal incidence geometry of
NIXSW, shifting the standing wave through the crystal can only be achieved by tuning
the energy of the incident X-ray beam. Furthermore, in the special case of the scatterer
planes matching the surface plane of the crystal, as shown in Fig. 2.4, the coherent po-
sition D becomes the physically meaningful average height above the bulk-terminated
surface. Here, considering the computed absorption profiles in Fig. 2.4c which assume a
coherent fraction f.., of unity, the four different coherent positions from 0.25 dyy to 1 dpg
are clearly distinguishable and, thus, allow for a qualitative estimate on the investigated
system, even without further analysis. For quantitative analysis, the relative absorption
profiles (1,45 vs. Ahv, the offset from the nominal Bragg condition) can be fitted according
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Figure 2.4: Schematic of the principle of the normal incidence X-ray standing waves
method (NIXSW), inspired by illustrations in Refs. [44-46]: a) At the onset of the Darwin
reflectivity curve, close to the nominal Bragg condition (Ahv = 0), the photon beam
impinging at normal incidence (6; = 90°) to the scatterer planes creates a standing wave
field inside the crystal. In situation a), the planes of maximum field intensity are located
in the midst of the neighboring scatterer planes (dashed lines within the bulk crystal,
separated by dpg;). b) Tuning the incident photon energy across the Darwin curve, to the
opposite end of the region of maximum reflectivity, the maxima of the standing wave are
shifted onto the scatterer planes by dpr;/2. As the standing wave reaches out the crystal,
adsorbate atoms (blue spheres) face maximum (b)) or minimum (a)) field intensity and,
accordingly, show enhanced or weakened photoemission yield, depending on their height
above the surface and the phase of the standing wave. c¢) As a result, while shifting
the incident photon energy across the reflectivity curve of the single crystal, the relative
absorption profile (145 vs. Ahv) measured by means of photoelectron spectroscopy directly
reflects the height of adsorbate atoms above the next nearest scatterer plane.
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to the equation [44]

Taps = |1+ RCH+2 feoop VR VC cos <CI>— QWD)l , (2.11)

dhkl

where C' is defined as

_ 1+ :8(3cos*(0,) — 1) + (6 + ycos*(6,))sin(0,)cos(¢)
1+ 35(3cos(0,) — 1) — (6 4 ycos?(6,))sin(0,)cos(¢) -

(2.12)

In Eq. (2.11), R is the measured reflectivity from the single crystal support (cf. Fig. 2.4c,
bottom), feon the coherent fraction, ® the phase difference between incident and reflected
waves, dpr; the spacing of the scatterer planes and D the coherent position. In addition,
the term C, given by Eq. (2.12), accounts for non-dipole effects in the photoemission pro-
cess as described in Ref. [47]. Latter depend on the experimental geometry, i.e. the angle
¢ between photon beam direction and the projection of the photoemission direction onto
the plane perpendicular to the photon polarization, the angle 6, between photoemission
direction and photon polarization vector, as well as the core-level specific asymmetry fac-
tors 3, v and §. For the evaluation of C, calculated asymmetry factors can be obtained
from tables listed in Refs. [48, 49]. Finally, upon fitting the experimental absorption pro-
files (cf. Fig. 2.4c), the term D/dpy in Eq. (2.11) will only take values between 0 and 1.
Accordingly, D/dp, provides the height above the next nearest scatterer plane in units of
dpii, and to evaluate physically meaningful adsorption heights the atomic and molecular
dimensions of adsorbate and surface need to be taken into account. Nonetheless, as a
remarkable number of studies on metalloporphyrins [50, 51] and -phthalocyanines [52, 53]
nicely demonstrate, the (NI)XSW technique provides valuable insights on the adsorp-
tion of molecular overlayers and, specifically, on the interactions between these molecular
adsorbates and the supporting substrate. Furthermore, the obtained structural parame-
ters represent an excellent benchmark to test and improve the predictions of theoretical
models, as will be demonstrated in chapter 5 of this thesis.
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By ensuring ultra-clean and well-controlled experimental conditions (cf. section 2.1), as
well as the technical prerequisites for the experimental tools described in chapter 2, a
ultra-high vacuum vessel provides the basis for each of the presented investigations. To
maintain the UHV regime, usually the vacuum chamber is continuously pumped by means
of a combination of turbomolecular-, titanium sublimation- and ion pumps. The various
measuring devices such as, e.g., electron analyzers, LEED optics, mass spectrometers,
pressure gauges, as well as ancillary facilities such as gas inlets for sputtering and gas
dosing, sputter guns, X-ray and light sources, evaporators for molecule and/or metal
deposition, etc., are vacuum-tightly mounted onto this chamber. The centerpiece of each
setup is the so-called manipulator, which — by bearing the sample — allows to maneuver it
within the chamber, enabling the precise positioning required for the various experimental
methods.

3.1 On-Campus UHV Chamber

A sketch of the major UHV setup used throughout this thesis, at the TUM campus
in Garching (E20 chair), is given in Fig. 3.1. This custom-made chamber comprises a
SPECS Phoibos 100 CCD hemispherical analyzer (1) combined with a pixelfly camera by
PCO. For recording XP spectra, the software package SpecsLab2 (version 2.74-r24090) by
SPECS is used. X-rays are generated by means of a twin anode X-ray source (2), providing
non-monochromatized Al- and M g-K« radiation with photon energies of 1486.6eV and
1253.6 eV, respectively. The angle € between X-ray source and entrance axis of the ana-
lyzer is smaller than 90°. Latter allows to perform XPS in normal electron emission (NE)
geometry. The sample (3) is mounted on a four degree-of-freedom manipulator (4) that
allows for polar angle rotation around the manipulator axis z and translation along the
x-, y- and z-coordinates. Furthermore, by means of liquid nitrogen flow through the ma-
nipulator, the sample can be brought down to a minimum temperature of around 85 K.
For sample heating, a filament is placed directly behind the single crystal sample. Tem-
perature and heating rate are controlled by the combination of a K-type thermocouple
junction in direct contact with the single-crystal samples and a proportional-integral-
derivative (PID) controller (Schlichting Physikalische Instrumente HS 130). For most of
the experiments the sample manipulator is actively cooled by liquid nitrogen flow, both
to allow for sample cooling and to reduce the residual gas pressure, therefore continuous
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counter-heating is often required. Finally, as the chamber was originally designed to let
in synchrotron radiation impinging onto the sample along the z-axis, the manipulator
design is such that each sample will have a forward tilt 5 of about 7°. Due to this, both
the electron analyzer (1) as well as the mass spectrometer (11) will be tilted accordingly
to face the sample along its surface normal. On up to three ports, home-built ribbon- and
molecular evaporators (5) can be mounted for thin-film deposition. The molecules are
evaporated from quartz-glass crucibles (outside diameter 4.9 mm, wall thickness 0.5 mm,
height 9 mm, purchased from Gafiner Glastechnik GmbH, Munich) which are heated in-
side boron nitride crucibles. The preparation of a clean surface is performed with the help
a) b)

Figure 3.1: Schematic sketch of the UHV chamber, mounted on campus at the chair E20:
a) top- and b) front view, along the axis of the manipulator (z-axis), of the chamber. The
numbered components are described in the text.

of a sputter gun from Varian (model 981-2043) (6). For controlled deposition of molecules
from the gas phase, the sample is placed in front of a home-built microcapillary-/needle
doser (7). Both the sputter gun and the needle doser are supplied with gases by a gas-
dosing system (GDS) (9). Latter is a separately pumped UHV compartment, where a
number of precision leak valves allow to use different gases in parallel. Sputter gun and
needle doser are separated from the main chamber via two distinct valves (8). The valve
towards the needle doser can be controlled pneumatically and enables, in combination
with a Baratron manometer (by MKS) measuring the absolute pressure in the GDS, to
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expose the sample to predefined amounts of gases. A home-built re-entrant window (10),
described in section 3.3, forms the basis of a re-entrant light source to expose the sample
to visible and UV light delivered by suitable light-emitting diodes (LEDs). TPD measure-
ments are realized with a quadrupole mass spectrometer (11) that is described in Ref. [54]
and mounted inside a copper Feulner-cap. Specifically, as for monitoring Hy desorption
with TPD the residual H, pressure needs to be reduced to a minimum, surfaces within the
liquid nitrogen cooled copper-cap are additionally covered by a freshly deposited titanium
getter film to accomplish both cryo-tapping and efficient trapping of background H, and
H [54]. Furthermore, for all TPD measurements the samples are positioned very close
(~1mm) to the entrance aperture of the Feulner-cap, which has a diameter of 8 mm and,
thus, is slightly smaller than the probed single crystals which usually have 10 mm diam-
eter. An additional cold trap that is cooled by liquid nitrogen flow and similarly covered
by freshly deposited titanium films from a titanium sublimation pump (TSP) further aids
to maintain low background pressures by cryo-trapping and trapping of H,. Finally, the
BDL800IR-LMX-ISH LEED spectrometer (12) by OCI Vacuum Microengineering Inc. is
mounted for surface structure determination. The base pressure of the described chamber
normally is in the low 1079 mbar but, by means of liquid nitrogen cooling can easily be
brought down to the low 10~ mbar during operation.

3.2 Endstation of the 109 Beamline at DLS

For the synchrotron radiation measurements of chapter 5, the endstation at the 109 beam-
line of the Diamond Light Source (DLS) was utilized. The UHV chamber is equipped
with a VG Scienta EW4000 HAXPES hemispherical electron analyzer with a maximum
angular acceptance of +£30° and also provides the standard tools for sample sputtering,
gas dosing (by backfilling the chamber) and sample annealing, and free ports for insert-
ing evaporators. The sample, mounted on Omicron type sample plates, is maneuvered
by means of a 5-axis manipulator that allows for polar (around the manipulator axis)
and azimuthal (around the surface normal of the sample) rotation and linear translation
along the z-, y- and z-coordinates. In contrast to the on-campus chamber described in
section 3.1, no thermocouple can be attached directly to the sample. Thus, heating is
realized by applying the heating power according to a calibrated reference-table. In a
similar manner, as described in section 3.1, the sample can be cooled by liquid Helium
flow. For the presented NIXSW measurements in chapter 5, the experimental chamber
was oriented such that the incident photon beam and the entrance axis of the hemispher-
ical analyzer form an angle of either 60° or 90°, and the base pressure in the chamber was
~5 x 107" mbar. In addition to the photoemission yield measurement, Darwin reflec-
tivity curves are recorded by monitoring the fluorescence yield from the Bragg-reflected
light in the reverse direction to the incident photon beam, along the fringes of the port
through which the synchrotron light enters the chamber.
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3.3 Design of a Versatile LED-Based Re-Entrant
Light Source

Considering recent investigations on the photo-induced water splitting of titanyl phthalo-
cyanine (TiOPc) [15] and oxotitanium tetraphenylporphyrin (TiOTPP) [14] as well as the
reported light-induced C-Br dissociation on a Au(111) surface [55], to expand the surface
science toolbox for photochemistry is highly appealing, especially when considering the
relevance of photochemical processes in nature and the abundance of sunlight. For the
study of such light-induced processes, light emitting diodes (LEDs) nowadays offer a pow-
erful, affordable and easy to handle alternative to both tunable lasers and deuterium-,
halogen- and xenon lamps. Usually regarded to be at disadvantage when compared to
collimated and focused laser beams, LEDs emit light over a broad angular range and,
thus, are intrinsically well suited to evenly expose extended surfaces to light. In addi-
tion to the utile small footprints and the low costs, LEDs also offer narrow bandwidth
light and, thus, do not require the use of a monochromator. Finally, the wavelengths
accessible to LEDs cover almost the entire visible range from 400 - 700 nm and even go
down to ultraviolet (UV) wavelengths of 265 nm, rendering light emitting diodes a versa-
tile tool for photochemical investigations. To exploit them in a UHV setup, such as that
described in section 3.1, one faces the general problem of focusing the highly divergent
LED light onto the sample, the latter usually being few tens of centimeters distant from
the designated entrance window mounted on the chamber. In the presented work, a sim-
ple LED-based re-entrant light source was devised, circumventing this problem by simply
bringing the light emitting diode as close as possible to the sample. In addition, since
comparable re-entrant windows, commercially available at the time of the development of
this light source, costed more than 4000 € (allectra, VACOM, etc.), the re-entrant window
was to be custom-built. Eventually, as a striking advantage over the commercial models,
this newly devised re-entrant window allows for the easy exchange of the window glass.
Together with the setup of the light source allowing the replacement of the LED, this
renders the designed tool extremely versatile. Two proof-of-concept studies, showing the
first successful application of the devised light source, are presented in chapter 7.

3.3.1 Setup and Design

The basis for the custom-built light source is formed by the re-entrant window depicted in
Fig. 3.2a. At the end of a stainless steel tube (1) of 18 mm outer diameter and 1 mm wall
thickness, on the head section of the re-entrant window, a plane, circular window glass (5)
of 20 mm diameter can be mounted. In the present work, a borosilicate window glass of
3mm thickness is utilized. The UHV-tight seal between window glass and stainless steel
tube is realized by means of a single perfluoroelastomer (G75B / FFKM 79) O-ring (4)
of 16 mm inner diameter and either 1 mm or 1.04 mm thickness (purchased from C. Otto
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Gehrckens GmbH & Co. KG, with item numbers A4N2341229 and A4N2076420, respec-
tively). This O-ring is embedded in a z = 0.7mm deep and y = 1.1 mm wide circular
groove (3) with a mean diameter of 17mm. The glass window is evenly pressed against

E_JDbb) (19} u
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Figure 3.2: Schematic model of the versatile LED-based re-entrant light source devised in
this work: a) Re-entrant window, housing the LED-based light source shown in b). b) Light
source containing the light emitting diode (18), which is mounted onto an exchangeable
copper socket (15) by thermal adhesive. The illustration is true to scale according to the
depicted scale-bar. The numbered components are described in the text.

the embedded O-ring via a 2 mm thick stainless steel cover plate (7) with a circular aper-
ture of x = 14 mm diameter by means of two M 1.6 screws (8) that go into the respective
threaded holes (2). As a protective layer between the fragile window glass (5) and the
cover plate (7), a piece of Kapton foil (6) is used. The outer diameter u of the w = 15 mm
long head section of the re-entrant window amounts to 26.2 mm, allowing the device to
be inserted into any standard DN40 CF (ConFlat) chamber port. The inner diameter v
of the head section is, constrained by the dimensions of the O-ring groove, slightly re-
duced from 16 mm, the inner diameter of the stainless steel tube (1), to 14.9mm. Even
though the perfluoroelastomer O-ring seals to the low 107! mbar and lower, during op-
eration in UHV the volume behind the window is pumped by a membrane pump (cf.
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"fore-vacuum” in Fig. 3.2a) to avoid leaking of small gases such as hydrogen or helium.
Finally, the re-entrant window can be safely baked at temperatures up to 150 °C (higher
baking temperatures were not tested so far).

Figure 3.3: Images of possible application scenarios for the re-entrant light source with the
position of the exposed sample highlighted by the solid-line white circles: a) Illumination of
the sample positioned in front of the mass-spectrometer aperture (described in section 3.1)
to monitor light-induced desorption. b) and c) Illumination of the sample surface with
the light source very close, viewed out of two different perspectives. d) View through the
re-entrant window, facing the sample. In a), b) and ¢) a 365 - 370nm LED is utilized.

The light source depicted in Fig. 3.2b, with a maximum outer diameter of t = 14 mm,
is designed to be inserted into the re-entrant window described in Fig. 3.2a. Type LZ1
light emitting diodes (18) (LED Engin, Inc.) with a square base of side length 4.4 mm
are glued onto ~20mm long copper rods of 3mm diameter (15), latter being of similar
dimension as the thermal contact pad of the LED. To provide a good thermal contact (17)
between the LED and the supporting copper rod, the two-component Arctic Silver thermal
adhesive (Arctic Silver Incorporated) is applied. Furthermore, the LED-bearing rod (15)
is mounted, by means of an M3 thread and screw nuts (16), onto a solid copper rod of
8 mm outer diameter (13), allowing facile exchange of the LED as well as ensuring good
thermal contact. The 8 mm copper rod (13) is, in turn, vacuum-tightly integrated inside
a copper tube (11) of similar outer diameter and 1 mm wall thickness by means of an
MT fine thread. Water or air flow through this copper tube (11), indicated by the blue
arrow (10) in Fig. 3.2b, provides the cooling needed for the steady operation of the LED.
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To reduce the angular spread of the emitted light, a fused silica double-convex lens (19)
(DCX-UV 12 X 12 UNCTD, item number 48034, purchased from Edmund Optics Inc.),
hosted inside a brass housing (12), can be shifted in front of the LED and fixed on the
copper tube (11) by headless screws (9). The inner diameter r and the aperture s of the
brass housing amount to ~10mm and ~11.3 mm, respectively. Finally, to provide the
LED with electric current, flexible wires (14) are soldered directly to the contacts at the
back of the LED base plate. Finally, concluding the description of the devised re-entrant
light source, some of the possible application scenarios are illustrated in Fig. 3.3.

3.3.2 Power Density Curve of UV-LED

For UV light exposure, LZ1-00UV00 high-power LEDs (LED Engin, Inc.) with a wave-
length of 365 - 370 nm were used. In order to determine the corresponding power density
(in mW /em?) of the UV light emitted from the re-entrant light source at given dis-
tances z from the stainless steel cover plate (7), in line of sight of the re-entrant window
(cf. Fig. 3.4), a self-made bolometer was applied. As the light needs to pass through both
the fused silica double-convex lens (19) and the borosilicate glass (5), the correspond-
ing light intensity will be attenuated accordingly. The bolometer, sketched in Fig. 3.4b,
consists of a 5mm thick quadratic copper block of side length y = 3cm (4). For light ab-
sorption, the light exposed side of the copper block (the absorber) is coated by commercial
camera varnish (3) (Tetenal Europe GmbH, item number 105202). In order to reach the
absorber, which is shielded inside a metal housing (2), the light has to pass a quadratic
aperture of side length z = 1cm, corresponding to an entrance area of 1cm?, placed at
a distance z from the stainless steel cover plate (7) of the re-entrant light source. The
absorber is in thermal contact with a heat reservoir at 15°C (T3) and is actively heated
(Pheat) to a constant temperature 73, higher than T5. Thus, at thermal equilibrium, the
difference in the power Pj..; needed to keep the absorber at the constant temperature 7T}
in the presence or absence of light exposure, directly provides the incident power den-
sity Plignt per cm?. The results of the performed power density measurements for two
365 - 370nm LEDs, recorded with the water-cooled light source at ambient conditions,
are shown in Fig. 3.4c. In both cases, the LZ1-00UV00 LEDs have been operated at a
current of 0.7 A. At this current, the emitted power density, at a reasonable distance of
z = 5em, still amounts to ~100 - 130 mW /cm?, which is roughly 10 % of the 1200 mW
radiant flux specified in the manufacturer information for the operation at 0.7 A. Note
also that, as the light absorption by the black absorber will be less than 100 %, the mea-
sured power density of Fig. 3.4c only provides a lower limit for the emitted power density.
Finally, considering the slightly reduced intensity of LED 2 in Fig. 3.4c, one should be
aware that for the applied UV LEDs some progressive degradation has been identified
after prolonged operation. While LED 1 was used as purchased, LED 2 has already been
used for at least ~110 min at fore-vacuum conditions. The reason for this degradation, so
far, remains unclear but could, in principle, stem from either a still insufficient cooling of

25



3 Instrumentation

the LED or from the operation of the LED under fore-vacuum conditions (which could be
as well detrimental for the cooling of the LED). Thus, possible solutions to prevent such
degradation could involve both the reduction of the applied current as well as operation
of the light source in noble gas atmosphere instead of fore-vacuum.

a) 3cm b)

(mW/cm?)

power density

z (cm)

Figure 3.4: Schematic of the setup for power density characterization of the ultraviolet
light emitted from the devised re-entrant light source: a) Light source equipped with a
365 - 370 nm LED (LZ1-00UV00) inside the re-entrant window (cf. Fig. 3.2). b) Sketch of
the self-made bolometer to estimate the power density emitted from the re-entrant light
source at given distances z. ¢) Determined power density (in mW /em?) as a function of
the distance z from the re-entrant window for two 365 - 370 nm LEDs. The illustrations are
true to scale according to the depicted scale-bar. The numbered components are described
in the text.
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4 On-Surface Polymerization
Reactions — a Model Spectroscopy
Study

This chapter includes content that has been published in

P. S. Deimel, K. Stoiber, L. Jiang, J. A. Lloyd, S. C. Oh, S. Fischer, O. Saglam,
H. Schlichting, A. C. Papageorgiou, J. V. Barth, F. Allegretti, and J. Reichert,
“Bisphenol A and Diethylstilbestrol on Cu(111): On-Surface Polymer-
ization Initiated by Hydroxy-Directed Ortho C-H Bond Activation,” The
Journal of Physical Chemistry C, vol. 123, no. 2, pp. 1354-1361, 2018. Reproduced
with permission. Copyright (2019) American Chemical Society.

Scanning tunneling microscopy measurements and images have been made by

L. Jiang, J. A. Lloyd, S. C. Oh, S. Fischer, O. Saglam, A. C. Papageorgiou and
J. Reichert

Quantitative analysis of temperature-programmed desorption data has been performed by

K. Stoiber and H. Schlichting

The combination of scanning tunnel-
ing microscopy (STM), X-ray photoelec-
tron spectroscopy (XPS), temperature-
programmed XPS (TP-XPS) and tempera-
ture-programmed desorption (TPD) mea-
surements is employed to shed light on
the complex thermal evolution of Bisphe-
nol A (BPA) and Diethylstilbestrol (DES)
on Cu(11l) and provides clear evidence
for hydroxy-directed on-surface polymer-
ization, originating from ortho C-H bond
activation. Both these technologically highly relevant molecules follow a common pattern
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4 On-Surtace Polymerization Reactions — a Model Spectroscopy Study

of sequential chemical transformations, as highlighted by TPD and XPS results, even-
tually yielding disordered networks of branched polymers, which are observed by STM.
The presented findings via an original methodological approach contribute to the store
of knowledge in surface-supported, covalent coupling reactions, stressing the impact of
directing group, role of the chosen substrate and nature of the selected molecules.
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4.1 Introduction

The exploitation of covalent coupling and polymerization reactions on surfaces is a promis-
ing strategy for the bottom-up fabrication of sophisticated and robust low-dimensional
networks [56-63] with potential application in, e.g., nanoelectronics, catalysis and gas
sensing [64-66]. In particular, the selective creation of reactive sites by the surface-
assisted thermal dissociation of halogen-carbon bonds has been recognized as a key in-
gredient to control on-surface polymerization processes in a hierarchical fashion [67-70].
In the specific case of these surface-assisted Ullmann coupling reactions [19], however,
the chemisorbed halogen species remains on the surface upon dissociation and may in-
fluence or even hinder the formation of expanded covalent networks [55, 71, 72]. In this
regard, condensation reactions such as boronic acid self-condensation [73-75] and imine
(Schiff-base) formation [76-78] have been shown to offer viable alternative routes to form
covalent networks by on-surface synthesis, while preventing co-adsorption of undesired
byproducts.

Motivated by the prominence of graphene-inspired low-dimensional materials, C-C co-
valent coupling represents a further byproduct-free alternative to Ullmann coupling re-
actions and has emerged as one of the most explored routes for polymerization [62, 79].
In this realm, a strategy to induce highly selective C-C coupling without resorting to
halogenated precursors could, e.g., involve the use of anisotropic supports as proposed
in Refs. [80, 81]. There, the surface anisotropy of Au(110) and Cu(110) surfaces was
exploited to guide the alignment of individual reactants, thus providing a 1-D constraint
to steer the selective C-H bond activation in linear alkanes and arenes. Alternatively,
in the effort to circumvent the poor selectivity and relative inertness of the C-H bonds,
Li et al. [20] demonstrated that control over the C-H activation at a specific site can be
achieved by the combined use of a directing hydroxyl group and an appropriate substrate
to catalyze the C-C coupling reaction. Specifically, stepwise diselective ortho C-H bond
activation was shown on a Au(111) surface for two model hydroxyphenyl compounds,
eventually leading to formation of two-dimensional porous networks of covalently linked
molecules. Phenoxyl radicals formed on the surfaces (cf. Fig. 4.1a and b) were shown to
undergo enol-keto tautomerism (cf. Fig. 4.1b and ¢), with the unpaired electron located
at either the oxygen atom (enol tautomer) or an ortho-carbon atom (keto tautomer).
Density functional theory (DFT) suggests that an adatom approaching this ortho-carbon
can stabilize the keto-form intermediate, favoring the first ortho-ortho C-C bond forma-
tion with a neighboring molecule (cf. Fig. 4.1d). Subsequently, steric hindrance of the
second ortho dehydrogenation causes an adatom to first bind to the oxygen atom of the
obtained product, whereby it can either attack the a-carbon, leading to deoxygenation,
or the second ortho-carbon, leading to dehydrogenation. According to DFT, on Au(111)
the activation barrier for this second C-H activation is lower than for the C-O bond cleav-
age, and the preference for the second ortho dehydrogenation reaction and subsequent
ortho-ortho coupling thus results in the formation of porous networks with symmetric

29



4 On-Surtace Polymerization Reactions — a Model Spectroscopy Study

binding motifs. Conversely, on Ag(111) monoselective ortho C-H bond activation was
favored, with deoxygenation being preferred over the second ortho C-H bond scission,
as suggested by DFT. Upon detachment of the oxygen atom, further ortho C-H bond
activation and ortho-ortho coupling is hampered, and remarkably different topography
and binding motifs of the covalently linked networks are then observed on this surface
compared to Au(111) [20]. This hydroxy-directed C-C coupling mechanism represents
a promising tool for the design of ever more complex and highly stable covalent archi-
tectures. In the present work, we demonstrate the sequential nature of the process by
directly monitoring the products of the competitive dehydrogenation and deoxygenation
reactions, and we further explore the role of the directing group, the selected substrate
and the molecular modules. This was realized by investigating the chemical and structural
evolution of two model compounds, Diethylstilbestrol (DES) and Bisphenol A (BPA), on
an atomically well-defined Cu(111) support under UHV conditions. The self-assembly of
BPA on Ag(111) and Cu(111) has been studied before [82, 83], and a stepwise thermally
induced deprotonation of the BPA molecules was found to occur on copper [83]. Here we
focus on the comparison of the on-surface chemistry of these two industrially relevant,
closely related compounds.

d)
0

a) b) c)
OH o' o)
L=O zd N
(0]
Figure 4.1: Sequence of reaction steps leading to ortho-ortho coupling between two hy-
droxyphenyl compounds, according to Li et al. [20]: on metal surfaces, after annealing to
sufficiently high temperatures, the phenol group (a) loses hydrogen to form a phenoxyl rad-
ical (b). The latter may exist in both the enol- (b) and keto-form (c). In the keto-form (c),
with the unpaired electron located on the ortho-carbon (highlighted by the red circle),

surface-assisted C-H bond activation at the ortho-carbon is followed by dehydrogenation
and (ortho-ortho) C-C bond formation between neighboring molecules (d).

The chemical structure of DES and BPA is illustrated in Fig. 4.2, with both molecules
featuring two terminal hydroxyl groups, each connected to an aromatic ring. The phe-
nol rings are linked by a diethylstilbene and dimethylmethane bridge in DES and BPA,
respectively. Having rather similar structure, these molecules are both widely used chemi-
cals and suspected to cause a variety of adverse health effects. Besides interfering with the
hormone system as so-called endocrine disruptors [84-86], they are believed to cause trans-
generational damage by hyper- and hypomethylation of DNA and alteration of the epige-
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netic code [87, 88]. DES was administered to pregnant women between 1940 and 1971 as a
synthetic nonsteroidal estrogen, but in 1971 it was first argued to be teratogenic [89, 90].
As a consequence, DES is not used in pharmacy since 1991, whereas, rather surprisingly,
the exposure of BPA to humans is still very high since it is still employed in the produc-
tion of manifold plastic products and coatings [91]. With this background, it is of special
interest to shed light on the similarities as well as the differences of the chemical reactivity
of DES and BPA, which is tackled here through a detailed atomistic study of a three-step
reaction pathway from monomers to conjugated polymers on the Cu(111) surface upon
thermal treatment.

a) OH
< S b) {1

PYENs

Figure 4.2: Chemical structure of a) Diethylstilbestrol (DES) and b) Bisphenol A (BPA).
The terminal hydroxyl groups are highlighted in red.

4.2 Experimental Details

Our study was conducted in two different experimental chambers hosted at the Techni-
cal University of Munich. The custom-made UHV chamber described in section 3.1 was
used for XPS, TP-XPS, TPD and LEED measurements. A second custom-designed UHV
chamber with a base pressure of ~4 x 107! mbar was utilized to investigate the topog-
raphy and the structural evolution of adsorbed DES and BPA films by means of STM.
The STM set-up comprises a preparation chamber and an analysis chamber hosting a
SPECS Aarhus type variable temperature STM. Furthermore, chemically etched tung-
sten (W) tips were used, and the voltage given in the tunneling conditions (cf. caption of
Fig. 4.3) refers to the sample bias. The obtained topographic images were processed by
WSxM [92]. All STM measurements and the corresponding image processing have been
carried out by L. Jiang, J. A. Lloyd, S. C. Oh, S. Fischer, O. Saglam, A. C. Papageorgiou
and J. Reichert.

The XPS measurements were carried out using non-monochromatized Al-K « emission
(photon energy: 1486.6eV). All TP-XPS measurements were performed in normal elec-
tron emission (NE) geometry and with the large area (LA) lens mode of the Phoibos 100
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analyzer. Here, the LA lens mode is used to increase signal intensity by an increased
acceptance area in order to decrease the acquisition time of each individual XP spectrum
while ramping linearly the temperature. The standard XP spectra, in contrast, have been
acquired in the more usual medium area (MA) lens mode. In both XPS and TP-XPS
measurements a pass energy of 15eV, open exit slit and entrance slit 5 were used. The
binding energy of all XP spectra was calibrated against the Cu 2ps/, core level of the
Cu(111) substrate at a binding energy of 932.67 ¢V [93]. To generate the O 1s TP-XPS
contour plots (presented in Fig. 4.4a and b), the same linear background was subtracted
from all O 1s spectra, followed by their normalization to both ends of the spectra. To
obtain the plots of the corresponding O 1s and C 1s intensities as a function of temper-
ature (presented in Fig. 4.6), the individual core-level spectra were fitted with Gaussians
on a linear background after averaging two subsequent XP spectra. Here, for fitting the
O 1s signals, one Gaussian peak covers the energy region of the high binding energy O 1s
components (cf. peaks 1 and 3 in Fig. 4.4a and b); the other Gaussian peak is constrained
to the low binding energy regime (cf. peak 2 in Fig. 4.4a and b). Finally, the inten-
sities were determined by integrating the area under the obtained Gaussian fits. The
TPD measurements were performed with the quadrupole mass spectrometer described in
section 3.1, and with the distance between the Feulner-cap [54] aperture and the Cu(111)
sample adjusted as close as possible (~1 mm). Specifically, in order to minimize the pres-
sure in the ionizer region, the inner surface of the Feulner-cap serves to pump residual
gases (e.g. background H, and H) wvia deposition of a reactive titanium getter film and
cryogenic trapping by liquid nitrogen cooling. In addition, during all experiments, the
combination of a cold trap operated with liquid nitrogen flow and a titanium sublimation
pump reduced the chamber background pressure to the mid/low 10~!* mbar range. Fur-
thermore, as the manipulator was steadily cooled via liquid nitrogen flow, counter-heating
the sample was necessary to reach sample temperatures above ~85 K. LEED patterns
were recorded without counter-heating and the sample at ~85K.

Clean Cu(111) surfaces were prepared by sputtering commercial Cu(111) single crystals
(Surface Preparation Laboratory, the Netherlands) for 30 min with either Ne™ or Ar™
ions at room temperature (RT). The surface order was restored by annealing the crystal
to 770K - 800K for 5 - 10 minutes. Diethylstilbestrol (Sigma Aldrich, purity 99 %) was
deposited by means of a home-built molecular beam evaporator at about 335 K, with the
Cu(111) crystal kept at 200 K (XPS-TPD chamber) or 300 K (STM chamber). Prior to
the first deposition, the DES powder was outgassed to a maximum temperature of 360 K
for 5 minutes. Bisphenol A (Sigma Aldrich, >99 %) was evaporated at 340 K, in a similar
manner as the DES, and with the substrate kept at 200 K (XPS-TPD chamber) or 300 K
(STM chamber). Prior to the first deposition, the BPA was outgassed to a maximum
temperature of 350 K for 10 minutes.
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4.3 Results and Discussion

After deposition onto the Cu(111) surface at 200 K and subsequent mild annealing up to
~380 K, both DES and BPA readily self-assemble into well-ordered molecular overlayers,
as it was recently reported also for biphenols [94]. Our STM measurements reveal densely
packed hexagonal superstructures (cf. Fig. 4.3, bottom left), described elsewhere [83, 95].
The LEED pattern of DES, displayed in Fig. 4.3 (top left), nicely corresponds to the
respective STM image and can be described by a commensurate superstructure with the

matrix (g 2) The associated rhombic primitive cell includes a 60° angle, has a side

length of 13.3 A (assuming a Cu(111) surface lattice constant of 2.56 A) and incorporates
three DES molecules. A hexagonal structure is also observed for BPA after annealing
slightly above RT (cf. Fig. 4.3, bottom left), which consists of trimeric motifs [83]. Faint
diffraction spots in the LEED pattern indicate the formation of a long-range ordered
overlayer, which is — however — rapidly disrupted by the electron beam. Upon heating
to higher temperatures (DES: 460 K; BPA: 470K), the periodic overlayers irreversibly
convert into branched, polymer-like chains with clearly identifiable molecular features
that are imaged as distinct protrusions (cf. Fig. 4.3, bottom), suggesting the covalent
linking of individual molecules. Finally, at even higher temperatures (e.g., 540 K for DES
and 730K for BPA), the formerly sharp molecular features are smeared out, indicative
of further chemical modification of the molecular chains. Importantly, even though DES
and BPA have a different chemical structure, the temperature induced chain formation
and evolution is remarkably similar, thus pointing to a common reaction mechanism.

In order to shed light on the three-step chemical evolution on Cu(111) described above,
we performed XPS and TP-XPS measurements whose results are illustrated in Fig. 4.4
and Fig. 4.5. When DES is deposited onto the Cu(111) surface at 200 K, a dominant O
1s feature is observed at a binding energy of 533.1eV (Fig. 4.4a, peak 1): this component
is ascribed to the terminal hydroxyl groups [20, 97-99] and thus clearly indicates that
both hydroxyl species remain intact at this temperature. However, after heating above
300K, the peak labelled 1 has almost completely vanished and is replaced by a new
feature at 530.9 eV (Fig. 4.4a, peak 2). This new component is attributed to deprotonated
hydroxyl groups with a binding energy characteristic of a carbonyl species lying close to
the Cu surface [83, 97, 100-102]. From the evaluation of the O 1s core-level intensity
in Fig. 4.6a, it is inferred that the chemical transformation (peak 1 — peak 2) starts
well below 300K and is completed at 350 K. Further annealing above 500 K changes
again the O 1s fingerprint, re-establishing a higher binding energy component located at
~533.6eV (cf. Fig. 4.4a), referred to as peak 3, which progressively replaces the carbonyl-
related peak 2. A detailed fitting analysis of the corresponding O 1s core-level spectra is
presented in Fig. 4.4c, which clarifies the evolution of the three above-mentioned peaks.

Fig. 4.6a shows that the second process, related to the transformation of peak 2 to
peak 3, terminates with the complete disappearance of oxygen at temperatures higher
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Figure 4.3: Top: LEED pattern of DES/Cu(111) (left, black edging) and BPA/Cu(111)
(right, red edging) after annealing to 380 K and 340 K for 5 min, respectively. Both images
are taken at ,=70eV and T}qmp.~85 K. For DES the reciprocal lattice pattern, generated
with LEEDpat 4.2 [96], is shown: it corresponds to a commensurate superstructure with

. (6 3 . . . .
the matrix 3 6/ Encircled diffraction spots (red: superstructure; blue: integer spots)

underline the correspondence between the experimental and simulated pattern. Bottom:
STM images in the same scale (185 x 185 A?), showing the thermal evolution of submono-
layer coverages of DES [black outline, blue (0.10nA, 1.50V, ~150K): annealed at 380 K
for 15 min, green (0.12nA, 1.25V, ~150K): annealed at 460 K for 10 min, orange (0.12nA,
2.02V, ~170K): annealed at 540 K for 10 min] and BPA [red outline, blue (0.10nA, 1.50V,
~220K): annealed at 340 K for 10 min, green (0.11nA, 1.25V, ~295K): annealed at 470 K
for 10 min, orange (0.12nA, 1.25V, ~295K): annealed at 730K for 5min] on Cu(111).
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Figure 4.4: O 1s (TP-)XP spectra for DES and BPA on Cu(111). Top: O 1s TP-
XPS contour plots for (a) DES/Cu(111) and (b) BPA/Cu(111). For both molecules, the
observed O 1s features are labelled 1, 2 and 3. A linear heating rate of 0.1Ks™! was
applied. Bottom: (c¢) O 1s core-level spectra including fitting analysis and relevant peak
positions for DES/Cu(111) after deposition of DES at 200 K and subsequent annealing
steps to 385K (for 5min), 520K (for 10min) and 615K (for 10min). The XP spectra
in (c) were performed with the sample kept at 200 K, and, for background correction, a
polynomial background was extracted from the clean Cu(111) spectrum and subtracted
from the raw data.
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than 650 K. The total carbon intensity extracted from the C 1s TP-XPS in Fig. 4.5a is
also shown in Fig. 4.6a and, in contrast, reveals that the molecular backbone remains
mostly intact and adsorbed on the surface up to 750 K; this implies that the progressive
loss of oxygen signal is to be attributed to deoxygenation rather than to molecular des-
orption or disintegration. Notably, the chemical evolution of BPA/Cu(111) appears to be
very similar (cf. Fig. 4.4b), with the same succession of components 1, 2 and 3 as for DES.
The only clearly apparent difference is that the uptake of peak 3 begins, concomitantly
with the overall loss of oxygen, at significantly higher temperatures than for DES (above
550 K, see Fig. 4.6b).
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Figure 4.5: (a) C 1s TP-XPS contour plot of DES/Cu(111) recorded at a heating rate of
0.1Ks™!, next to (b) the corresponding C 1s core-level spectra (recorded at 200 K sample
temperature, after deposition of DES at 200 K and subsequent annealing steps to 385 K for
5min, 520 K for 10 min and 615K for 10 min). To generate the TP-XPS contour plot, the
individual C 1s spectra were normalized to both ends after averaging over a set of adjacent
spectra.

To correlate unambiguously the chemical changes identified by XPS (Fig. 4.4 and 4.6)
to the structural evolution of the DES and BPA overlayers observed in STM (Fig. 4.3) we
performed complementary TPD experiments. Fig. 4.7 displays the corresponding spec-
tra for desorbing Hy, HyO, CO, CO5 and Oy molecules (thick lines) and various other
masses (thin lines), together with the sequence of STM structures observed at the in-
dicated temperatures. The H, mass spectra comprise three major desorption events for
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Figure 4.6: Integrated intensity of the individual O 1s components (labelled 1, 2 and 3
in the TP-XPS contour plots of Fig. 4.4) as a function of temperature: (a) DES/Cu(111);
(b) BPA/Cu(111). To evaluate the O 1s intensities, the XP spectra were fitted with two
Gaussians on a linear background, whereby one of the Gaussian functions covers the binding
energy region of peak 1 and 3, and the other is constrained to the binding energy regime of
feature 2. The intensities are then determined by integrating the area under the Gaussian
fits. The sum of the O 1s intensities is displayed in green. For DES, the C 1s integrated
intensities from the TP-XPS plot of Fig. 4.5a are also shown (blue line).
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both molecules. The first feature peaks at about 320 K, in both cases, and is related to
the deprotonation of the hydroxyl groups. This is evidenced by the transition from com-
ponent 1 to component 2 in the XPS data of Fig. 4.4. We thus infer that the chemisorbed
hydrogen, originating from deprotonation, desorbs from the surface as H, at ~320 K.
This provides good agreement with previous studies of hydrogen on Cu(111) [103] after
heating rate recalibration [104]. The corresponding STM insets, taken after prolonged
annealing to temperatures just above this first Hy-desorption feature, show the hexagonal
structures described above, which are thus assigned to completely deprotonated hydroxyl
species.

The second Hs-desorption feature at ~430K, in contrast to the first peak at 320K,
does not come along with any visible change in the O 1s core level (cf. Fig. 4.4 and 4.6).
Nevertheless, the corresponding STM images after annealing to 460 - 470 K show that,
both for DES and BPA, the transition from well-ordered overlayer into branched molec-
ular chains has already taken place. Moreover, in the C 1s XP spectra (Fig. 4.5b) a
distinct change of the line shape is detected between annealing to 385K and 520 K.
As the TPD spectra — apart from the desorption of molecules detected as fragments
(cf. m/z ratios from 41 to 83 in Fig. 4.7) — do not show any desorption of Oy, CO, CO,
or HyO, we infer that this second reaction step does not involve any chemical change of
the carbonyl species. Instead, we propose the Hs desorption to stem from a hydroxy-
directed ortho-ortho coupling, as described by Li et al. [20] and in section 4.1.

Finally, the third Hs peak, centered at ~500 K for DES and ~600 K for BPA, comes along
with the desorption of water. In the respective temperature regions, the O 1s signatures
change again (cf. Fig. 4.4), with the carbonyl species being replaced by a new, weaker
feature at a binding energy of 533.6eV. While the H>O desorption can account for the
global loss of O 1s intensity, it is noteworthy that no O, desorption takes place at this
stage. Furthermore, the almost unchanged C 1s intensity (cf. Fig. 4.5a and Fig. 4.6a)
and the absence of desorbing high mass fragments in Fig. 4.7 indicate that no molecular
desorption occurs in parallel with the water and dihydrogen desorption for DES. Also
note that C'O desorption, signaling degradation of the adsorbed species, takes place only
above 600 K. The origin of the chemical shift in the O 1s spectra in this third reaction
step is not immediately evident, and its rationalization will be discussed below.

The combination of XPS, TPD and STM data allows us to elucidate in detail the
sequence of chemical transformations that DES and BPA undergo on the Cu(111) surface,
leading from adsorbed monomers to conjugated polymers. The XPS measurements give
evidence of a first deprotonation reaction, involving O-H bond cleavage, which starts at
about 250 K. A 1:1 intensity ratio for the OH to carbonyl O 1s component is reached at
~280K for BPA, and at ~300K for DES (cf. Fig. 4.6). With the help of the TP-XPS
data in Fig. 4.6, the corresponding activation energy (OH — carbonyl) was estimated
to be ~0.12eV [104, 105] and is in good agreement with typical values (0.1 - 0.2¢eV)
for O-H bond breaking on surfaces [106-108]. The detached hydrogen atoms remain
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Figure 4.7: TPD measurements of DES/Cu(111) (black) and BPA/Cu(111) (red), at
0.5Ks™! heating rate and after molecular deposition onto Cu(111) held at 200 K. Ho
(m/z=2) and CO (m/z=28) signals are scaled down by a factor 0.2 and the curves (la-
belled by their mass-to-charge (m/z) ratio) are vertically stacked for clarity. Quantitative
comparison of the intensities of top and bottom TPD curves is not possible, as different
mass spectrometer electronics were used to cover two different mass ranges. To facilitate
data interpretation, the STM images of Fig. 4.3 are shown in the insets.
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initially chemisorbed on the surface, from which they desorb at approximately 320 K upon
recombination into dihydrogen. For both BPA and DES, analysis using the Arrhenius rate
law provides a hydrogen desorption energy close to (or slightly lower than) 1eV [104, 105].
This compares reasonably with a previous study of chemisorbed hydrogen on Cu(111),
where values in the range 0.7 - 0.9eV were determined [103]. The ordered overlayer
structures observed in STM and LEED after annealing to 380 K and 340 K are, therefore,
attributed to the deprotonated DES and BPA molecules (Fig. 4.8, step I), respectively.
Based on Ref. [20] we propose that in this temperature regime the generated phenoxyl
species undergo enol-keto tautomerization, which lowers the activation energy for C-H
bond scission of an adjacent C atom in ortho position. The resulting C-H activation leads,
subsequently, to ortho-ortho coupling between neighboring molecules (Fig. 4.8, step IT)
and desorption of dihydrogen as indicated by Hs-TPD (peak at ~430K for both BPA
and DES). This proposed pathway is supported by the absence of desorption of any
O-containing molecular fragments as well as of chemical shifts in the O 1s core level
between 400 and 500 K, implying that oxygen is not directly involved in the coupling
reaction. Evidence for the polymerization is additionally provided by the corresponding
STM micrographs, where chain-like structures with clearly identifiable molecular features
are imaged.

As to the third peak in the H>-TPD), the chemical structure at the beginning of the des-
orption event is obviously not well defined (see STM images, Fig. 4.3), which renders the
interpretation more complicated. Nonetheless, we can speculate about dominant reaction
scenarios compatible with our experimental findings. Notably, the different structure of
the DES and BPA precursor molecules (and more specifically, the different moiety bridg-
ing between the phenol groups) seems to play a role, as reflected in the different onset of
the chemical transformations highlighted by the TPD and XPS data. Therefore, we need
to treat the two cases separately. Starting from DES, we note that at about 510K H,
desorption is accompanied by the release of water. At the same time, we observe in XPS
that the carbonyl O 1s component 2 is progressively replaced by a new component, 3,
at higher binding energy (cf. Fig. 4.4). Notably, as shown in Fig. 4.4c, the two compo-
nents initially reach a 1:1 intensity ratio, whereas at higher temperature the carbonyl
O 1s component loses further intensity. A possible rationale for these observations is the
formation of a C-O-C linkage between a carbonyl oxygen and an ethyl from the bridge
group of an adjacent species (Fig. 4.8, red ellipse). This would indeed explain the rela-
tively high binding energy (~533.6eV) of the new O 1s component, close to that reported
for ethers [109, 110], as well as the desorption of Hs. One could further speculate that
some abstracted hydrogen may trigger deoxygenation processes by preceding nucleophilic
addition to the carbonyl oxygen, which is compatible with both the loss of O 1s intensity
in XPS and the absence of desorbing O in TPD. Additional dihydrogen desorption might
also originate from C-C bond formation within the disordered polymers. This picture
is, inevitably, oversimplified. As observed in the STM images, a clear atomistic descrip-
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Figure 4.8: Proposed sequence of thermally activated chemical reactions of DES on
Cu(111): tentative (simplified) structural models along with the corresponding STM im-
ages from Fig. 4.3 (due to the system’s complexity, no structural model is presented for
the outcome of step III).
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tion is not possible, also considering that the non-planarity of the molecules hampers
sub-molecular resolution in scanning probe microscopy studies; moreover, many different
reactions are likely to happen simultaneously, resulting in a blurring out of the molecular
appearance and loss of regularity. Nonetheless, the proposed pathway provides a rationale
for the main findings in the XPS and TPD data (e.g. the appearance and persistence of
component 3 in the O 1s XP spectrum, and the simultaneous desorption of Hy and H50).
In addition, the approximately 100 K higher temperature required for the third reaction
step of BPA can be intuitively explained in terms of its different molecular structure,
which does not easily allow formation of a C-O-C linkage (cf. Fig. 4.9), thus resulting in
a retarded and generally weaker component 3 in XPS. Overall, we can exclude that the
third Hs peak in Fig. 4.7 arises from a second ortho-ortho coupling reaction, as proposed
on Au(111) by Li et al. [20] to explain the formation of porous networks from phenol
derivatives. Instead, only monoselective C-C coupling takes place on Cu(111) (similarly
to Ag(111) [20]), followed by C-O-C formation and, further, oxygen removal.

Figure 4.9: Tentative structural model of a BPA-derived polymer fragment featuring
a C-O-C linkage, highlighted in blue. In yellow, other potential functional groups for
such linkages are indicated, showing that further reaction in this configuration might be
hindered. The BPA monomers are drawn with different colors.

4.4 Conclusion

Our analysis, combining real-space imaging with spectroscopic methods, enables us to
disentangle the sequence of surface-assisted reactions that the BPA and DES molecules
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undergo on the Cu(111) surface. Remarkably, despite being usually regarded differently
concerning their toxicity (DES is a known teratogen, BPA is an industrial chemical), both
molecules appear to follow a very similar reaction pattern. We find that the initial depro-
tonation of the phenols is followed by enol-keto tautomerization mediated monoselective
ortho C-H activation. After a first polymerization step (C-C coupling), the molecules pre-
sumably form C-O-C bridges and deoxygenate upon further heating, leaving a network
of branched, polymer-like chains on the Cu(111) surface.

From a methodological point of view, the combination of TPD with the chemically spe-
cific TP-XPS technique provides in-depth insight into the occurrence of surface-assisted
chemical reactions, by monitoring both volatile desorbing products as well as the chemi-
cal identity of products that remain adsorbed on the surface. Combined with real-space
imaging (e.g. STM), this information enables an advanced description of on-surface re-
actions on a sub-molecular scale. This approach can therefore be very valuable for the
understanding and the control of the formation of sophisticated organic nanostructures
at surfaces.
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5 Iron Phthalocyanine on Ag(111) —
the Surface as Trans-Ligand

This chapter includes content that has been published in

P. S. Deimel, R. M. Bababrik, B. Wang, P. J. Blowey, L. A. Rochford, P. K. Thakur,
T.-L. Lee, M.-L.. Bocquet, J. V. Barth, D. P. Woodruft, D. A. Duncan, and F. Al-
legretti, “Direct quantitative identification of the “surface trans-effect”)”
Chemical Science, vol. 7, no. 9, pp. 5647-5656, 2016 — published by The Royal Soci-
ety of Chemistry; this article is licensed under a Creative Commons Attribution 3.0
Unported Licence. Reproduced by permission of The Royal Society of Chemistry.

Theoretical calculations and corresponding images have been made by

R. M. Bababrik, B. Wang and M.-L. Bocquet

The strong parallels between coordination chemistry and adsorption on metal surfaces,
with molecules and ligands forming local bonds to individual atoms within a metal surface,
have been established over many years of study. The recently proposed “surface trans-
effect” (STE) appears to be a further manifestation of this analogous behaviour, but
so far, the true nature of the modified molecule-metal surface bonding has not been
fully clarified. The STE could play an important role in determining the reactivities of
surface-supported metal-organic complexes, influencing the design of systems for future
applications. However, the current understanding of this effect is incomplete and lacks
reliable structural parameters with which to benchmark theoretical calculations. In this
chapter, using X-ray standing waves, we demonstrate that the ligation of ammonia and
water to iron phthalocyanine (FePc) on Ag(111) distinctly increases the adsorption height
of the central Fe atom. Moreover, we show that dispersion corrected density functional
theory calculations can accurately model this structural effect. Importantly, the calculated
charge redistribution in the FePc/H,0 electronic structure induced by adsorption is shown
to involve accumulation of charge along the o-bonding direction between the surface, the
Fe atom and the water molecule, in a similar way as the redistribution caused by ammonia.
This apparent o-donor nature of the observed STE on Ag(111) involves bonding to the
delocalised metal surface electrons rather than local bonding to one or more surface atoms,
thus implying that this is a true surface trans-effect.
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5 Iron Phthalocyanine on Ag(111) — the Surface as Trans-Ligand

5.1 Introduction

The wealth of research of the last four decades into the adsorption of molecules and molec-
ular ligands on metal surfaces [111-123] has demonstrated the strong similarity between
the behaviour of these molecule-metal interactions and those found in metal coordination
compounds. In particular, the local bonding of molecules to metal substrates has been
found to commonly reflect the local atomic, rather than the delocalised metallic character
of the surface [119, 120, 124]. Recently, spectroscopic measurements on the adsorption
of planar metallo-complexes on metal surfaces [21, 22] have been interpreted as evidence
for one further example of this analogue behaviour, namely the well-known trans-effect in
metal coordination chemistry. Here we aim to provide quantitative structural measure-
ments that clearly demonstrate that this surface induced trans-effect does indeed occur in
one such system, but, contrary to expectations of a local atomic effect, the results of com-
plementary density functional theory (DFT) calculations by R. M. Bababrik, B. Wang
and M.-L. Bocquet show that this is a true surface effect. Specifically, we show that
although the charge redistribution associated with the effect mimics that of bonding to
a single atom in a coordination compound, the molecule bonds not to a single localised
surface atom, but rather to the metal surface as a whole.

The study of metal-organic complexes on metal surfaces, and the way in which the
substrate influences their interaction with ligand species, is an important field of re-
search which is motivated by the desire to design future catalysts and molecule-based
devices [21, 23, 125-137]. Of particular relevance are metal-supported porphyrins and
phthalocyanines [128, 129], a class of molecules with a tetrapyrrole macrocycle that can
act as a chemical cavity. Into this cavity a wide variety of metal cations can be coordi-
nated, providing these molecules with diverse functional properties for a broad range of
applications in, e.g., highly selective heterogeneous catalysts [23, 130, 131], molecular mag-
nets [132, 133], molecular motors [134], spintronics [135, 136] and gas sensors [21, 137].
Despite the large body of work, however, the physical understanding and control of the
processes that occur at the interface with metal supports are not yet fully developed.
So far, most studies conducted on these organic/metal interfaces have provided quali-
tative information, most prominently using scanning tunnelling microscopy (STM) (e.g.
Refs. [21, 134, 138, 139]) and X-ray photoelectron spectroscopy (XPS) (e.g. Refs. [21-
23, 131, 139]). Theoretical calculations have also been performed, but comparisons of
STM images with simulated images obtained from DFT calculations do not provide
unique structural solutions despite being widely exploited for this purpose. The long-
standing controversy concerning the structure of the Ag(111)/p(4x4)-O phase illustrates
this problem [140, 141]. Moreover, DFT calculations indicate that chemical shifts in the
photoelectron binding energy of core-level orbitals do not provide a unique indicator of
adsorption sites and coordination environment [142]. By contrast, quantitative structural
measurements can provide a relatively unambiguous benchmark against which theoretical
predictions can be tested [122, 143].
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One particular phenomenon that has been reported recently in this field is a signif-
icant electronic or chemical change in adsorbed metallo-porphyrin (MP) and metallo-
phthalocyanine (MPc) based species after the addition of small molecular ligands to the
metal centre [22]. This phenomenon has been referred to as surface trans-effect, in anal-
ogy with the traditional trans-effect in coordination chemistry [144-146]. The influence
of this phenomenon can have repercussions across a wide variety of fields that utilise such
supported metal-organic complexes [132, 147-150]. Of particular note is the influence it
has on gas sensors: e.g. in the utilisation of iron phthalocyanine supported on graphene,
exposure to nitric oxide apparently results in partial electron-doping of the graphene layer,
manifesting as a decrease in the conductance of the system [151]. The surface trans-effect
may also be the cause of the muted reactivity typically observed for MPs and MPcs on
metal substrates [23], where the interaction between the molecules and the surface ap-
pears to prevent reaction pathways that are available to the molecule when dissolved in
a solvent.

The prototypical system, when MP and MPc molecules are adsorbed on a metallic sub-
strate, typically has the central molecular macrocycle orientated (approximately) parallel
to the substrate plane [152, 153]. It is this adsorption geometry that leaves the centrally
coordinated metal ion close to the substrate, but also free to interact with potential ligand
molecules at the position trans to (i.e. opposite to) the substrate. Flechtner et al. [21] re-
ported that, when cobalt tetraphenylporphyrin (Co-TPP) was adsorbed onto Ag(111), a
significant difference in Co 2p photoelectron binding energy was observed in XPS between
single-layer and multilayer samples. However, this energy difference was greatly reduced
following exposure to NO. This experimental finding was tentatively ascribed to a weak-
ening of the interaction between the metal centre of the porphyrin and the substrate,
caused by the ligation of NO at the position trans to the substrate. This was interpreted
as being, at least phenomenologically, similar to the traditional trans-effect, in which a
ligand with an intense trans-effect, either through being a strong o-donor or m-acceptor,
weakens the ligand-metal bond that is trans to it. In Fig. 5.1, a phenomenon associated
with the traditional trans-effect is illustrated by a hypothetical scheme. Specifically, a
ligand with an intense trans-effect, NO, replaces an N H3 molecule (cf. Fig. 5.1a and b),
weakening the N Hz-metal bond that is trans / opposite to it, and thus promoting the
replacement of this ammonia molecule by a second ligand (cf. Fig. 5.1b and ¢). A con-
sequence of this is that an intense trans-effect ligand induces a longer metal-ligand bond
length at the trans position (cf. Fig. 5.1b), whereas a milder trans-effect ligand results in
a shorter metal-ligand bond at the trans position (cf. Fig. 5.1c). Similarly, when dealing
with octahedral coordination, as in the case of molecular ligation to phthalocyanines and
porphyrins, if molecular ammonia is replaced by molecular water, a ligand with an even
milder trans-effect than ammonia, this replacement will lead to a shortening of the bond
length of the remaining ammonia molecule that is trans to it (cf. Fig. 5.2a and b). In
the proposed surface trans-effect, the surface plays the role of one of the ligands, not
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Figure 5.1: Schematic illustration of the traditional trans-effect and the surface trans-
effect for a hypothetical system, assuming that the intensity of the effect increases from
HyO < NHj; < metal substrate < NO (indicated with the colour scheme). Specifically,
a general case of (a — b — c¢) the traditional trans-effect is illustrated, where a ligand
with a moderately intense trans-effect is replaced, sequentially, by a ligand with (a — b)
a more intense and (b — ¢) a less intense trans-effect; the associated change in M-ligand
bond length is highlighted by the arrows. Also shown is a hypothetical case of (a — d — e)
the surface trans-effect, where a ligand with a moderately intense trans-effect is replaced,
sequentially, by a metal substrate with (a — d) a more intense trans-effect and a ligand
with (d — e) a less intense trans-effect; the associated changes in M-ligand bond length and
M-substrate adsorption height (respectively) are indicated. A comparable, more realistic
case of the surface trans-effect is shown in Fig. 5.2c and d for an octahedral complex.
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only inducing a trans- (or trans-like-) effect, as shown in Fig. 5.1d and Fig. 5.2¢, but also
experiencing a trans- (or trans-like-) effect, as shown in Fig. 5.1e and Fig. 5.2d. This

(a) (b)

Figure 5.2: Schematic view of the (surface) trans-effect for an octahedral complex of
(a) (N Hs)-FePc—(N H3), where two ammonia molecules are trans to each other, (b) (H20)—
FePc—(N H3), where the ammonia molecule is trans to a water molecule, (¢) (H2O)-FePc—
Ag(111), where water is trans to the Ag(111) surface, and (d) (N Hs)-FePc—Ag(111), where
ammonia is trans to the Ag(111) surface. Assuming the order of the intensity of the trans-
effect goes: HyO < NHs < Ag(111), then the traditional trans-effect would suggest a
shorter Fe—(/NH3) bond when ammonia is trans to a water molecule, than when it is trans
to another ammonia molecule. Similarly, a longer Fe—(H20) bond would be expected when
water is trans to the Ag(111) surface than to ammonia. Finally, this would also imply a
larger adsorption height of the Fe centre when the Ag(111) surface is trans to ammonia
than to water.

interpretation was tested by Hieringer et al. [22], who probed the interaction of Fe-TPP,
Co-TPP and ZnTPP with NO on the Ag(111) surface, using ultraviolet photoelectron
spectroscopy, XPS and STM, and qualitatively comparing the shifts in the Co 2p XPS
binding energy with those obtained from DFT calculations. These DFT calculations pre-
dicted a significant structural displacement of the metal ion by >0.6/ 0.7A for Co and
>0.4/0.7 A for Fe (PBE / PBE4+vdW). Since the original work of Flechtner et al. several
other groups have observed various electronic and chemical effects that have all been at-
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tributed to this “surface trans-effect” [23, 129, 132, 147-150, 154]. However, prior to our
study, there have been no experimental investigations of the predicted structural changes,
nor has there been a quantitative comparison of theoretical predictions to experimental
results.

Here we present the results of such a quantitative experimental test of DF'T predictions,
utilising normal incidence X-ray standing waves (NIXSW) (cf. section 2.5) to measure the
displacement of iron phthalocyanine (FePc - shown schematically in Fig. 5.4a), adsorbed
on a Ag(111) single-crystal surface, before and after ligation of ammonia and water. The
choice of the system was inspired by the results of a previously published investigation,
predicting a 0.9 A displacement of the iron centres of FePc on the Au(111) surface upon
ligation of ammonia, by means of DFT calculations that did not include dispersion forces,
and reporting experimentally observed electronic changes supportive of the “surface trans-
effect” [155].

5.2 Experimental Details

The XSW measurements were performed at the I09 beamline at the Diamond Light Source
(cf. section 3.2). The intensity and width of the (111) Bragg reflection of the Ag crystal
was measured at normal incidence (hv ~ 2640eV at a Ag(111) sample temperature of
~60K). The Darwin reflectivity curve was used to define the energy scale with respect
to the Bragg energy, the energy broadening due to imperfections in the monochroma-
tor (Si(111) double-crystal) and the mosaicity of the single crystal substrate (which was
found to be negligible). The experimental chamber was orientated with either a 60° or 90°
angle between the incident photon beam and the centre of the detector. The integrated
intensities of the Fe 2p, N 1s and C 1s photoemission peaks were used to monitor the
relative X-ray absorption of the Fe, N and C atoms, respectively. Both instrumental ge-
ometries led to similar values for the NIXSW fitting parameters once non-dipolar effects
in the angular dependence of the photoemission were taken into account (cf. section 2.5.2).
Specifically, the forward-backward asymmetry parameter () was calculated theoretically
using the average angle acquired on the analyser (6, = 30° and 6, = 18°, respectively, as
defined in Ref. [156]). To minimise radiation damage to the adsorbed molecules, the sam-
ple was held at ~60K, and the X-ray beam (defocused to approximately 300x300 pm?)
was stepped over the sample during each XSW measurement, such that each energy point
in a single scan was acquired from a different position on the sample. The base pressure
in the end station was ~5 x 10719 mbar, which necessitated re-preparation of the sample
every ~8 hours to limit the adsorption of residual water in the vacuum. A clean Ag(111)
crystal was prepared by repeated cycles of Ar™ sputtering and annealing to 800 K for
25 minutes. A multilayer of FePc was deposited by sublimation of FePc powder (Sigma
Aldrich, 90 % pure by dye content, triply purified [157]) at 680 K onto the sample held
at room temperature. The latter was then annealed to ~600 K for 40 minutes, desorbing
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the excess FePc and resulting in a low-energy electron diffraction pattern consistent with

2.58 5.68

(cf. Fig. 5.3d and e). This Ag(111)/FePc system was subsequently exposed to ammonia
or water by backfilling of the chamber to pressures of 10~® mbar with the substrate held
at 60 K. Due to the placement of the ion gauge near the turbomolecular pump, at a
significant distance from the sample, an accurate measure of the exposure rate was not
possible; however the coverage of all exposures was monitored by XPS measurements (cf.
Fig. 5.3f) and indicated in all cases a coverage of ammonia or water greater than around 1
molecule per 3 silver surface atoms (~0.33 ML), which is much higher than that required
to saturate each Fe atom (~0.04 ML). Between ~0.33 ML and ~3 ML, no trend was ob-
served in the variation of the height of the FePc molecules, as a function of ammonia
(or water) coverage. At each stage of the preparation, XPS was utilised to monitor any
possible contaminants, and with the exception of the aforementioned adsorption of resid-
ual water in the vacuum and damage caused by the X-ray beam after lengthy exposure,
none were observed. For the data reduction of the XSW measurements, in all cases a
Voigt lineshape was used to model the photoemission peaks, except for the broad Fe 2ps /o
multiplet structure towards higher binding energy, which was modelled with a Gaussian
lineshape (cf. peak 2 in the XP spectrum in Fig. 5.3a). The backgrounds of the Fe 2ps/,
spectra were fitted using a template background (measured over the same energy range
on the clean Ag(111) substrate), whereas Shirley backgrounds were used for the N 1s
and C 1s spectra. For the N 1s spectra two additional Gaussians were also introduced
in the fitting to compensate for the underlying Ag plasmons. Exemplary fittings of the
three relevant core levels are displayed in Fig. 5.3a-c for a pristine FePc monolayer, and
in Fig. 5.3f, which compares N 1s spectra before and after adsorption of ammonia.

Extensive DFT calculations were carried out by R. M. Bababrik, B. Wang and M.-
L. Bocquet, using the VASP package [161]. The PBE-GGA exchange-correlation po-
tential [162] was used, and the electron-core interactions were treated in the projector
augmented wave method [163, 164]. The van der Waals (vdW) interaction has been
taken into account through the so-called DFT-D2 and -D3 semi-empirical methods via a
pairwise force field [165, 166] or by using a non-local optB88-vdW (DFT-vdW) exchange-
correlation functional [167, 168]. All the calculations were performed using a four-layer
Ag slab embedded in 15 A of vacuum space, ensuring 10 A separation between adjacent
supercells. Structures were optimised using energies calculated at a single k point (the I'
point of the Brillouin zone) with a kinetic cut-off energy of 400eV. The coordinates of
the uppermost Ag layer and the molecules were fully relaxed until the atomic forces were
smaller than 0.01eV/ A. Furthermore, the presented results using the DFT-D2 method
take into account the van der Waals interaction of all the layers (DFT-D2-4L) in the
pairwise interaction [165]. The charge redistribution maps (CRMs) shown in Fig. 5.5
were calculated by

a saturated incommensurate single-layer described by a matrix of <4'80 _0'40) [158]

Ap = p(A+ B) = p(A) — p(B) , (5.1)
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Figure 5.3: Exemplary XP spectra and LEED pattern of the FePc monolayer on Ag(111)
(Ag(111)/FePc): a) Fe 2p3/5, b) N 1s and c) C 1s XP spectra measured from a FePc
monolayer on Ag(111) at room temperature (RT) and with photon energies of hv = 880eV
(Fe 2p3/3), hv = 550eV (N 1s) and hv = 435eV (C 1s), respectively. Both the Fe 2ps3/y
and the N 1s core levels partially overlap with bulk spectral features, specifically the tail
of the Ag 3s feature (causing the descending background in the Fe 2p3 /5 spectrum) and Ag
plasmons (cf. peak 2 in the N 1s spectrum). The assignment of peaks in the C 1s spectrum
follows that proposed by Papageorgiou et al. [159]. Here, the C 1s spectrum shows two
main components, 1 and 2, which are related to the C atoms bonded to N (C-N) and
the C atoms bonded only to C atoms (C—C). The N 1s spectrum contains only a single
peak relating to all eight N atoms in the phthalocyanine molecule. The LEED pattern
of the FePc monolayer on Ag(111) in d) and e), recorded at an electron energy (E,) of
12.5eV and 10.5 eV, respectively, corresponds to the saturated incommensurate single-layer
("superstructure 1”) described by Bobaru et al. [158]. The corresponding superimposed
overlayer patterns (red dots in d) and e)) have been generated by means of the LEEDpat
software utility [96]. f) N 1s XP spectra on Ag(111)/FePc, at ~60K sample temperature
and hv ~ 2640eV, before (1) and after (2) NHjs exposure. Spectrum 2 corresponds to
the lowest N Hj3 exposure considered in the study and can be reproduced by fitting with
an N Hs-component (3) at ~399.7eV [160] of almost equal intensity as the N 1s feature
ascribed to the FePc single-layer.



5.3 Results and Discussion

which is the electron density of the whole system p(A + B) minus the electron density of
each component, p(A) and p(B), with the atomic positions of A and B fixed in the opti-
mized structure (A + B). For example, [V H3/FePc/Ag(111)] describes the total electron
density for N H3 on FePc on Ag(111), and [FePc/Ag(111)] and [N Hs] are representing the
electron density of both FePc adsorbed on Ag(111) and N H3, with their atoms fixed at the
optimized adsorption positions for [N Hjz/FePc/Ag(111)]. Thus, [N Hs/FePc/Ag(111)]-
[FePc/Ag(111)]-[N Hs] simply displays the charge redistribution caused by the adsorption
of NH3 on FePc/Ag(111).

5.3 Results and Discussion

The XSW absorption profiles, monitored by Fe 2p3/, photoemission from a single-layer
of adsorbed FePc, both before and after exposure to ammonia or water, are displayed in
Fig. 5.4b and show a clear shift of the maximum of the profile to lower photon energies
following molecular uptake. This shift indicates that there is an increase in the coherent
position, and thus in the height of the adsorbed Fe atom above the Ag(111) surface,
caused by molecular ligation. Specifically, the results presented in Fig. 5.4b indicate
that the Fe atom is at its lowest position prior to ligation, at its highest position when
ligated to ammonia, and at an intermediate position when ligated to water. Quantitative
analysis of the absorption profiles yields a change in the average height of the Fe atom by
4+0.1940.07 A after the adsorption of ammonia, and by +0.0740.04 A after the adsorption
of water. Similar effects, though significantly smaller, were observed for the absorption
profiles recorded for the carbon and nitrogen atoms, as shown schematically in Fig. 5.4c
and detailed in Table 5.1a, indicating that there is a shift (but not a rigid one) of the whole
molecule to greater heights above the surface. The corresponding coherent positions,
coherent fractions and absolute heights are shown in Table 5.1b.

The atomic displacements predicted by DFT calculations are reported in Table 5.2.
The results from the DFT-D2 calculations agree extremely well with the experimental
XSW results. The DFT-D3 calculations significantly overestimated the effect of ammonia
ligation, most notably to the Fe metal centre. The DFT-vdW calculations using optimised
exchange energy also show results comparable to the experiments.

In contrast, theoretical calculations without van der Waals corrections predict a sig-
nificantly larger displacement of the entire molecule than is experimentally observed.
However, the qualitative trends, e.g. a smaller displacement due to water adsorption and
a smaller displacement of the molecular backbone than of the Fe atom, are reproduced.
Inclusion of van der Waals corrections into the calculations decreases the size of the dis-
placement dramatically for both ligands, bringing the theory into excellent quantitative
agreement with the experimental measurements.

The observed displacement of the Fe centre of FePc is qualitatively consistent with the
results of the DFT calculations of Hieringer et al. [22]; the weakening of the metal centre
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Table 5.1: Quantitative structural results for FePc on Ag(111) before and after liga-
tion to NHs and HyO: a) experimental displacements in the FePc height (in A) above
the surface for the Fe, N and C atoms (C is split into C-C and C-N species as identi-
fied in Fig. 5.3c) upon ligation of NHs (Ag(111)/FePc/(N H3)—Ag(111)/FePc) and Hy0O
(Ag(111)/FePc/(H20)—Ag(111)/FePc). The number in brackets is the uncertainty (stan-
dard error at two standard deviations) in the last decimal place. b) The corresponding
experimentally determined coherent fractions (f..n) and coherent positions (D), as well as
the height of the various species above the bulk like termination of the Ag(111) surface.
Note: dpy for Ag(111) is taken as 2.35 A, and it is assumed that the molecule lies over
one layer spacing above the surface (otherwise unphysical results are obtained for bond
lengths).

a) Ag(111)/FePc/(N H3)—Ag(111)/FePc Ag(111)/FePc/(H20)—Ag(111) /FePc
Fe N C-N c-C Fe N C-N c-C
XSW (A) 0.19(7) 0.13(7) 0.07(6) 0.06(6)  0.07(4) 0.08(9) 0.01(2) —0.02(5)

b) Ag(111)/FePc
Fe N C-N Cc-C
Jeoh 0.9(1) 0.87(5) 0.9(1)  0.9(2)

D 0.11(1) 0.15(3) 0.20(2) 0.24(2)
dner + D - dpi (A) 2.61(1)  2.71(7)  2.83(5)  2.92(5)

Ag(111)/FePc/N Hy
Fe N CN CcC
feoh 0.73(8)  0.9(3)  0.9(1)  0.95(11)
D 0.19(3) 0.21(1) 0.23(1)  0.27(1)
Aot + D - dpg (A) 2.80(7)  2.84(2)  2.90(3)  2.98(3)
Ag(111)/FePc/H>0O
Fe N C-N Cc-C
Jeon 0.75(7)  0.8(1)  0.9(1)  0.9(1)
D 0.14(2) 0.19(3) 0.21(1) 0.23(4)
dner + D - dpi (A) 2.68(4)  2.79(6)  2.84(2)  2.90(1)
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Figure 5.4: Experimental results from NIXSW measurements on FePc on Ag(111) before
and after HoO and NHs ligation: (a) Molecular structure of FePc. Note that the two
different species of C, which could be chemically resolved in the XSW analysis accord-
ing to the C 1s peaks in the XP spectrum in Fig. 5.3c, are assigned to C atoms bound
to C and N atoms (C-N) and bound only to other C atoms (C-C). (b) Comparison of
the Fe 2p3/, X-ray absorption profiles before molecular ligation (FePc, blue), after water
ligation (FePc/H20, red) and after ammonia ligation (FePc/N Hs, black). (c) A to scale
schematic representation of the quantitative analysis of the XSW data detailed in Table 5.1.
The atomic scattering plane at the surface termination (0 - dpg;), the first (1-dpg;) and the
second (2 - dpy;) extended planes above the surface are also indicated. Also shown (d) is a
4x magnification of the displacement of the Fe atoms, with horizontal lines indicating the
centre of the Fe atoms above the first extended surface plane (1 - dpy;, green).
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Table 5.2: Theoretical displacements for FePc on Ag(111) before and after ligation to
NHs and H,0: displacements (in A) above the surface (averaged over the molecule
in an atop, bridge and hollow site) for the Fe, N and C atoms upon ligation of N Hg
(Ag(111)/FePc/(INH3)-Ag(111)/FePc) and H2O (Ag(111)/FePc/(H20)-Ag(111)/FePc).

Ag(111)/FePc/(N H3)—Ag(111)/FePc Ag(111)/FePc/(H20)—Ag(111) /FePc

Fe N CN CC Fe N CN CC

DFT (A) 1.10 082  0.78 0.51 0.15 0.06 005  0.01
DFT-D2 (A)  0.19 0.09  0.08 0.03 0.07 003 003 001
DFT-vdW (4)  0.22 012  0.11 0.06 0.04 002 002  0.02
DFT-D3 (A)  0.31 016  0.14 0.06 0.07 0.02  0.01 0.00

interaction with the metal substrate does indeed have a structural effect similar to that
expected from the traditional trans-effect in coordination chemistry. It has long been
established that adsorbates on metal surfaces follow rules comparable to those developed
in coordination chemistry [119, 120, 169], so extending this analogous behaviour to metal-
organic complexes adsorbed on metal surfaces may appear entirely reasonable. However,
one should question the “surface trans-effect” terminology, because the comparison with
metal coordination compounds effectively requires the surface to be considered not only as
having an effect comparable to a ligand, but one whose interaction with the metal centre
of the phthalocyanine has a specific directionality. In other words, to be physically a trans-
effect the interaction cannot be mediated through long-range forces (e.g. induced dipoles
or vdW forces), instead it must be induced through the sharing of an orbital of the metal
centre by both the surface and the ligand trans to it, in order to satisfy either a o-donor
or a m-acceptor interpretation of the traditional trans-effect [144, 145]. The hybridisation
of metal adatoms to metal surface atoms, when coadsorbed with molecules to form metal-
organic coordination networks, has been proposed from theoretical calculations [170, 171].
However, it is not clear to what extent this is comparable to the interaction between the
metal surface and the metal centres within adsorbed MP and MPc molecules. This raises
the question: if it looks like the trans-effect, acts like the trans-effect, does it actually mean
it is the trans-effect? In other words, is the term “surface trans-effect” merely a useful
description of the observed phenomena in broad terms, or does it have actual physical
meaning?

The overlayer studied here, a saturated single-layer of FePc on Ag(111), is known to
be incommensurate with the underlying substrate (cf. Fig. 5.3d and e and Ref. [158]).
However, the coherent fractions observed for the adsorbed molecule are relatively high
(cf. Table 5.1b), indicating that the variation in the height of the molecules above the
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surface is small, despite the local coordination of the Fe atom varying over an effective
infinity of sites. If the Fe-substrate height were exactly the same throughout the incom-
mensurate overlayer, the local Fe-Ag atomic distance would increase as the number of
nearest neighbour Ag atoms increases (e.g. the distance is longer over a hollow site than
over an atop site). This is qualitatively similar to what is observed for small molecu-
lar species when adsorbed in atop, bridge and hollow sites [119] on metal surfaces, an
effect interpreted as following rules similar to those devised for coordination chemistry.
However, this does not necessarily suggest that, if the interaction between the metal com-
plex and the metal substrate follows the same general trend, then the Fe,qs — Aggury
interaction would also be comparable to that of the ligand to metal centre interaction
in coordination chemistry. More generally, as there are effectively an infinite number of
different local adsorption sites in the incommensurate layer, it is clear that most Fe atoms
will not be directly above a Ag atom, so there will not be a silver atom in a site trans
to the adsorbed molecular ligand; in contrast, the traditional trans-effect clearly suggests
a strong directional influence. This implies that, if the “surface trans-effect” is indeed
a trans-effect, the substrate to metal complex interaction cannot be mediated by direct
interaction to the silver atoms. Instead, it must be the delocalised metal surface electrons
that drive the effect.

To try to address these issues and encouraged by the good quantitative agreement
between the theory and the experiment in reproducing the structural consequences of
this “surface trans-effect”, R. M. Bababrik, B. Wang and M.-L. Bocquet conducted cal-
culations for a number of simple model structures. Specifically, calculations (DFT-D2)
were performed on the traditional trans-effect systems (N Hj)-FePc-(N Hj), (H20)-FePc-
(H50), (N Hj)-FePc-(H50) and (N Hz)-FePc-(NO). Comparing these calculations to the
relevant Ag(111)/FePc calculations, the Ag substrate (for Fe sitting on top of a surface Ag
atom) induces a bond length between the trans-ligand and the Fe atom of 2.12 A (N-Fe)
and 2.40 A (O-Fe) for NHy and H,O, respectively. These bond lengths are significantly
longer than the bond lengths induced by H,O (namely 1.99 A (N-Fe) and 2.04 A (O-Fe)
for NHs and H,O in trans position, respectively) and NHs (namely 2.03 A (N-Fe) and
2.09 A (O-Fe) for NHj and H,O in trans position, respectively), but shorter than induced
by NO (namely 2.16 A (N-Fe) for N Hy in trans position). This difference in bond length
would place the silver surface as having a potential trans-effect somewhere between the
weak (water, ammonia) and the strong (NO) ligands. When charge redistribution maps
(CRMs) are compared (cf. Fig. 5.5), it can be seen that the effects on the Fe centre of
introducing the Ag surface (cf. Fig. 5.5a) or an N Hj ligand (cf. Fig. 5.5b) trans to a wa-
ter molecule are remarkably similar. In both cases there is significant redistribution of
charge into the o-bonds that lie between the introduced species (Ag(111) / NHj3) and
the Fe centre, while a smaller increase in charge density occurs between the O and Fe
atoms. This is mostly manifest as an accumulation of charge density in the Fe d,2 or-
bital and a comparable decrease in the Fe d,. and d,, orbitals. Introducing an N Hj
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Figure 5.5: Charge redistribution map (CRM) illustrating the effect of adding Ag surface,
N Hs and H5O trans to each other, showing an isosurface plot with £0.02 e A3 (red is an
increase, blue a decrease in charge density). Shown is (a) the difference caused by adding
the Ag(111) surface trans to a water molecule, (b) by adding ammonia trans to a water
molecule and (c) by adding ammonia trans to the Ag(111) surface. In (a) and (c) the Fe
atom is assumed to be sitting above a hollow site of the Ag(111) surface.
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ligand (cf. Fig. 5.5¢) trans to the Ag(111) substrate has an effect on the NHj species
similar to when it is introduced trans to a water ligand (cf. Fig. 5.5b). However, Fig. 5.5¢
shows that the opposite effect occurs at the Fe metal centre (charge depletion in d,2 and
accumulation in d,, and d,,) when compared to the behaviour seen in both Fig. 5.5a and
Fig. 5.5b. This might result from the Ag(111) having a stronger trans-effect than the
N Hj ligand, indicated by the longer trans-ligand to Fe bond length for Ag, as discussed
previously. The CRMs including Ag(111) shown in Fig. 5.5 are calculated for the Fe cen-
tre above a hollow site, but similar calculations (not shown here) for an atop and a bridge
site show the same effect, further indicating that it is the interaction with the delocalised
metal electrons of the substrate, rather than a direct interaction with a substrate atom
that drives the surface trans-effect. These calculations thus indicate that the same effect
would be seen for both commensurate and incommensurate overlayers.

Interestingly, the intensity of the surface trans-effect seen on Ag(111) appears to be
dependent upon the ability to accumulate charge between the Ag(111) surface and the
FePc. This may explain why the inclusion of dispersion forces dramatically changes the
predicted structural differences induced by the surface trans-effect. The vdW corrections
predict a less negative electrostatic potential for the clean Ag(111) surface than the uncor-
rected calculations do (see Fig. 5.6). Specifically at the measured adsorption height of the
FePc molecule (~2.8 A, corresponding to 1.2 Ag substrate layer spacings) the potential,
with respect to the vacuum level, is less negative by ~0.4eV (Fig. 5.6). Therefore, in the
region between the surface and the adsorbed molecule there is a significant decrease in the
energy required to remove an electron to the vacuum level, i.e. the local work function is
significantly reduced. We posit that this lowering of the local work function, when using
the vdW-DF functional, allows a greater charge accumulation in the o-bonding area, in-
tensifying the Ag(111) surface trans-effect. Such a sensitivity to changes in the local work
function reinforces the idea that the surface trans-effect arises from interactions with the
electrostatic potential of the substrate, rather than being mediated through direct interac-
tion with any individual atom. The theoretical calculations thus predict that the “surface
trans-effect” is mediated through redistribution of charge along the trans o-bonds in a
manner similar to that of the traditional trans-effect.

5.4 Conclusion

Utilising the X-ray standing waves technique, we have obtained the first quantitative
structural measurement of the consequences of the so-called “surface trans-effect”, ob-
serving the displacement of the metal centre of a metal-organic species by its ligation
to a molecular ligand. This displacement has been modelled by DFT calculations that
show excellent agreement with the experimental results, provided that corrections are in-
cluded for dispersion forces. Furthermore, these dispersion-corrected calculations predict
that the electronic effect on the FePc/water moiety of introducing the Ag(111) surface is
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Figure 5.6: Difference between the optB88-vdW and PBE functionals in the calculated
plane-averaged electrostatic potential from a clean Ag surface (red line), the termination
of which is set at 0, overlaid atop a schematic of Ag(111)/FePc. The adsorption height
of the FePc is also indicated (blue line), showing that at the position occupied by the
FePc molecule the dispersion corrected DFT calculations predict a more positive potential.
We posit that this allows a greater accumulation of charge between the surface and the
adsorbed FePc (shaded grey), intensifying the trans-effect of the surface.



5.4 Conclusion

remarkably similar to that of introducing an ammonia molecule. However, the main dif-
ference between the traditional trans-effect and the surface trans-effect would seem to be
that, rather than involving a direct interaction between the metal complex centre and an
atom in the coordinating ligand/surface, it is the interaction between the metal complex
centre and the delocalised electronic states of the metal substrate that drives the surface
trans-effect.

This result has wide-ranging implications in the field of metal-organic complexes sup-
ported on metal substrates. The most obvious influence is on potential catalysts, es-
pecially considering adsorbed planar species like MPs and MPcs, as the active site is
inherently trans to the substrate, and the coordination of a ligand trans to the substrate
gives rise to the activated complex of such a catalyst. It can be inferred that the weak-
ening of the metal centre-ligand interaction by the substrate will suppress the reactivity
of the adsorbed complex, suggesting that one cannot simply adsorb a liquid or gas phase
catalyst onto a metal substrate and expect comparable activity. Instead, as concluded
in a previous published work from our group [23], it may be necessary to choose metal
centres that are traditionally seen as being “too reactive” for catalytic reactions. It is
also not unreasonable, as was proposed by Hieringer et al. [22], to expect that different
substrates will have varying intensities of the surface trans-effect. This extra degree of
freedom could be exploited to tune the selectivity of such a catalyst, for example, in elec-
trochemical oxygen [139] and C'O; [172] reduction, where the metal-organic complexes are
positioned on a metallic electrode. In a similar fashion, the consequences for the design of
electronic devices that assume the substrate to be an inert component will be deleterious;
the influence of the substrate must be considered from the outset. On the other hand,
this result is potentially promising in the field of adsorbed gas sensors. As the surface
trans-effect not only affects the ligand to metal centre interaction, but also the surface
to metal centre interaction, the response of the adsorbed metal complex to a gaseous
species will induce an effect on the substrate, potentially amplifying the response of the
gas sensor as was observed for NO ligation to FePc on graphene [151].

As it has now been clearly demonstrated that the surface trans-effect occurs in a manner
similar to that in traditional coordination chemistry, it raises the question as to whether
there is a comparable cis-effect. The cis-effect is considerably less studied in coordination
chemistry than the trans-effect, but can have a similar influence on the reactivity of a metal
complex, especially in octahedral systems. However, the experimental results presented
here provide no evidence for such an effect, though some redistribution of charge in the
plane of the FePc molecule was seen in the CRM’s (cf. Fig. 5.5a). It is therefore probable
that a surface cis-effect does indeed exist, hence, a study like that presented here, but
investigating a system where a potential cis-effect would be expected to dominate, could
be fruitful.

Finally, the prediction of the remarkable similarity of the electronic effect of the “surface
trans-effect” to the traditional trans-effect, as shown in the charge redistribution maps,
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strongly suggests that this phenomenon is truly a trans-effect, not only in appearance,
but also in physical manifestation. Surprisingly, though it manifests as a trans-effect,
this effect is not due to an interaction with a single substrate atom, but instead with the
surface delocalised electrons, making this a true surface, rather than a local effect. Thus,
we conclude that the name “surface trans-effect” is fully justified.
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6 4-Fluorothiophenol on Ag(111)
a Prospective Molecular Spacer

The precise control over the elec-
tronic properties and function of the

O
metal centres in metal-organic com- ‘QC‘ gl
plexes such as metallo-porphyrins <0
(MPs) and metallo-phthalocyanines no
(MPcs) holds promise for their tar- ‘.‘ ..... Q
geted application in, e.g., nanoscale g 33’3335‘ 4FT
chemical conversion devices and —-— —
molecular sensors. However, when 3 -

immobilizing these flat chelate com-

plexes on solid supports, the influence of the latter on the metal centres can decisively
alter their chemistry and functional properties, e.g. via the charge transfer and orbital
hybridization observed on metal substrates. In the present work we explore a simple strat-
egy to both spatially and electronically decouple prototypical MP and MPc compounds
from a Ag(111) surface, by preventing direct physical contact with the underlying sup-
port wia insertion of a self-assembled monolayer (SAM) of 4-fluorothiophenol (4-FTP).
Such molecular spacers may thus provide extensive means to investigate, sustain and
fine-tune the chemical reactivity of these complexes towards reactant species, aiming
at their tailor-made application in, e.g., heterogeneous catalysis, as well as to allow for
the design of hybrid functional systems of increasing sophistication such as stacked mul-
tilayer architectures. Herein, we show that at low temperature (~150K) the 4-FTP
SAM on Ag(111) can indeed serve to decouple iron phthalocyanine (FePc) and ruthe-
nium tetraphenylporphyrin (Ru(CO)TPP) monolayers from the Ag(111) surface. When
the temperature is increased, however, the system’s configuration breaks down, resulting
in an inverted stacking followed by the complete removal of 4-FTP at elevated temper-
atures, the SAM thus playing the role of a thermally removable template. We elucidate
the structural and chemical evolution of the organic double layer system by combination
of X-ray photoelectron spectroscopy (XPS), temperature-programmed XPS (TP-XPS),
temperature-programmed desorption (TPD), and low-energy electron diffraction (LEED)
measurements.
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6.1 Introduction

In the last two decades, numerous studies of metallo-porphyrins (MPs) and metallo-
phthalocyanines (MPcs) have been undertaken on single-crystal supports and especially
on metals [128, 129, 173], revealing their ability to form well-defined single-layer systems
by self-assembly and opening up new prospects for the bottom-up functionalization and
nanopatterning of surfaces. As in most cases these complexes adsorb with their tetrapyr-
role macrocycle lying flat on the support (Fig. 6.1, A), the site trans to the surface re-
mains accessible for the interaction of potential ligand molecules with the coordinatively
unsaturated metal centre [22, 132, 169, 174, 175]. The reactivity of the latter towards
incoming species, however, can be strongly influenced or even quenched by the support-
ing substrate [23], which can itself act as an axial ligand (cf. Refs. [21, 22, 132, 133, 154]
and chapter 5), thus altering substantially the properties of the “immobilized” molecu-
lar complex. Indeed, charge transfer and orbital hybridization are often found to alter

Figure 6.1: Schematic illustration of (A) a MP or MPc molecule adsorbed flat on a metal
surface or (B-D) sitting on top of a self-assembled monolayer. Labels: a) MP or MPc; b)
functional end group of SAM; c) backbone of SAM; d) head group of SAM binding to the
substrate; e) metal substrate.

the formal oxidation state of the metal centre and the molecular electronic properties in
general [176-180]. Thus, a major question arises whether it is possible, on metal sup-
ports, to maintain the properties and reactivity of the metal complexes preserved upon
anchoring onto the solid surface. This can be decisive, for example, in heterogeneous
catalysis, where one would ideally aim to combine the selectivity of the homogeneous cat-
alyst (e.g., the metal complex) with the recyclability and ease of recovery of heterogeneous
catalysts [125, 181, 182]. A possible, and in principle straightforward, strategy to achieve
this goal could involve the functionalization of the metal surface with self-assembled mono-
layers (SAMs), where both the anchoring head group and the functional end group can
be suitably chosen (Fig. 6.1, B-D). The modification of surfaces by means of SAMs [183]
has been long known to afford a versatile approach to engineer tailor-made functional
interfaces, particularly in organic electronics [184-192], for the design of artificial molec-
ular devices [193, 194] and sensors [195, 196], the nanoscale patterning of surfaces [197]
and in the field of biotechnology[191, 197]. Potential applications thus range from the
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creation of highly sophisticated biocompatible interfaces, where SAMs provide enhanced
specific binding and molecular recognition [195, 197], to the implementation in light emit-
ting diodes [185, 186] and thin film transistors [187-190, 192]. Concerning the question
raised above, SAMs may provide a robust and easy strategy to implement templates for
decoupling, both structurally and electronically, MP or MPc¢ monolayers from an under-
lying metal substrate [198]. As such, they have been utilized in previous studies to axially
coordinate the metal centres of porphyrin molecules [199-204] by exploiting the central
metal ion as the tether point [205], this approach potentially allowing to stack multilayer
systems of MPs [199]. In a similar vein, the reactivity of the metal centre towards incom-
ing ligands could, in principle, be influenced by the choice of the SAM, more precisely by
the choice of the functional group interacting with the metal centre (Fig. 6.1, B-C), even
providing a way to deliberately tune the specific binding properties of the latter.

a)

SH

4-FTP FePc Ru(CO)TPP

Figure 6.2: Chemical structure of the molecules used in this study: a) 4-fluorothiophenol
(4-FTP), FCgH4SH; b) iron phthalocyanine (FePc), C3oH16NgFe; ¢) ruthenium tetraphenyl-
porphyrin (Ru(CO)TPP), C44HosN4Ru-CO. In ¢) Ph denotes a phenyl substituent.

In the present study, with the future aim of probing the reactivity of “immobilized”
MPs and MPcs upon decoupling from the metal surface and inspired by the previous
work, we explore the structural and thermal evolution of two prototypical MP/SAM
and MPc/SAM bilayers on Ag(111). This metal substrate was chosen because a va-
riety of MPs and MPcs are known to readily self-assemble on its surface, forming or-
dered architectures [128, 129]. As to the SAM, we focus on the simplest aromatic thiol,
benzenethiol or thiophenol, under addition of a fluorine end group, which — in contrast
to some of the above mentioned investigations — is not expected to form a preferen-
tial (coordinative) bond with the metal centre of macrocyclic metal-organic complexes
(cf. Fig. 6.1, D). Thus, the SAM should merely serve as “molecular spacer” between
the latter and the underlying metal support. Iron phthalocyanine (FePc, Fig. 6.2b) and
ruthenium tetraphenylporphyrin (Ru(CO)TPP with CO as protecting ligand, Fig. 6.2c)
are deposited under highly controlled ultra-high vacuum (UHV) conditions onto the in-
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situ prepared 4-fluorothiophenol (4-FTP, Fig. 6.2a) SAM on Ag(111). We find that at
low temperature, the 4-FTP SAM indeed prevents direct contact of both tetrapyrrole
molecules with the Ag(111) substrate, electronically decoupling the metal centre from
the underlying metal substrate, whereas upon annealing, the spatial decoupling breaks
down, with both FePc and RuTPP going underneath the SAM into direct contact with
the Ag surface. Finally, at elevated temperatures (up to 700 K) the SAM molecules
are removed by desorption, while the tetrapyrrole molecules remain adsorbed. The pre-
sented study highlights that the combination of X-ray photoelectron spectroscopy (XPS),
temperature-programmed XPS (TP-XPS), temperature-programmed desorption (TPD),
and low-energy electron diffraction (LEED) provides exhaustive chemical and structural
information of such layered assemblies, thus spurring the investigation and the design
of sophisticated functional layers and interfaces at the atomic scale by means of these
methods.

6.2 Experimental Details

All experiments have been performed in the custom-made UHV chamber described in
section 3.1, at a base pressure in the low 107! to mid 10~ mbar regime. A clean Ag(111)
surface was prepared by sputtering with Ne™ ions (Neon 5.0, pyeon~1 X 1075 mbar,
U=1.1kV) at 300K for 15 - 30 min and in grazing incidence geometry, followed by
annealing at 725 K for 10 min (heating ramp: 2 Ks™!; cooling down: —1Ks™!). The clean-
liness of the Ag(111) surface was assessed by means of XPS. The FePc (Sigma Aldrich,
90 % pure by dye content, triply purified [157]) was deposited by sublimation from a home-
built Knudsen cell with quartz glass crucibles at ~620 K. Similarly, Ru(CO)TPP (Sigma
Aldrich, dye content ~80 %) was evaporated at ~610 K. The 4-FTP (Sigma Aldrich, 98 %
purity, liquid) was purified by repeated freeze-thaw cycles and deposited by means of the
needle doser described in section 3.1. The fluoro-terminated benzenethiolate SAM was
prepared following saturation exposure of 4-FTP onto the Ag(111) sample kept at 300 K.
LEED measurements were performed with the sample held at 90 K, and the superim-
posed reciprocal-space structures depicted in Figs. 6.3, 6.5 and 6.7 have been generated
by means of the LEEDpat software [96]. TPD spectra were taken with a quadrupole mass
spectrometer enclosed within a copper Feulner-cap, as described in section 3.1, and with
the Ag(111) crystal positioned close to a millimetre from the cap aperture. Specifically,
for the Hy desorption measurement the inner surface of the Feulner-cap served to pump
the enclosed volume wvia a freshly deposited titanium getter film and cryo trapping via
liquid nitrogen flow cooling. Furthermore, during experiments an additional cold trap,
covered by freshly deposited titanium films and cooled by liquid nitrogen flow, served to
minimize the background pressure in the UHV chamber. In the TPD measurements, two
different mass intervals were typically monitored, either sweeping the full mass-to-charge
(m/z in units of amu/elementary charge) range between 5 and 135 (step 0.2) or — in
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the low mass range — between 0.5 to 19 (step: 0.1). The (TP-)XPS measurements were
performed using the non-monochromatized M g- K« emission line (1253.6 eV) of the twin
anode X-ray source. If not otherwise stated, the XPS measurements were carried out at
90 K. All XP spectra were calibrated against the binding energy of the Ag 3ds/, core-level
line (368.27¢eV) [206]. The TP-XPS measurements were performed with a pass energy of
15€V, in normal emission (Gemission = 0°, NE) geometry, with large area (LA) lens mode
and a linear heating rate of 0.1 Ks™'. The Fe 2p3,, TP-XPS contour plot in Fig. 6.8d was
obtained after normalization and subtraction of a parabolic background from the individ-
ual XPS scans, whereas the corresponding S 2p spectrum in Fig. 6.8c was obtained by
normalization to the high kinetic energy background only. Similarly, the S 2p and O 1s
TP-XP spectra in Fig. 6.10a and 6.10c were obtained by normalization of the individual
XPS scans only, while in the Ru 3ds/, contour plot of Fig. 6.10b a straight line of fixed
slope was subtracted from each XPS scan. Standard XP spectra were acquired in both
normal and grazing emission (femission = 70°, GE) geometry, with 15eV pass energy and
medium area (MA) lens mode. To evaluate the peak positions in the standard XP spec-
tra, fitting has been performed with the FitXPS software [207], utilizing simple parabolic
(Fe 2p3/2, Ru 3ds)2, F 1s) and linear backgrounds (S 2p, O 1s).

6.3 Results and Discussion

6.3.1 4-FTP SAM on Ag(111)

A saturated monolayer of 4-FTP was initially prepared by exposing the clean Ag(111)
surface to the molecular vapours at 300 K. The XP spectrum labelled 1 in Fig. 6.3a shows
the S 2p region of such a saturation coverage, recorded at a sample temperature of 90 K.
The S 2p3/, and 2p; /, core-level lines in this spectrum are centred at binding energies (BE)
of 161.7¢eV and 162.9 eV, respectively, implying that the 4-FTP molecules form a thiolate
bond with the underlying Ag(111) support [208-212]. No traces of chemisorbed atomic
sulphur, expected to show up at 160.9eV for the S 2ps/, line [209], are detected in the
measurements. This finding confirms that the C-S bond remains intact upon adsorption,
which is further corroborated by the associated C 1s spectrum shown in Fig. 6.4. Here,
fitting with three peaks of equal width on a linear background reveals three chemically
distinct carbon species [213]: the dominant feature at 284.5eV (C-C) is attributed to the
carbon atoms in the phenyl ring of 4-FTP which are bound to two other carbon atoms;
the two weaker features at 285.2eV (S-C) and 286.5¢eV (F-C) represent the carbon atoms
bound to sulphur and fluorine species, respectively. The corresponding area ratio for the
fitted carbon peaks of 1 (C-C) : 0.24 (S-C) : 0.26 (F-C) is in excellent agreement with
the expected stoichiometric ratio of 4 (C-C) : 1 (S-C) : 1 (F-C) for 4-FTP. Therefore,
this result confirms that the C-S bond is preserved upon adsorption and SAM formation
and demonstrates the integrity of the 4-FTP molecule within the SAM. In addition, the
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Figure 6.3: a) S 2p XP spectra of 4-FTP deposited on the Ag(111) surface at (1) 300K,
(2) 190K (Tpeas = 190K) and (3) 90K. All spectra were recorded at normal emission.
Spectrum 2’ corresponds to preparation 2 after increase of the sample temperature to 255 K
(Threas = 255K). The LEED patterns of a saturated monolayer of 4-FTP deposited at
300K, as in preparation 1, are shown on the side (electron energies: E, = 70 and 110eV).
The red circle and the spots highlighted in red signal the dominant (v/7 x v/7)R19.1°
superstructure. b) TPD spectra recorded with a heating rate of 0.5Ks™! after 4-FTP
deposition at 90 K.



6.3 Results and Discussion

F 1s binding energy of 687.0eV (Fig. 6.8b, spectrum 1) is only marginally different from
that of a condensed 4-FTP multilayer (686.95¢V) [213], suggesting that the fluorine end
group in the saturated 4-FTP monolayer does not directly interact with the metal surface,
compatible with a tilted up orientation of the molecules above the surface.

intensity (arb. units)

290 289 288 287 286 285 284 283 282 281
binding energy (eV)

Figure 6.4: C 1s (NE) XP spectrum of the saturated monolayer of 4-FTP, deposited onto
the Ag(111) surface at 300 K and corresponding to the S 2p XP spectrum 1 in Fig. 6.3a.
This C 1s spectrum has been recorded subsequent to spectrum 1 in Fig. 6.3a, at the same
nominal conditions and with the same measurement settings.

Conversely, spectrum 3 in Fig. 6.3a shows that for a thin multilayer of 4-FTP de-
posited at 90K, the binding energies of the dominant S 2p components are located at
164.0eV (2p3/2) and 165.2eV (2py/2), respectively. This clearly indicates the presence of
unreacted thiol molecules [210, 211]. The weak components at 161.9eV and 163.1¢eV also
reveal that only a small fraction of 4-FTP molecules at the interface undergoes S-H cleav-
age and thiolate formation at 90 K. Upon deposition at 190 K, spectrum 2 comprises thiol
and thiolate species in roughly 1 : 1 proportion, whereas increasing the temperature to
255 K (spectrum 2') yields a slight increase in the thiolate signal and completely removes
the thiol component.

The thermal evolution of the layer composition from thiol to thiolate is further eluci-
dated by the TPD measurements in Fig. 6.3b, where the broad feature peaked at 235 K
for m/z = 2 signals Hy desorption from the surface following S-H bond cleavage and (at
least partial) recombination of atomic H into Hy [214, 215]. The thiolate formation thus
appears to be completed just above 250 K. Concomitantly, the slightly shifted maximum
in the carbon signal intensity (m/z = 12) shows that, independently of the S-H cleavage,
desorption of excess 4-FTP takes place between 210 and 270 K, whereas the broad peak
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between 520 and 620 K corresponds to the desorption of the thiolate species of the SAM,
as will be discussed in more detail in section 6.3.5.

In summary, the XPS and TPD measurements give evidence of the formation of
a well-defined 4-FTP SAM at room temperature (RT), anchored to the Ag(111) sur-
face via a thiolate bond. The thermal evolution of the S-H bond reveals that above
250 K no intact thiol species are present on the surface. The molecules in the SAM
are expected to adsorb in a tilted up geometry, in accordance with previous reports on
4-FTP SAMs on coinage metal surfaces [216-218], where adsorption angles between 30°
(Au(111) [217]) and 60° (Cu(100) [218]) relative to the surface plane were suggested. Im-
portantly, the obtained SAM exhibits a predominant LEED pattern featuring a long-range
ordered (v/7 x v/7)R19.1° superstructure (Fig. 6.3). This indicates ordered packing of the
2 —1
1 3
and a nominal coverage of 1/7 = 0.143, which was previously observed also for 4-FTP
on Cu(111) [216]. In contrast, for thiophenol (TP) on Ag(111) a (v/7 x v/31, 88°)R40.9°
phase with 4 standing up TP molecules and 17 Ag atoms per unit mesh has been reported
(coverage: 0.235) [219]. On the same Ag surface, (v/7 x v/7)R19.1° structures similar to
our study were observed for atomic sulphur [220], methanethiolate [221], and SAMs of
longer chain alkanethiols [222], whereby a complex, reconstructed surface model with a
nearly hexagonal surface Ag layer with lower Ag density (i.e., 3/7 of that of the underlying
substrate layers) and three sulphur atoms per unit mesh was proposed. Note that our
LEED analysis cannot provide conclusive evidence regarding the involvement of the Ag
surface layer in the long-range superstructure, which is beyond the scope of the present
work.

molecules with a prevailing superstructure described by the matrix notation

6.3.2 Compression of FePc by Co-Deposited 4-FTP

Before examining the adsorption of FePc on top of the 4-FTP SAM introduced above, we
investigated the pristine FePc monolayer on Ag(111) and the effect caused by co-adsorbed
4-FTP molecules. Fig. 6.5a shows the LEED pattern of FePc/Ag(111) for a coverage
slightly lower than that of the densest monolayer of FePc on Ag(111). It corresponds
to the overlayer structure identified as a commensurate C2-phase in the detailed work of

Bobaru et al. [158] and is described by the epitaxy matrix , corresponding to a

0
3 6
0.033 coverage with respect to the Ag surface density. After prolonged exposure to 4-FTP
at 300 K, this superstructure changes (Fig. 6.5b), yielding a clearly distinct LEED pattern.
The latter closely resembles that of the incommensurate FePc/Ag(111) I-phase of the
;ng —5064;0> This phase is
known to exhibit a moderately denser packing of the FePc molecules, which is maintained
up to monolayer completion [158]. Similar dense phases, with slightly modified matrix

saturated single layer (cf. Bobaru et al. [158]) with matrix (
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Figure 6.5: LEED pattern of FePc/Ag(111) recorded at 85K: a) prior to and b) after
exposure to 4-FTP at 300 K. The overlayer in a) corresponds to the C2-phase described
by Bobaru et al. [158], the overlayer in b) to the I-phase of the same work. Red dots mark
the reciprocal space spots corresponding to the respective matrix notations reported in the
text. c) S 2p (GE) XP spectra for the FePc overlayers in a) and b), thus (1) before and
(2) after the deposition of 4-FTP at 300 K (Tpeqs = 300K).

notation, are also found for other Pc species on Ag(111), e.g. CuPc [223] and TiOPc [179].
Fig. 6.5¢ shows corresponding S 2p XP spectra before (spectrum 1) and after (spectrum 2)
the deposition of 4-FTP at 300 K. After 4-FTP deposition, the presence of S 2ps/, and
2p1 /2 lines at 161.8 eV and 163.0 eV, respectively, indicate that 4-F'TP is co-adsorbed in the
form of a thiolate as seen in Fig. 6.3a (spectrum 1). However, the corresponding Fe 2p3 -
spectra of the FePc layer (displayed in Fig. 6.6) show no considerable modification of the
Fe 2p3/, core-level line between spectrum 1 and 2 (prior to and after 4-FTP exposure),
with both spectra resembling the shape of the reference monolayer in spectrum 3. This
suggests that the sulphur moiety of the 4-FTP molecules does not coordinate to the iron
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centres of the FePc molecules. We thus assume that thiolate formation occurs on patches
of free Ag, and based on the change of the LEED pattern in Fig. 6.5 we propose that
the co-adsorbed 4-FTP compresses the FePc islands into a denser phase. This is, in turn,
indicative of a phase separation between chemisorbed 4-FTP and FePc molecules, rather
than mixing of both species.

Fe 2p;;
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Figure 6.6: Fe 2p3 /5 (GE) XP spectra of (1) an FePc coverage on Ag(111) slightly lower
than the densest monolayer (Ty,eqs = 300K), (2) the system in spectrum 1 after 4-FTP
exposure at 300 K (Tjeqs = 300K) and (3) the reference monolayer of FePc on Ag(111)
shown in spectrum 5 of Fig. 6.7a (T),eqs = 90K). Note that the Fe 2p3 /9 spectrum 1 corre-
sponds to the S 2p (GE) XP spectrum 1 in Fig. 6.5¢ and, similarly, spectrum 2 corresponds
to the system investigated in spectrum 2 in Fig. 6.5c. The continuous straight lines and
shaded areas in spectrum 1 and 2 are arbitrarily drawn to allow for qualitative comparison.
The peak positions of the reference layer in spectrum 3 are marked by vertical dashed lines.

6.3.3 Deposition of FePc onto 4-FTP SAM / Ag(111)

Fig. 6.7a displays a collection of Fe 2p3/, XP spectra for different preparations. The
bottom spectrum, denoted 5, presents the Fe 2ps/, signature of a saturated monolayer
of FePc on Ag(111). The sharp feature at a binding energy of 707.0eV, emerging from
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Figure 6.7: a) Fe 2p3/, (GE) XP spectra of (1) FePc deposited onto a FePc mono-
layer, (2) FePc deposited onto the 4-FTP SAM at 90 K and annealed to 130K, (3) 300 K
and (4) 500K, and (5) an FePc/Ag(111) monolayer. All XP spectra were recorded at
Thineas = 90 K. Peak positions for the FePc monolayer are marked by vertical dashed lines.
b) LEED pattern of the 4-FTP SAM on Ag(111). c-f) LEED patterns of FePc deposited
onto the 4-FTP SAM at 90K after annealing to c¢) 130K, d) 300K, e-f) 500 K. All LEED
patterns were recorded at T,,eqs = 90 K and with the indicated electron energies.
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the complex multiplet structure of the transition metal ion, is usually assumed to arise
from the interaction between the Fe metal centre and the underlying metal support and
associated to Fe(0) (cf. Refs. [174, 224-226]). However, when depositing a comparable
amount of FePc on top of the 4-FTP SAM at 90K (followed by an annealing step to
130K), the surface-induced Fe 2ps/, feature at 707.0eV completely disappears, leaving
only the single broad multiplet structure centred between 708 and 709eV (spectrum 2
in Fig. 6.7a). This clearly indicates the absence of a direct contact between the FePc
molecules and the metal surface. Notably, a similarly broad Fe 2ps/, multiplet structure
at 709eV has also been reported for FePc multilayers by Bai et al. [224] and related to
a Fe central ion in the 2+ oxidation state. Furthermore, when comparing the respective
LEED patterns of the 4-FTP SAM on Ag(111) before (Fig. 6.7b) and after (Fig. 6.7¢c)
deposition of FePc, it is observed that the 4-FTP signal gets strongly attenuated, but
still the predominant (v/7 x v/7)R19.1° superstructure remains visible, as highlighted by
the red circles in Fig. 6.7b and 6.7c. Taken together, these findings indicate that the
structure of the 4-FTP SAM is preserved upon FePc deposition at low temperature and
that the FePc molecules must be sitting on top of the SAM, spatially and electronically
decoupled from the Ag(111) support. The absence of additional diffraction spots in the
LEED pattern of Fig. 6.7c suggests that the FePc on top of the 4-FTP layer exhibits
no long-range order. Further evidence for the spatial and electronic decoupling of the
FePc molecules of spectrum 2 from the Ag(111) surface is provided by direct comparison
to spectrum 1 in Fig. 6.7a, where additional FePc was deposited onto a saturated FePc
monolayer. Here, the FePc molecules in the second layer contribute to an enhancement
of the multiplet features at higher binding energy and to the pronounced attenuation of
the low binding energy component of FePc in direct contact with Ag(111).

Notably, when the FePc/4-FTP/Ag(111) junction is annealed to 300 K, spectrum 3 in
Fig. 6.7a is obtained, which shows an overall decrease of the Fe 2p3 /5 signal, together with
the reappearance of the interface related component around 707.0eV. Moreover, a new
dominant LEED pattern becomes visible (Fig. 6.7d), which closely resembles the denser
(v/7 x /31, 88°)R40.9° phase reported by Gui et al. [219] for thiophenol (TP) on Ag(111)
and exhibits a characteristic motif in reciprocal space (green and red dots in Fig. 6.7d).

6 _13) and thus represents a

This structure can be described by the epitaxy matrix (

commensurate overlayer.

The described changes indicate that the spatial decoupling of FePc from the metal
substrate through the 4-FTP SAM breaks down at room temperature, leaving access (at
least partly) for the FePc molecules to the underlying Ag surface and inducing a compres-
sion of the chemisorbed 4-FTP SAM into a denser phase. Such behaviour corroborates
the tendency to phase separation proposed in the previous section. Note also that the
majority of 4-FTP still remains adsorbed upon this change in morphology, as discussed
in more detail in section 6.3.5. Finally, following annealing to 500 K, the Fe 2p;/, signal
(spectrum 4 in Fig. 6.7a) resembles the signature of monolayer FePc on Ag(111), with
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Figure 6.8: a) S 2p and b) F 1s XP spectra of (1) 4-FTP SAM on Ag(111) at 90K,
(2) FePc deposited onto the 4-FTP SAM at 90 K and annealed to 130 K, and after further
annealing to (3) 300K, (4) 500K and (5) 700K, and (6) FePc monolayer on Ag(111) as
reference. All XP spectra were recorded in NE geometry. Dashed vertical lines indicate the
fitted peak positions. Panels ¢) and d) display the corresponding TP-XP spectra comprised
of alternatingly scanned S 2p and Fe 2p3, regions (temperature range: 100 - 700 K, heating
rate: 0.1 Ks™1).
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spots of both the C2- and I-phases [158] present in the LEED patterns (cf. Fig. 6.7e and
6.7f). This is in strong contrast with the system annealed to only 300 K, where a dominant
(compressed) 4-FTP superstructure is identifiable, and may be explained by the removal
of 4-FTP at such elevated temperatures.

The presented data suggest that the 4-FTP SAM acts initially as a spatial decoupling
layer but is then progressively displaced from the interface at increasing temperature.
Evidence for this conclusion is provided by the spectroscopic fingerprints in Fig. 6.8. The
S 2p (Fig. 6.8a) and F 1s (Fig. 6.8b) spectra of the SAM on Ag(111) (labelled 1) do not
show any clear shifts in binding energy after deposition of FePc at 90 K and annealing
at 130 K (spectra labelled 2). Thus, the sulphur head group of the SAM remains bound
to the surface as a thiolate species and the fluorine end group interacts only very weakly
with the physisorbed FePc molecules. However, after annealing the system to 300 K,
the S 2ps/, and 2p; /5 lines shift to ~162.3eV and ~163.5eV (spectrum 3’ in Fig. 6.8a),
respectively, corresponding to a distinct shift of 0.6 eV towards higher binding energy,
and thus indicating a chemical change of the 4-FTP overlayer. Nevertheless, remainders
of the Ag-bound thiolate species may still be present, as observed in the fitting analysis
of spectrum 3 in Fig. 6.8a (see also the more complete fitting analysis in Fig. A.1 in
appendix A.1). Along with the change of the S 2p signals after annealing to 300 K, also
the broad F 1s peak shows a similar but smaller shift from 687.0eV to 687.2eV. We
rationalize these shifts in terms of the FePc molecules “slipping” underneath the 4-FTP
layer and coming into direct contact with the Ag surface. Specifically, if the coverage of
FePc is high enough to saturate the silver surface, all 4-FTP molecules will be detached
with their sulphur head group from the Ag surface and displaced above the FePc overlayer,
yielding a true chemical shift for the S 2p core levels (cf. spectrum 3" in Fig. 6.8a). At lower
FePc coverage, however, a fraction of 4-FTP may remain bound to the Ag(111) surface as
in the original thiolate-bonded SAM (cf. spectrum 3 in Fig. 6.8a and appendix A.1) and
may be compressed into the denser phase described by the LEED pattern of Fig. 6.7d.
The F 1s core level, in contrast to the S 2p line, is less perturbed and the small binding
energy change is presumably related to the reduced polarization screening of the core
hole at increasing separation from the metal surface [227, 228|. Further evidence for the
inverted layer stacking of 4-FTP and FePc upon annealing to 300 K is provided by the
change in the C 1s and S 2p attenuation for 4-FTP (appendix A.2, Figs. A.2 and A.3),
with a distinct increase of the 4-FTP related signals upon annealing.

Finally, after heating the system to 500K (spectrum 4 in Fig. 6.8a and 6.8b), only
minor amounts of sulphur and fluorine are detectable, implying the almost complete
removal of 4-FTP from the surface. Moreover, the S 2p3/, binding energy of ~161.8 eV of
the persisting sulphur species indicates that, after this annealing step, the 4-FTP species
remaining on the surface are only those directly bound to the Ag metal as thiolate (cf. TPD
data in Fig. 6.11a and corresponding discussions in section 6.3.5). Again, this may occur
if the deposited amount of FePc is less than needed for a full FePc saturated monolayer
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on Ag(111) to fully replace the 4-FTP. Further annealing to 700 K leads, however, to
desorption of all residual 4-FTP molecules (spectrum 5).

To better characterize the thermal evolution of the FePc/4-FTP bilayer, TP-XPS mea-
surements were performed for both the S 2p and Fe 2ps/, spectral regions, as shown in
Fig. 6.8c and 6.8d, starting from FePc deposited on top of the 4-FTP SAM at 90 K. Be-
low a temperature of ~175K (marked by a white dashed line in Fig. 6.8c and 6.8d), the
Fe 2p3/5 region again shows the single broad multiplet feature at about 708 - 709 eV and
the S 2p3/, core level is centred at ~161.7eV (as in spectrum 2 in Fig. 6.8a). Above 175K,
the S 2p levels undergo a sudden jump to higher binding energy, as previously observed
in Fig. 6.8a (from spectrum 2 to 3 and 3’) and in Fig. A.3 of the appendix, while the
Fe 2ps/5 signal loses intensity and a component towards lower binding energy appears.
The situation changes further above ~375 K, whereby most of the 4-FTP is removed, and
the FePc-metal interface related Fe 2ps/» component at ~707eV is fully restored. The
FePc molecules then remain adsorbed on the Ag(111) surface up to 700 K in the TP-XPS
measurements.

Summing up, our data show that up to ~175 K the prepared 4-FTP SAM can indeed
serve as a molecular spacer layer for FePc, while the SAM becomes “permeable” to FePc
at higher temperatures. This points to the interaction of the FePc molecules with the
Ag(111) support being comparatively stronger than the thiolate bond between silver and
4-FTP.

6.3.4 Deposition of Ru(CO)TPP onto 4-FTP SAM / Ag(111)

To assess the generality of the scenario presented above, we investigated the adsorption of
Ru(CO)TPP molecules on the 4-FTP SAM. After Ru(CO)TPP deposition onto the 4-FTP
SAM at 90 K, followed by mild annealing at 200 K, a single Ru 3d5 />, component appears,
located at a binding energy of 281.3 eV (spectra labelled 2 in Fig. 6.9a), which is accom-
panied by an O 1s line centred at 533.1eV (spectra labelled 2 in Fig. 6.9b). Conversely,
the porphyrin monolayer in contact with the Ag(111) support shows a sharp Ru 3ds/, fea-
ture at 279.5eV and no trace of oxygen (spectra labelled 3 in Fig. 6.9a and 6.9b). These
two findings signal the loss of CO before or upon adsorption onto pristine Ag(111), to
yield adsorbed RuTPP; in particular, the respective Ru 3ds/, binding energy agrees well
with the value for intact and cyclodehydrogenated RuTPP molecules (279.5 - 279.6eV)
adsorbed on Ag(111) in Refs. [229, 230], suggesting Ru in the Ru(0) oxidation state and
therefore the occurrence of charge transfer from the silver substrate into the metal centre.
On the other hand, the deposition of excess molecules beyond the monolayer coverage on
top of RuTPP/Ag(111) leads to a second Ru 3ds,» component close to 281.0eV in the XP
spectrum (Fig. 6.9a, spectrum labelled 1), distinctive of Ru(II) species [231], and again
without presence of oxygen. By comparison, for Ru(CO)TPP deposited onto the 4-FTP
SAM, the somewhat higher binding energy of 281.3eV can most likely be attributed to
the presence of CO (the protecting ligand) coordinated to the ruthenium centre. This
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Figure 6.9: a) Ru 3d5/o and b) O 1s XP spectra, recorded at GE, and corresponding
c) S 2p spectra, recorded at NE, of (1) more than a saturated monolayer of RuTPP on
Ag(111), (2) different coverages of Ru(CO)TPP on the 4-FTP SAM on Ag(111), (3) a
saturated layer and various sub-monolayer coverages of RuTPP on Ag(111) and (4) the
pristine 4-FTP SAM on Ag(111) as reference. Ru(CO)TPP has been deposited onto the
4-FTP SAM with the sample kept at 90 K, followed by mild annealing to 200 K. The
spectra of the RuTPP layers in 1 and 3 were recorded at 300 K (except for one spectrum
within 3, where the RuTPP sub-monolayer has been recorded at 90 K). The vertical dashed
lines mark fitted peak positions.



6.3 Results and Discussion

conclusion is corroborated by a reported O 1s binding energy of 533 eV for CO binding to
the iron centres in FePc/Au(111) [174]. Importantly, the S 2ps/, core level in Fig. 6.9c is
only marginally shifted to higher binding energy upon deposition of Ru(CO)TPP (from
161.7 eV, spectrum 4, to ~161.8eV, spectrum 2). As for the case of FePc, this indicates
that up to 200 K the sulphur head groups of the molecules in the 4-FTP SAM remain
bound to the underlying Ag substrate, preventing direct contact between Ru(CO)TPP
and Ag(111) and suppressing the charge transfer from the metal substrate to the central
Ru ions.

b) Ru 3d5,,

100 100
200 200
- - - - - - B -
< 300 300
5
£ 400 400
o
Q 500 500 PN e " o
€
2 600 600

~
o
o

700 ‘
165 164 163 162 161 160 282 281 280 279 278

binding energy (eV) binding energy (eV)

m ) TP

intensity (arb. units)

c) O 1s i - 16
100 %) 18
'c
- : “V’Au\—t‘a.mlz
< g
~ 300 © 28
o g oo
2 400 = 31
© @ AN ANIAN P srasrrprrind 32D
qé. 500 _.GC_-Z A F USSP snrnitr A4
= 45
(0]
700 72
536 534 532 530 528 LSRN

100 150 200 250 300 350 400
temperature (K)

binding energy (eV)

Figure 6.10: a)-c) S 2p, Ru 3d5 5 and O 1s TP-XP spectra of Ru(CO)TPP, after deposition
onto the 4-FTP SAM at 90 K followed by slight annealing to 200K. A heating rate of
0.1 Ks~! was used. d) Corresponding TPD spectra at a heating rate of 0.5 Ks™.
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The TP-XPS contour plots in Fig. 6.10a-c characterize the thermal evolution of the
Ru(CO)TPP/4-FTP/Ag(111) system and verify the close similarity to the FePc case. In
particular, a sudden shift of the dominant S 2p3/, component at ~161.8eV to a higher
binding energy centred around 162.2eV occurs at a temperature of 240 K (marked by a
white dashed line in Fig. 6.10a). At about the same temperature the centroid of the main
Ru 3ds/; line changes dramatically from ~281.3eV to ~279.5eV and the O 1s intensity
appears to be completely quenched. As a consequence, the TP-XPS measurements reveal
that the Ru(CO)TPP molecules come into direct contact with the surface at a temperature
of 240 K. This is somewhat retarded in comparison with the 175K for FePc, pointing
to a weaker interaction of the porphyrin macrocycle with the silver substrate, which is
presumably due to the presence of the tilted phenyl rings [153, 232]. Moreover, the similar
onset for the changes of all core levels in Fig. 6.10 suggests that the bond of the Ru centres
with the CO ligand is cleaved as soon as the porphyrin molecules are intercalated into
the SAM and the charge transfer from the substrate into the Ru centres is established.

The attribution of the O 1s intensity (spectra labelled 2 in Fig. 6.9b) to the CO ligands
(vide supra) is directly confirmed by TPD, as shown in Fig. 6.10d. Here, the dominant
signal at m/z = 28 (CO), along with the corresponding CO fragments of m/z = 16 (O)
and m/z = 12 (C), indicates molecular desorption of CO peaking at ~230 K.

While the Ru(CO)TPP molecules come into contact with Ag(111), 4-FTP molecules
have to be displaced from the organic/metal interface. This explains the observed shift of
the S 2p line towards higher binding energy due to the modified chemical environment and
polarization screening. The simultaneous desorption of CO may either be a direct cause
of the newly evolving Ru-Ag(111) interaction or simply arise from replacement of the
CO ligand with coordinating thiolate species. The 4-FTP molecules then start to desorb
above 450 K (compared to the onset at 375 K for FePc), whereas the RuTPP remains on
the surface up to much higher temperatures.

In conclusion, for adsorbed Ru(CO)TPP, the 4-FTP SAM can serve for spatial decou-
pling up to 240 K.

6.3.5 Desorption of the 4-FTP SAM

Finally, we focus on the thermal desorption of the SAM for the different systems considered
in this study. The relevant TPD spectra are shown in Fig. 6.11a. As it turns out, depend-
ing on the system under investigation, 4-FTP does not simply desorb from the SAM as
intact thiol, i.e. via recombination of the thiolate species with hydrogen atoms. In fact, the
TPD measurements suggest a more complicated behaviour, with at least three different
chemical species identified as possible desorption products. In Fig. 6.11, mass fragment
m/z = 108 was monitored as the dominant fragment associated with the desorption of
intact 4-FTP from the surface, whereas mass fragment m/z = 83 is proposedly attributed
to thiolate radical detection. The latter would arise either from the direct desorption of
the thiolate radical or as the fragment of a desorbing disulphide [215, 233, formed from
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two thiolate species linking via their sulphur atoms rather than recombining into thiol.
A third dominant desorbing species is detected at a mass-to-charge ratio m/z = 96 and
assigned to fluorobenzene, signaling partial dissociation of 4-FTP wvia scission of the an-
choring C-S bond. As the parent ion mass of the disulphide species (m/z = 254) was
not accessible in the presented study, the assignment of the desorption products relies on
the comparison with reference spectra for p-fluorobenzenethiol (SDBS No. 13725), bis(3-
fluorophenyl) disulphide (SDBS No. 52131) and fluorobenzene (SDBS No. 2445) provided
by the AIST database [41]. According to these reference data, mass fragment m/z = 108
should almost solely arise from the intact thiol species, whereas mass fragment m/z = 83
appears for both thiol and disulphide, but becomes more dominant (with respect to the
parent ion) for the disulphide species, the latter thus serving as a measure for the des-
orption of either a thiolate radical or disulphide. Therefore, masses 83 and 108 should be
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Figure 6.11: a) TPD spectra for mass-to-charge ratios m/z = 83 (black),
m/z = 96 (light blue) and m/z = 108 (red) of (1) the 4-FTP SAM on Ag(111),
(2) FePc on the 4-FTP SAM/Ag(111), (3) a higher coverage of FePc (as compared
to the system in 2) on the 4-FTP SAM/Ag(111) and (4) Ru(CO)TPP on the 4-FTP
SAM/Ag(111). The TPD spectra have been recorded in the temperature range of 120 -
700 K with a heating rate of 0.5Ks™!. b) Zoom-in into the 4-FTP desorption feature in
TPD spectrum 1 at around 170 K.
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well suited for chemical discrimination of the thiol species and the species associated with
thiolate radical detection. This assumption is confirmed by additional data presented in
appendix A.3, Fig. A.4, where TPD spectra for m/z = 127 and 128 are reported, which
show a striking similarity of the latter (the parent thiol species with m/z = 128) to the
fragment m/z = 108 and of the former (the thiolate radical or doubly ionized disulphide
species) to the fragment m/z = 83. Fluorobenzene differs from these two species by its
characteristic predominant signal at m/z = 96.

With reference to Fig. 6.11b, the desorption of intact 4-FTP in spectrum 1 (Fig. 6.11a)
at ~170 K yields the fingerprint (i.e. the fragmentation pattern) of the thiol species. Ad-
ditionally, the absence of an appreciable desorption feature at m/z = 96 suggests the
absence of concomitant fluorobenzene desorption as well as of noticeable fragmentation
into this product. In contrast, in spectrum 1 of Fig. 6.11a the 4-FTP SAM on Ag(111)
appears to desorb in the form of all three species, namely the species detected as thiolate
radical (i.e. the thiolate-related species), the intact thiol (as e.g. observed in Ref. [234]
for cyclohexanethiol on Au(111)) and fluorobenzene, with desorption maxima at around
585 K. The presence of these desorption products can be discerned by qualitative compar-
ison to the spectra in Fig. 6.11b, which show predominant thiol desorption. Specifically,
in spectrum 1 of Fig. 6.11a the distinct signal in mass 96 signals fluorobenzene desorption,
while the increased intensity of mass 83 compared to mass 108 indicates desorption of the
thiolate-related species along with thiol desorption. For the case of FePc deposited onto
the 4-FTP SAM, as shown in spectrum 2 in Fig. 6.11a, the desorption behaviour is clearly
different. Here, the SAM molecules first leave the surface as a species that is detected
as thiolate (peak at 500 K), and subsequently as thiol and fluorobenzene (sharp desorp-
tion maxima at ~540K). Interestingly, at slightly increased coverage of FePc (cf. TPD
spectrum 3) thiol and fluorobenzene desorption appear to be completely quenched, with
only the thiolate-related species of m/z = 83 desorbing. This behaviour corroborates the
view that prior to thermal desorption of the 4-FTP SAM, the FePc molecules “slip” un-
derneath the SAM at ~175K and, at sufficient FePc coverage, prevent the thiolate bond
of 4-FTP with the Ag substrate. In agreement with the different desorption behaviour
observed in spectrum 2 and 3, we suggest that this blocking of the surface inhibits both
C-S bond scission and the recombinative desorption of FCgH,S- and FCgHy-radicals with
hydrogen atoms (assuming that both processes are directly mediated by the silver sur-
face) to yield thiol and fluorobenzene, while it becomes more likely for the thiolate radical
species to either directly desorb or couple and leave the surface as disulphide (m/z = 83).
In spectrum 2, the deposited amount of FePc may not be enough to fully cover the metal
surface, thus leaving part of it accessible to the SAM and allowing for the recombinative
thiol and fluorobenzene desorption. Here, also note that thiol and fluorobenzene des-
orption take place at a higher temperature than the desorption of the thiolate-related
species, suggesting that the thiolate-Ag bond is stronger than the binding of 4-FTP after
FePc intercalation. However, it needs to be considered that the suggested desorption
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of both intact thiol and fluorobenzene molecules requires a reservoir of atomic hydrogen
on the surface. In this regard, one could tentatively propose that upon S-H cleavage
during formation of the SAM, a part of the split hydrogen atoms remains bound to the
Ag(111) surface (cf. butanethiol on Au(001) [235]) with only a fraction of it desorbing
as Hy (Fig. 6.3b), or, alternatively, for thiol or fluorobenzene desorption the hydrogen is
abstracted from coadsorbed molecular species. Former assumption is in apparent con-
trast with previous studies showing that chemisorbed atomic hydrogen recombines and
desorbs as Hy from Ag(111) below 200K [236-238]. Nevertheless, diffusion of H into
the subsurface upon saturation of the surface with a molecular organic layer cannot a
priori be ruled out. Considering the intact 4-FTP desorption, we also argue that the
detected thiol signal indeed corresponds to thiol desorption and does not primarily origi-
nate from desorbed thiolate species via hydrogen abstraction from surfaces inside the mass
spectrometer [239]. The rationale for this argument is that the signals ascribed to thiol
desorption from the here considered SAMs closely resemble the fragmentation pattern
and intensity ratios around m/z = 108 and 128 for 4-FTP multilayer desorption below
~200K (cf. Fig. A.5 in the appendix). The latter is clearly different from the desorption
pattern ascribed to predominant thiolate/disulphide desorption (cf. mass-to-charge ratios
m/z = 127 and 128 in Fig. A.4 and the desorption patterns in Fig. A.5). In general, no
consensus regarding the fate of the hydrogen of the SH group on Au and Ag surfaces has
been achieved [183], which, in agreement with the variety of desorption channels observed
in the presented investigation, rather indicates a strong correlation with the investigated
systems. In our case it also has to be noted that reference Ho-TPD spectra from the clean
Ag(111) surface (not shown) did not evidence any hydrogen desorption. Regarding the
unsolved nature of the detected thiolate-related species, one should note that desorption
as thiolate radical or as disulphide was shown also to critically depend on the investigated
system, in particular the specific molecules, the molecular density of the SAM, associated
steric constraints and the molecule-substrate interaction [233, 234, 240, 241].

Importantly, for Ru(CO)TPP on the 4-FTP SAM (Fig. 6.11a, spectrum 4), the 4-FTP
desorption behaviour is qualitatively similar to the FePc case (spectrum 2). However, the
origin of the sharp desorption features at ~480 K could not be resolved and reflects an
additional desorption channel of still unknown origin.

To conclude, for the considered 4-FTP SAM on Ag(111) the TPD data suggest that
clean patches of the surface need to be accessible for the thiolate species to recombinatively
desorb as intact thiol. The same holds for the desorption of fluorobenzene, following the
dissociation of 4-FTP wia scission of the anchoring C-S bond. A further implication is
that these two desorption channels can potentially be switched off by blocking the Ag(111)
surface by the intercalation of a molecular layer (FePc or RuTPP). The hydrogen needed
for recombinative thiol or fluorobenzene desorption may originate from the inital S-H bond
cleavage upon SAM formation, trapped on the (sub)surface until SAM desorption, or is
simply abstracted from the coadsorbed molecular species. In addition, upon intercalation
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of FePc and RuTPP at temperatures above 175K and 240 K, respectively, no distinct
loss of 4-FTP is detected in the TPD spectra of Fig. 6.11a, indicating that the 4-FTP
molecules remain adsorbed on top of FePc/Ag(111) and RuTPP/Ag(111), respectively,
and on free areas of bare Ag.

6.4 Conclusion

By a combination of LEED, XPS, TP-XPS and TPD measurements we shed light on
the thermal evolution of two prototypical organic/organic/metal junctions, comprising
a macrocyclic metal-organic complex deposited onto an aromatic self-assembled mono-
layer of 4-FTP on Ag(111). At low temperatures, the latter is shown to act as molecular
spacer layer that effectively decouples, both spatially and electronically, a FePc and a
Ru(CO)TPP layer from the underlying silver substrate. The system evolution is summa-
rized in Fig. 6.12. Saturation exposure of the Ag(111) surface at 300 K to 4-FTP leads
to the formation of a well-defined thiolate-bonded SAM, whereby part of the hydrogen
atoms originating from S-H bond scission desorbs associatively as Hy (cf. situation 1 in
Fig. 6.12) and a remaining fraction — as a possible explanation for the observed recombi-
native thiol and fluorobenzene desorption — may still reside on the (sub)surface. A FePc
and Ru(CO)TPP layer deposited directly on top of the SAM at low temperature remains
physically decoupled from the Ag(111) surface (situation 2 in Fig. 6.12). Moderate anneal-
ing (175 K and 240K for FePc and Ru(CO)TPP, respectively) leads to the breakdown of
this decoupling. The experiments evidence that this involves the metal-organic complexes
coming into direct contact with the silver substrate and progressively displacing the SAM
molecules from the surface to yield an inverted layer (Fig. 6.12, situation 3; note that
the depicted morphology has merely suggestive character). In the case of Ru(CO)TPP
this also causes the loss of the protecting CO ligand. At higher temperatures the 4-FTP
molecules desorb, leaving the surface either as thiolate radical or disulphide species (as
tentatively illustrated in Fig. 6.12), or as intact thiol and fluorobenzene. The desorption
as thiol or fluorobenzene is attributed to the direct interaction with the bare Ag surface,
facilitating both the scission of C-S bonds as well as allowing for the recombinative des-
orption with atomic hydrogen. This channel can be effectively blocked by increasing the
coverage of the metal-organic complexes. Finally, the FePc or RuTPP layers remain on
the surface up to 700 K (Fig. 6.12, situation 4). Regarding the inverted layer (situation 3),
as no 4-FTP desorption yet occurs upon intercalation of the metal-organic complexes and
breaking of the Ag-S bond, one might speculate that either the dehydrogenated 4-FTP
species individually interact with the Fe or Ru metal centres of the organic complexes
or link together as disulphide species. The former scenario is unlikely, as the absolute
coverage of the metal-organic complexes is deemed to be a factor 3-4 smaller than the
4-FTP coverage and no indication of sulphur to Fe/Ru bonding is given by the TP-XPS
data. The latter scenario would be in agreement with the detection of the thiolate-related
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species in TPD, possibly being a fragment of desorbing disulphide upon further heating.
However, typical S 2ps/, XPS binding energies for organic disulphides are in the range
163-163.2eV [242, 243], 0.7-0.9 eV higher than found here, although lower values might
be expected upon interaction with the metal centres (cf. pyrite [244]). For the inverted
layer in situation 3, a conclusive assignment of the 4-FTP-related species is therefore not
possible with the employed techniques.

Figure 6.12: Schematics of the thermal evolution of the metal-organic complexes (FePc,
Ru(CO)TPP) deposited onto the 4-FTP SAM on Ag(111): (1) thiolate-bonded 4-FTP SAM
on Ag(111); (2) metal complex on top of the SAM at low temperatures, spatially decoupled
from the Ag(111) surface; (3) breakdown of the spatial decoupling after increasing the
sample temperature, with the metal complex in direct contact with the Ag(111) surface;

(4) metal complex in direct contact with the Ag(111) surface after thermal desorption of
the 4-FTP SAM.

Different systems have been so far investigated to ensure selective decoupling of metal-
organic complexes — and organic molecules in general — from metal substrates, including
insulating sodium chloride nanolayers [245, 246], metal oxide ultrathin films [247], hexag-
onal boron nitride [248-250], a copper nitride layer [251], and the oxygen pre-coverage of
a metal surface [252]. Here, we have focused on thiolate-anchored self-assembled mono-
layers. Our study on Ag(111) shows that the 4-FTP SAM can be regarded as a thermally
removable spacer layer, whereby the occurrence of molecular displacement and molecular
exchange does not ensure physical decoupling at room temperature. A moderately higher
thermal stability (~60K) is, however, found for the Ru(CO)TPP/4-FTP/Ag(111) sys-
tem over FePc/4-FTP/Ag(111). Our findings, and the comparison with previous work on
gold [198, 199, 201, 204], suggest that the choice of the metal substrate and the SAM’s
anchoring group may be crucial to shift the stability of the junction towards higher tem-
perature. In fact, recent work on organic-organic heterostructures on metals has shown
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that the strength of the organic-metal interaction is a decisive factor for the bilayer ar-
rangement [253]. We also envisage that the interaction of the SAM’s end group with the
metal-organic complexes as well as the chain-to-chain interaction within the SAM itself
may provide additional degrees of freedom to weaken the ability of the metal-organic com-
plexes to penetrate through the SAM. Nevertheless, for sufficiently low temperatures the
here considered 4-FTP SAM can indeed be employed as a decoupling spacer between the
MP and MPc overlayers and the silver surface, preventing charge transfer from the latter
into the molecules’ metal centres. In general, such a decoupling approach may be use-
ful, e.g., for catalytic and photocatalytic studies of “immobilized” tetrapyrrole complexes,
where substrate-mediated charge transfer and the rapid quenching of photo-excitations by
the metal should be avoided. Another practical aspect emerging from our results is that,
upon mild heating, the considered SAM could provide a protective layer for, specifically,
reactive MP and MPc species, “buried” underneath the SAM. While our study exemplar-
ily demonstrates the feasibility of using SAMs for spatial and electronic decoupling, it
also shows that the flexibility of the molecular design of the SAM is critical for the actual
application and optimization of the approach.
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7 Photochemistry on Surfaces

7.1 Introduction

As outlined in section 3.3, it is highly desirable to expand our surface science toolbox
appropriately to induce and investigate light triggered chemical reactions. Specifically,
as heterogeneous photocatalysis relies on the excitation and subsequent charge or energy
transfer across the interface between a solid catalyst and a molecular reactant [254], well
controlled surface science conditions provide ideal prerequisites to reveal and understand
the underlying physics of such processes at the atomic level. This is essential for practical
exploitation in tailor-made applications. In this regard, as described in section 3.3, a
low cost and highly versatile UHV compatible LED-based re-entrant light source has
been devised in this work, providing our UHV setup with high intensity illumination at
selected wavelengths in the visible range (400 - 700nm) and down to the UV regime
(e.g. 365 - 370nm).

In order to demonstrate the capability of this self-made light source, this chapter
presents proof-of-concept investigations on two different systems in which the exposure
to UV light induces either a chemical change of an adsorbate species or its removal from
the surface. In the first considered case, exposure to UV light triggers the dehalogenation
of a brominated precursor adsorbed on a metal support. Here, the scission of the C-Br
bond is ascribed to the light-induced generation of “hot” electrons in the metal substrate.
In the second considered case, glycine adsorbed on rutile TiO5(110) is removed from the
surface by UV exposure. Here, the light-induced desorption of molecular fragments is
tentatively ascribed to excitation of electrons across the band gap in the photoactive
support. Both adsorbate systems have been previously characterized in the master’s the-
sis of F. Haag [255], therefore the presented photo-induced study largely relies on the
preparation conditions, experimental results and physical understanding achieved in that
extensive groundwork.

7.2 Light-Induced Dehalogenation on Ag(111)

As demonstrated by Basagni et al. in Ref. [55], the light-induced dehalogenation of bromi-
nated precursors may have beneficial application in Ullmann coupling reactions on sur-
faces. In general, surface-assisted Ullmann coupling reactions have received much atten-
tion in recent years as they afford a promising strategy to the polymerization of organic
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building-blocks towards the creation of robust covalently-bonded networks [19, 62]. Specif-
ically, in Ref. [55] it was shown that, after exposure to 405 nm light for 12 h while keeping
the Au(111) substrate at RT, mild annealing to temperatures below the threshold for
thermal C-Br dissociation on gold already yielded ordered organometallic networks of an
applied sterically hindered precursor. Although the reaction mechanism itself was not in
the focus of that work, similar to Basagni et al. it can be suggested that the observed pho-
todissociation of the carbon-halogen bond is mediated by photoexcited “hot” substrate
electrons [256-260]. Thus, from a general perspective, even though electronic excitations
of adsorbed molecules can be quenched by the supporting metal substrate [259, 261], the
photoexcitation of substrate electrons itself represents a viable route to induce photochem-
ical reactions on metal surfaces. To this end, and with the aim of further investigating
and confirming the light-induced on-surface dehalogenation of brominated precursors, 6-
bromo-N-(p-tolyl)pyridin-2-amine (BTPA) supported on Ag(111) has been investigated
here and upon exposure to UV light using the light source described in section 3.3.

7.2.1 Experimental Details

The experiments on BTPA on Ag(111) have been performed in the custom-made UHV
chamber described in section 3.1, utilizing the Phoibos 100 analyzer and non-mono-
chromatized M g- K« emission (photon energy: 1253.6 eV) for the XPS measurements. The
XP spectra in Fig. 7.1 have been acquired in grazing emission geometry (GE), using a pass
energy of 15eV, open exit slit, entrance slit 5, medium area (MA) lens mode and keeping
the Ag(111) sample at 85 K. The binding energy of all XP spectra is calibrated against
the Ag 3ds/, core level of the Ag(111) substrate at a binding energy of 368.27eV [206]. A
clean Ag(111) surface was prepared by sputtering the Ag(111) single crystal at 300 K (RT)
with Ne™ ions for 25-40 min. After sputtering, the surface order was restored by annealing
the Ag(111) crystal to 725 K for 5 min, with heating and cooling performed at fixed rates
of 1Ks™! and —1Ks™!, respectively. The 6-bromo-N-(p-tolyl)pyridin-2-amine molecule
(BTPA, shown in Fig. 7.1a) was synthesized by Dr. Guillaume Médard at the Chemistry
Department of the Technical University of Munich. The high vapor pressure of the BTPA
powder at RT allowed for facile deposition in UHV in the following manner: a gate valve
connected to the vial containing the molecular powder was opened to the chamber, with
the Ag(111) sample positioned in line of sight of the respective chamber port. BTPA evap-
oration was performed for 20-25min, at chamber pressures of ~5 x 107! mbar and with
the Ag(111) sample at 85 K. Latter allows to adsorb the BTPA intact, avoiding thermal
C-Br dissociation starting slightly above 200 K [255]. UV light exposure was performed
by means of the re-entrant light source devised in section 3.3, utilizing a 365-370 nm
(~3.4eV) LED (LZ1-00UV00, LED Engin, Inc.) at operating current of 0.7 A, the sample
at 85 K and the light source in very close position to the sample, as depicted in Fig. 7.1b.
During BTPA deposition and light exposure as well as during the XPS measurements,
the combination of a cold trap and a titanium sublimation pump was applied to reduce
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7.2 Light-Induced Dehalogenation on Ag(111)

the chamber background pressure to a minimum and minimize spurious physisorption
of residual gas molecules onto the Ag(111) surface kept at low temperature (85 K). The
Br 3d XP spectra of Fig. 7.1c have been fitted with the FitXPS software [207], utilizing
a parabolic background.

7.2.2 Results and Discussion

Fig. 7.1c shows the Br 3d XP spectrum of the as-deposited BTPA on Ag(111) (black dots)
and of the same system after annealing to 300 K for 5 min (grey dots). The as-deposited
system shows Br 3d core-level lines at 70.8 eV (3ds/2) and 71.9eV (3d3/2), with the 3d mul-
tiplet peaks being split by 1.09eV. The 3ds,, peak at 70.8 eV is, compared to a reported
value of 70.4eV in Ref. [262], indicative of an intact C-Br bond and, as a result, intact
BTPA molecules. In contrast, after annealing to 300 K, the Br 3d lines are completely
shifted to lower binding energies, indicating the thermal dissociation of the carbon-halogen
bond [263], with the bromine atoms remaining chemisorbed on the Ag(111) surface. The
corresponding Br 3d binding energies are 68.2eV (3ds/2) and 69.2eV (3ds/2), with a split-
ting of 1.03eV. These values are in accord with reported binding energies for Br bound
directly to the Ag surface in Refs. [262, 264]. Importantly, considering the XP spectra
in Fig. 7.1d, UV light exposure has an effect similar to the thermally induced C-Br bond
scission shown in Fig. 7.1c. Starting with the Br 3d spectrum of the as-deposited, intact
BTPA at 85K (black line), with increased UV exposure periods from 130 to 360 min
(light blue to dark blue curves) a progressive enhancement of the signal from the surface
bonded Br species is observed, gradually approaching the grey spectrum that represents
complete (thermal) debromination. In the specific case, and especially when compared to
the published results of Basagni et al. in Ref. [55] (405 nm exposure for 12h on a Au(111)
support at RT), the observed light-induced changes are very pronounced. Finally, con-
sidering the XP spectra shown in Fig. 7.1e, also prolonged exposure to X-rays induces a
chemical change in the Br 3d features that is very similar to the effect of the UV light,
specifically resembling the spectrum after 130 min UV exposure. In the presented case,
the system was exposed to the M g- K «a radiation for about 230 min in XPS measurement
position (GE), causing a measured drain current of 0.12 pA from the X-ray exposed parts
of the manipulator (note that not only the Ag(111) surface but the whole sample holder
faces X-ray exposure and contributes to the drain current). This drain current implies
the photoemission of a total of ~7 x 10! electrons per second and, as a consequence,
~1 x 10'6 electrons in the 230 min of X-ray exposure. For comparison, this total number
of emitted electrons within 230 min is an order of magnitude greater than the number
of Ag(111) surface atoms in an area of 1cm? (the Ag(111) surface has a surface atom
density of ~1 x 10'® cm™2). Accordingly, even though the exposed Ag(111) surface does
not account for the entire photoemission related drain of electrons, we assume that still
a reasonable number of electrons are being excited within and leave the Ag(111) surface,
passing through the deposited BTPA overlayer. These electrons, specifically the large
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Figure 7.1: Light-induced dehalogenation of 6-bromo-N-(p-tolyl)pyridin-2-amine (BTPA)
on Ag(111). a) Chemical structure of BTPA. b) Re-entrant light source in operation,
equipped with a 365-370nm LED and positioned very close to the sample for UV light
exposure. The position of the sample is highlighted by the dashed black circle. ¢) Fitted
Br 3d XP spectra for BTPA on Ag(111), as deposited at 85 K (black dots) and after having
been annealed to 300 K for 5 min (grey dots). d) Comparison of the Br 3d XP spectra after
UV light exposure of the as-deposited BTPA/Ag(111) at 85K and for different amounts of
time (130, 250 and 360 min, respectively). e) Comparison of Br 3d XP spectra after UV
light and X-ray exposure (for 130 and 230 min, respectively) of the as-deposited systems.
The Br 3d spectra for as-deposited (black line) and annealed systems (grey line) are shown
as reference for the intact and the completely debrominated BTPA. All XP spectra have
been recorded at 85 K.
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7.3 Light-Induced Desorption from Rutile TiO5(110)

fraction of inelastically scattered electrons and secondary electrons created in cascade
processes with low kinetic energy, can be responsible for inducing the chemical changes
of BTPA observed after X-ray exposure (cf. Refs. [265, 266]). Thus, although it cannot
be resolved whether “hot” electrons excited below the vacuum level only (cf. Ref. [257]),
here created by absorption of ~3.4 eV photons or upon X-ray exposure, or also low energy
electrons passing through the BTPA overlayer during X-ray exposure induce the observed
dehalogenation of BTPA, the similarity of the results for both UV- and X-ray exposure in
Fig. 7.1e strongly points to the process being caused by photoexcited substrate electrons
(as already suggested by Basagni et al. [55]), rather than by direct photo-excitation of
the adsorbed molecule.

7.3 Light-Induced Desorption from Rutile TiO2(110)

TiO, is a well-known photocatalyst. The photocatalytic properties rely on its semicon-
ducting nature, whereby photons with energy higher than the band gap (~3 - 3.3eV for
bulk TiOq [254, 267, 268]) can excite electron-hole pairs inside the material [254, 268].
With this excitation the semiconductor becomes reactive, allowing for (interfacial) charge
transfer between semiconductor surface and adsorbate species, and thus, it is able to
induce oxidation and reduction reactions [254].

Motivated by this intrinsic photoactivity of TiO,, in the presented experiments we
investigate the effect of above band gap excitations on glycine (Gly, Fig. 7.2a) adsorbed
on rutile TiO5(110), utilizing ~3.4 eV photons. The adsorption structure of Gly on rutile
TiO2(110) has already been investigated by Lerotholi et al. in Ref. [269], revealing that, at
coverages up to a monolayer (ML), Gly is adsorbed in the form of glycinate and anchored
above two five-fold-coordinated surface titanium atoms wvia its two carboxylate oxygen
atoms. In addition, for coverages exceeding the ML, Lerotholi et al. confirmed that Gly
is present in the zwitterionic form with COO™ and N H; functional groups.

Here, starting with initial Gly coverages exceeding the ML, XPS and mass spectrometry
measurements reveal that UV light exposure causes a progressive reduction of the Gly
overlayer thickness, almost restoring the uncovered TiO, surface. This is associated with
the desorption of molecular fragments.

7.3.1 Experimental Details

Similar to section 7.2, the experiments on Gly on rutile TiO(110) have been performed
in the custom-made UHV chamber described in section 3.1, by means of the Phoibos 100
analyzer and non-monochromatized M ¢g-K « emission. All the XP spectra have been ac-
quired in normal electron emission geometry (NE), using a pass energy of 15¢eV, open exit
slit, entrance slit 5 and large area (LA) lens mode. While the background spectra of the
clean TiO, surface have been acquired at a sample temperature of 300 K, all other XP

91



7 Photochemistry on Surfaces

spectra were recorded with the sample kept at 200 K. XP spectra are calibrated against
the Ti 2p3/, core level of the TiO(110) substrate at a binding energy of 459.3eV [267].
The mass spectrum monitoring the UV light induced desorption from Gly adsorbed on
TiO2(110), as illustrated in Fig. 7.3c, was recorded with TiOy sample, re-entrant light
source and the mass spectrometer (cf. section 3.1) arranged such that both the light ex-
posure and the detection of desorbing molecular species from the surface was possible
simultaneously. For this, the sample was positioned under the Feulner-cap aperture with
a slight sideward tilt of ~35°, moving the surface normal away from the entrance axis of
the mass spectrometer (cf. experimental arrangement shown in Fig. 7.3f). Furthermore,
background signals at the mass-to-charge ratios (m/z) 20, 21, 22 and 40 were subtracted
from the spectrum in Fig. 7.3c for the clarity of presentation. These signals are ascribed
to neon and argon atoms, present in the residual gas of the UHV chamber after sample
sputtering. To minimize the background pressure during the experiments and to avoid
adsorption of contaminants onto the TiO, surface, both the Feulner-cap of the mass
spectrometer (for mass spectrometry measurements only) and an additional cold trap
serve to pump residual gases via deposition of a reactive titanium getter film and cryo-
genic trapping by liquid nitrogen cooling (cf. section 3.1). The rutile TiO5(110) crystal
(square-shaped, 10x10mm?, PI-KEM Ltd.), glued onto a molybdenum backplate via a
mixture of Aremco Ceramabond 503 and Graphi-Bond 551-RN, was cleaned by repeated
cycles of sputtering at 300 K with Net or Ar™ ions and annealing to 930 K for 20-30 min,
with both heating and cooling performed at ~5Ks™! [255]. The performed heating in
vacuum leads to bulk reduction and n-type doping [267, 270], rendering the TiO, crystals
conductive (cf. preparation conditions in Refs. [267, 271]) and, as a result, suited for XPS
investigations. For the here considered measurements, however, the multiple preceding
cycles of sputtering and annealing with neon and without Os treatment may have caused
progressive deterioration of the surface structure of the TiO, crystal, likely resulting in
an increasingly reduced and roughened surface and the onset of shear plane formation
(cf. Ref. [272]), as judged by LEED. As a result, the precise surface morphology of the
TiOs crystal is not known. Glycine (Sigma Life Science, >99 %) was deposited from a
quartz glass crucible by means of a home-built molecular beam evaporator at 390 K, with
the TiO4y crystal kept at 200 K. At this temperature, the sample was then subject to
subsequent XPS measurements and light exposure. UV light exposure was performed by
the same means as mentioned in section 7.2, utilizing 365-370 nm (~3.4eV) LEDs (LZ1-
00UV00, LED Engin, Inc.), operated at a current of 0.7 A. During the light exposure the
sample was kept at 200 K, with either the re-entrant light source in very close position
to it, just as depicted in Fig. 7.2b, or further apart, as shown in Fig. 7.3f, to allow for
simultaneous recording of mass spectra.
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7.3 Light-Induced Desorption from Rutile TiO5(110)

7.3.2 Results and Discussion

After Gly deposition with the TiOy sample kept at 200 K, the corresponding N 1s XP
spectrum in Fig. 7.2¢ (black curve) shows the presence of two distinct chemical species,
indicative of Gly coverage exceeding the ML [269]. Here, the weaker, low binding energy
shoulder at around 400.3 eV, which closely resembles the N 1s signal of a monolayer of Gly
on TiOy (cf. ML reference, red curve, from Ref. [255]), is ascribed to the glycinate species
directly bound to the TiO as reported in Ref. [269]. The dominant species at a binding
energy of ~402.5eV, in contrast, is attributed to the physisorbed Gly above the glycinate
ML, and existing in the zwitterionic form. For comparison, glycinate and zwitterionic
N 1s contributions in a saturation layer formed by Gly deposited onto TiO5(011) at 300 K
were associated with binding energies of 400.0eV (glycinate) and 401.8eV (zwitterion),
respectively, in Ref. [273]. Furthermore, an energy splitting between the two species of
2.3 eV has been reported in Ref. [269] (where, however, the XPS binding energy scale was
not calibrated). The latter value is in excellent agreement with our findings. Similarly to
N 1s, the C 1s XP spectrum shown in Fig. 7.2d (as deposited, black curve) also indicates
the presence of an initial Gly overlayer that exceeds a ML coverage (cf. ML reference, red
curve), with two chemically distinct C 1s species at binding energies of ~287.2eV and
~289.4eV and of almost equal intensity. The corresponding C 1s binding energies found
for the 300 K saturation layer in Ref. [273] amount to 286.7eV and 289.2 eV, respectively,
where the 1:1 intensity ratio of the two carbon features is ascribed to adsorption of
the intact glycinate molecule. In each case, the high binding energy C 1s species is
associated with the deprotonated carboxyl group (either of the surface-bonded glycinate
or the zwitterionic species in the condensed multilayer), the low binding energy species
with the carbon atom bonded to the amino group. Comparing the as-deposited system
to the ML reference in Fig. 7.2d, the high binding energy component of the monolayer is
only slightly red-shifted by ~0.1eV, whereas the low binding energy component is red-
shifted by ~0.3eV. The latter more pronounced shift is related to the presence of the
zwitterion (N HJ) on top of the glycinate (N Hy) ML in the as-deposited system, whereas
the rather unaffected high binding energy species confirms the presence of the similar
carboxylate group in both the glycinate and zwitterionic species.

After UV light exposure (365-370nm, ~3.4eV) for 150 min, with the re-entrant light
source in very close position to the sample (Fig. 7.2b), apart from minor residues of nitro-
gen and carbon fragments, the N 1s and C 1s spectra (blue curves in Fig. 7.2c and d) re-
veal that most of the Gly overlayer has been removed. Note that during UV light exposure
the sample temperature was maintained at 200 K, whereas the glycinate monolayer di-
rectly bonded to the TiO, surface should remain adsorbed at least up to 550 K [255, 273].
Consequently, the here observed removal of Gly from the TiO, surface is clearly induced
by the UV light.

In order to reveal the identity of the desorbing molecular fragments, the UV light
exposure has been performed with simultaneous detection of a mass spectrum. The
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Figure 7.2: Light-induced removal of Gly from rutile TiO2(110) monitored by XPS: a)
Chemical structure of glycine. b) Re-entrant light source in operation, equipped with a

365-370nm LED and positioned very close to the sample for UV light exposure.

The

position of the sample is highlighted by the dashed black box. ¢),d) N 1s and C 1s XP
spectra of Gly on rutile TiO2(110), as deposited at 200 K (black curves) and after UV light
exposure for 150 min at 200 K (blue curves). In addition, both background spectra for the
clean TiO3 surface (thinner black curves) and the spectra of a Gly monolayer on TiO2(110)
(ML, red curves, provided by F. Haag [255]) are shown for reference.
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experimental arrangement is shown in Fig. 7.3f. Similar to the previous experiment, Gly
has been deposited onto the TiO, sample kept at 200 K. Considering the corresponding
N 1s and C 1s XP spectra of the as-deposited system in Fig. 7.3a and b (black curves),
direct comparison to the ML reference (red curves) again shows that the initial coverage
of Gly exceeds the ML. With the start of the UV exposure at a sample temperature
of 200K, the mass spectrum in Fig. 7.3c shows the instantaneous onset of desorption
of molecular fragments of various mass-to-charge ratios. Latter are illustrated by the
sum over all mass spectra during light exposure in Fig. 7.3d. The corresponding time
evolution of selected mass-to-charge ratios is also shown in Fig. 7.3e, showing both the
onset as well as the steplike decrease in the desorption signal when switching the UV light
on and off. In agreement with the observed desorption of molecular species in Fig. 7.3c,
also the N 1s and C 1s spectra in Fig. 7.3a and b (blue curves), recorded after the 20
minutes of UV exposure, show drastically reduced intensities, resembling a Gly coverage
that is even smaller than the reference ML spectrum. However, even though this clearly
shows that a large fraction of the adsorbed Gly has been removed by UV exposure,
the respective mass spectrum in Fig. 7.3d does neither show a predominant signal at
m/z = 30 (dominant fragment of Gly), nor any signal intensity at m/z = 75 (parent ion of
Gly). Both these two mass-to-charge ratios would be expected for the desorption of intact
Gly [41, 42]. Note that XPS prior to UV exposure indeed indicates a considerable fraction
of the adsorbed Gly present in the zwitterionic form, i.e. it should not have undergone
deprotonation to glycinate and thus it would be expected to desorb as intact molecules.
In contrast, the major light-induced desorption features are m/z = 28 and m/z = 44,
commonly identified as C'O and C'O,. Thus, assuming that the deposited Gly is initially
intact and exists both as the deprotonated glycinate species and the zwitterionic form, as
confirmed by the XP spectrum in Fig. 7.3a (black curve), most of the desorbed Gly does
not seem to leave the surface intact. With no clear fingerprint of the Gly being detected
in the mass spectrum, more comprehensive investigations are required to determine the
nature of the photochemical process that leads to the light-induced removal of Gly. In our
study, this is hampered by the fact that the precise surface morphology of the TiO5(110)
surface was deteriorated upon prolonged sputtering-annealing cycles, presumably leading
to an increasingly reduced surface. Nevertheless, the light-induced desorption of molecular
fragments, as monitored in Fig. 7.3e, is in agreement with the light-induced removal of the
Gly overlayer and corroborates the findings illustrated in Fig. 7.2 and the photocatalytic
role of TiOs.

7.4 Conclusion

As demonstrated by way of two very different systems, our home-built, movable LED-
based light source — compatible for the application in UHV chambers equipped with DN40
CF (ConFlat) chamber ports — provides light of sufficient intensity to trigger photochemi-
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Figure 7.3: Light-induced removal of Gly from rutile TiO2(110) monitored by mass spec-
trometry: a),b) N 1s and C 1s XP spectra of Gly on rutile TiO2(110), as deposited at 200 K
(black curves) and after UV light exposure for 20 min at 200 K (blue curves), with the sam-
ple positioned under the mass spectrometer, just as shown in f) (sample and Feulner-cap
aperture are highlighted by white solid lines). The ML reference spectra are the same as in
Fig. 7.2. ¢) Corresponding 2D mass spectrum monitoring the mass-to-charge ratio (m/z)
of desorbing species for the 20 min period of UV light exposure. d) Sum of all the mass
spectra during light exposure in ¢). The main desorption features are labeled with their
m/z ratio. e) Time-dependent desorption signal for selected mass-to-charge ratios in c).
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cal reactions on surfaces. Specifically, as seen for BTPA on Ag(111), the ease of triggering
reactions by metal substrate excitation via the applied LED light represents a promising
pathway to further enhance and complement on-surface synthesis and, in the considered
case, aids on-surface Ullmann coupling reactions [55]. In the case of glycine adsorbed
on rutile TiOs, even though the underlying physical processes that cause the removal of
glycine remain unresolved, the combined application of the LED-based light source and
mass spectrometry demonstrates its applicability for the real-time monitoring of photon
stimulated desorption and (associated) light-induced reactions.

To conclude, although the here presented proof-of-concept studies are far from com-
prehensive, the strong effects seen upon LED light exposure motivate to further pursue
our approach of using a re-entrant window and high-power LEDs of selected wavelength.
Improvements of the presented re-entrant light source are possible. These include the
operation of the LEDs at higher currents upon an improved cooling, the replacement of
the borosilicate window by a material that is more suited for UV transmission, or even the
fusion of the applied lens and window glass by replacing the window glass with a plano-
convex lens and, finally, the application of lock-in techniques, using a pulsed LED in
combination with mass spectrometry for dedicated photon stimulated desorption studies.
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8 Conclusions and Outlook

In the presented thesis, different roles that metal supports can play for (metal-)organic
adsorbates have been investigated and revealed by means of a UHV-based surface science
approach. Specifically, in consideration of the observed substrate effects, also a molecular
spacer layer was introduced in order to physically decouple molecular adsorbates from the
underlying metal support. In the following lines, the obtained results are briefly summa-
rized and put into perspective.

In chapter 4, exploiting a repertoire of real-space imaging and spectroscopic tools, the
sequential thermal evolution of Diethylstilbestrol (DES) and Bisphenol A (BPA) on a
Cu(111) surface has been revealed, eventually leading to the formation of branched molec-
ular chains. Although, at first glance, the rather disordered nature of the final reaction
product does not appear desirable for the controlled bottom-up synthesis of covalent or-
ganic frameworks, it is the initial step of the covalent coupling of DES and BPA precursors
to polymeric chains that turns out to be highly selective. Specifically, by mild annealing
of the as-deposited molecules, TPD measurements reveal the complete deprotonation of
the terminal hydroxyl groups. This first deprotonation step is assumed to be followed,
similar as reported in Ref. [20], by enol-keto tautomerization mediated C-H activation
at the carbon atoms in ortho-position, leading to the subsequent ortho-ortho coupling
of neighboring molecules in the second step. This particular reaction pattern is verified
by the almost identical behavior of DES and BPA in the performed TPD, (TP-)XPS
and STM measurements. While TPD reveals the desorption of Hs, already indicative of
the covalent ortho-ortho coupling, TP-XPS measurements evidence that the concomitant
transformation from well ordered molecular overlayers to molecular chains, as monitored
by STM, indeed does not involve a chemical change of the oxygen species. Finally, a
third Hy desorption feature, occurring at different temperatures for DES and BPA and
accompanied by concomitant desorption of H5O, signals a further chemical modification
of the polymeric chains, associated with oxygen removal and the likely formation of C-O-C
bridges and C-C bonds within the disordered polymers, and not compatible with a second
ortho-ortho coupling step. Even though the third reaction step has additionally led to
an increase in disorder, the presence of the branched molecular chains at temperatures
up to 540 and 730 K underlines the remarkable thermal stability and robustness of such
covalently linked organic frameworks, in turn, making them a promising construction
material in nanoscale devices. With respect to the bottom-up synthesis, the here in-
vestigated hydroxy-directed coupling mechanism represents a complementary mechanism
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that, if combined systematically with the established Ullmann process [19], may further
facilitate the approach of sequential and selective C-C coupling to form ever more com-
plex structures in a hierarchical manner [19, 62, 67]. In this regard, future experiments
on purposely designed molecular precursors which contain both halogen and hydroxyl
groups are envisaged.

In chapter 5, synchrotron-based normal incidence X-ray standing waves (NIXSW) mea-
surements supported by density functional theory (DFT) calculations shed light on the
nature of the so-called “surface trans-effect” [21, 22]. In such experiments, the vertical
displacement of the iron center in iron phthalocyanine (FePc) adsorbed on Ag(111), upon
coordination to HoO and NHj, can be determined quantitatively and reproduced nicely
by theory, once corrections are included for dispersion forces. Most intriguingly, the cor-
responding DFT calculations reveal that the electronic effect of introducing the Ag(111)
surface in trans-position to a water molecule, as reflected in the corresponding charge re-
distribution maps, is extremely similar to the effect of introducing an ammonia molecule
trans to a water molecule. The Ag(111) surface thus appears to behave similarly to a
molecular ligand. Furthermore, as the FePc overlayer is known to be incommensurate
with the underlying Ag(111) lattice, the observed “surface trans-effect” thus involves the
interaction with the delocalised electronic states of the metal substrate rather than the
direct interaction with a single substrate atom. Specifically for metal-organic complexes
immobilized on metal supports this finding has far-reaching consequences. On the one
hand, the influence of the substrate on the reactivity of the metal center needs to be con-
sidered from the outset, on the other hand, similar to the influence the substrate has on an
incoming ligand in trans-position, the latter also exerts influence on the substrate. Such
systems, for which the response of the substrate (or the metal-organic complex) towards
an incoming ligand would be directly measurable, represent the textbook example of a
molecular sensor and call for further investigations directed towards their applicability in
realistic devices.

In two proof-of-concept studies in chapter 7, two intrinsically different surfaces, namely
Ag(111) and rutile TiO2(110), have been electronically activated by exposure to ultra-
violet (UV) light. In the case of Ag(111), light exposure causes the dehalogenation of
the adsorbed brominated precursor 6-bromo-N-(p-tolyl)pyridin-2-amine (BTPA). Here,
the scission of the C-Br bond is ascribed to the light-induced generation of “hot” elec-
trons on the metal support. In the case of glycine on TiO5(110) instead, exposure to
UV light leads to the removal of the amino acid from the surface. The latter is ten-
tatively ascribed to above band gap excitation within the photoactive support. Thus,
from a general perspective, even though electronic excitations of adsorbed molecules can
heavily be quenched by the supporting substrate, the photoexcitation of the underlying
substrate itself has to be considered as viable route to trigger photochemical reactions
on surfaces. In this regard, especially the observed light-induced, surface-supported de-
halogenation [55] represents a promising tool to improve and complement the already
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established strategies (like the surface-assisted Ullmann coupling [19]) for the bottom-up
synthesis of nano-scaled structures. In addition, both the verified applicability of the de-
vised LED-based re-entrant light source, described in section 3.3, as well as its flexibility
in terms of wavelength — LEDs cover almost the entire visible range from 400 - 700 nm
and even go down to ultraviolet wavelengths of 265 nm — motivate further investigations
directed to tackle the photochemical properties of surfaces and adsorbates.

Finally, in order to “turn off” the strong influence of metal substrates on molecular
adsorbates that has been observed in the previous examples, in chapter 6 a self-assembled
monolayer (SAM) of 4-fluorothiophenol (4-FTP) is introduced as molecular spacer layer
to spatially and electronically decouple the two prototypical metal-organic complexes
FePc and ruthenium tetraphenylporphyrin (Ru(CO)TPP) from a Ag(111) surface. For
low temperatures (~150K), the 4-FTP SAM indeed prevents a direct contact between
the metal-organic complexes and the substrate. However, upon annealing to 175K and
240K for FePc and Ru(CO)TPP, respectively, the 4-FTP SAM becomes permeable and
the organic/SAM /metal-stacking breaks down, with both complexes getting into contact
with the Ag(111) surface. This process involves the displacement of the 4-FTP thiolate
species from the surface, to yield an inverted layer stacking. In particular, if the de-
posited amount of FePc or Ru(CO)TPP is not sufficient to completely saturate the silver
surface, the remaining surface remains covered by the 4-FTP SAM, which, according
to the observed LEED patterns, is then even compressed to a denser phase, indicative
of phase separation between 4-FTP and the metal-organic complexes on Ag(111). The
thermal evolution of the layer configuration is revealed by characteristic LEED patterns
and core-level binding energies and shifts in (TP-)XPS measurements. The experimen-
tal findings stress the importance of the structure and, specifically, the thermal stability
and “permeability” of SAMs applied for the functionalization of surfaces, which is re-
garded to be critical for their purposeful application. In our case, as the terminal fluorine
group of the SAM is not expected to form a (coordinative) bond with the metal center,
the 4-FTP monolayer is merely considered a molecular spacer layer. However, endowing
SAMs with appropriate end groups to axially coordinate metallo-porphyrins or metallo-
phthalocyanines (cf. Refs. [199-205]) may provide a direct access to deliberately tune
the chemical properties and reactivity of their metal centers towards incoming reactants,
which should be addressed in future investigations.

To conclude, by showing a wealth of physical and chemical phenomena on surfaces, the
presented experiments stress the relevance and applicability of the classical UHV-based
surface science approach for various technologically relevant fields, such as heterogeneous
catalysis, the surface-assisted bottom-up synthesis of nanostructures and, in general, the
tailored functionalization of surfaces. In this regard, particularly the combination of
various different experimental techniques such as (TP-)XPS, TPD, LEED and STM fa-
cilitates comprehensive characterization and thus provides a full picture of the system
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8 Conclusions and Outlook

under investigation.
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Appendix

A.1 S 2p XP Spectra of FePc/4-FTP/Ag(111) after
Annealing to 300 K
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Figure A.1: S 2p (NE) XP spectra of (1) 4-FTP SAM on Ag(111), (3)(3)(3") FePc
deposited onto the 4-FTP SAM on Ag(111) at 90 K, followed by annealing to 300 K, and
(3"") FePc deposited onto the 4-FTP SAM on Ag(111) at 300 K. Spectrum 3" has been
recorded at 300K, all other spectra have been recorded at 90 K. Spectrum 3 is recorded
on the same system as the LEED pattern in Fig. 6.7d of chapter 6.

Fig. A.1 displays the fitted S 2p spectra of FePc deposited onto the 4-FTP SAM on
Ag(111) at 90 K, followed by annealing to 300 K (spectra 3, 3" and 3”), and FePc deposited
onto 4-FTP/Ag(111) directly at 300 K (spectrum 3”). The spectrum of the 4-FTP SAM
on Ag(111) (spectrum 1) serves as binding energy reference for the Ag-bound thiolate
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species of 4-FTP and, similar to spectrum 3 and 3, is also displayed in Fig. 6.8a of
chapter 6. In contrast to spectrum 3’, for the fit of spectra 3, 3” and 3" the Ag-bound
thiolate species of spectrum 1 (green curves in Fig. A.1), with peak positions constrained
to 161.75eV and 162.95¢eV for S 2ps/» and 2p; /5 contributions, respectively, needs to be
introduced to obtain good fitting. Apart from the dominant S 2p features at 162.3eV
and 163.5eV (blue curves in Fig. A.1), evolving after annealing the systems to 300 K (or
by depositing FePc onto 4-FTP/Ag(111) directly at 300 K), this indicates that some of
the 4-FTP remains directly bound to the Ag(111) surface as thiolate. We ascribe the
remainder of this Ag-bound thiolate species to the deposition of less than a full layer
coverage of FePc on Ag(111). Latter, in turn, would be needed to completely displace the
4-FTP from the Ag(111) surface. Also note that spectrum 3 corresponds to the LEED
pattern in Fig. 6.7d of chapter 6, corroborating the assumption that it is the remaining
surface-bound thiolate species that is compressed to a denser phase. Fitting has been
performed with the FitXPS software [207], using two S 2p spin-orbit doublets of fixed
energy splitting (1.2eV), fixed 2:1 intensity ratio between the j = 3/2 and j = 1/2
components and similar FWHM, superimposed onto a linear background.

A.2 XPS (C 1s, S 2p) on the Thermal Evolution of
FePc/4-FTP/Ag(111)

Fig. A.2 shows the C 1s (NE) XP spectra of the 4-FTP SAM on Ag(111) (spectrum 1),
the FePc monolayer on Ag(111) (spectrum 2), the FePc deposited onto the 4-FTP SAM
on Ag(111) at 90K (spectrum 3), and the system of spectrum 3 after annealing to 300 K
(spectrum 4). Importantly, in spectrum 4 the C 1s feature at around 286.5 eV, ascribed to
the 4-FTP carbon atom bound to fluorine (cf. Fig. 6.4, F-C), is restored. This corroborates
the conclusion that upon annealing to 300 K (from spectrum 3 to 4) 4-FTP is displaced
from the Ag(111) surface, moving on top of the FePc layer (cf. schematic 4) and preventing
attenuation of the associated C 1s features by FePc. In contrast, the 4-FTP related
feature at ~286.5¢eV is attenuated by the FePc overlayer in spectrum 3. The C 1s data
thus support the intercalation of FePc, as stated in chapter 6.

Fig. A.3 displays the S 2p (NE) XP spectra of the 4-FTP SAM on Ag(111) (green
spectra, system 1), FePc deposited onto the 4-FTP SAM on Ag(111) at 90 K (light-blue
spectra, system 3), and the latter after having been annealed to 300 K (orange spectra,
system 4). After deposition of FePc at 90 K, the S 2p signal gets moderately attenuated,
attributed to FePc sitting on top of the SAM (sketch 3). However, after annealing the
systems to 300 K, the pronounced blue shift of the S 2p features is accompanied by the
increase of the corresponding S 2p signal intensity. The overall gain in S 2p signal intensity
supports the assumption that FePc penetrates the 4-FTP SAM at temperatures above
175K, coming into contact with the Ag(111) surface and resulting in the inverted layer
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A.2 XPS (C 1s, S 2p) on the Thermal Evolution of FePc/4-FTP/Ag(111)
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Figure A.2: C 1s (NE) XP spectra of (1) the 4-FTP SAM on Ag(111), (2) the saturated
FePc monolayer on Ag(111) and (3) FePc deposited onto the 4-FTP SAM at 90 K, followed
by (4) annealing to 300 K. All spectra were recorded at 90 K. Spectrum 1, including the
fitted peaks, corresponds to the C 1s spectrum shown in Fig. 6.4 of chapter 6. Suggested
(explanatory) overlayer morphologies are sketched on the right.
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Figure A.3: S 2p (NE) XP spectra of the 4-FTP SAM on Ag(111) (green spectra), FePc
deposited onto the 4-FTP SAM at 90 K (light-blue spectra), and of the latter system after
annealing to 300 K (orange spectra). Panels a) and b) present different preparations. All
spectra were recorded at 90 K. Suggested overlayer morphologies are sketched on the right.
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stacking illustrated in sketch 4. The ratio of the integrated areas under the S 2p spectra
of Fig. A.3 amounts to roughly 1 : 0.9 : 1.1 (system 1 : system 3 : system 4), normalized
against the S 2p intensity of the 4-FTP SAM on Ag(111) (system 1). Thus, also the S 2p
data support the intercalation of FePc, as shown in chapter 6.

A.3 TPD of 4-FTP/Ag(111) and of FePc and
Ru(CO)TPP Deposited on It
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Figure A.4: TPD spectra for m/z = 83 (grey), m/z = 108 (light red), m/z = 127 (black)
and m/z = 128 (red) of (1) the 4-FTP SAM on Ag(111), (2) FePc on the 4-FTP
SAM/Ag(111), (3) a higher coverage of FePc (as compared to the system in 2) on the
4-FTP SAM/Ag(111) and (4) Ru(CO)TPP on the 4-FTP SAM/Ag(111). The TPD spec-
tra have been recorded in the temperature range of 120 - 700 K with a heating rate of
0.5Ks™ 1.

Fig. A.4 shows the TPD spectra for the various systems of Fig. 6.11a (cf. chapter 6), with
addition of spectra for m/z = 127 and m/z = 128. It can be observed that the signal at
m/z = 128 (the parent ion of the intact 4-FTP) exhibits a close similarity with the signal
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A.4 Fragmentation Patterns for the Desorption of the 4-FTP SAM

at m/z = 108. In addition, the signal at m/z = 127 (ascribed to the thiolate radical or
doubly ionized disulphide species) behaves very similarly to the signal at m/z = 83. This
corroborates the assumption that mass signals m/z = 108 and 83 serve as distinct mea-
sure for the desorption of the thiol and the thiolate-related species (the thiolate radical or
disulphide species), respectively. Considering the nature of the latter, direct desorption
as thiolate radical was observed to be dominant over disulphide desorption for low den-
sity structures of hexanethiol on Au(111) [240, 241], specifically stressing the impact of
molecular density, associated steric constraints [234] and molecule-substrate interaction
on the actual desorption product.

A.4 Fragmentation Patterns for the Desorption of
the 4-FTP SAM

= thiol (multilayer)
= thiol (SAM)
- thiolate radical / disulphide (SAM)

intensity (arb. units)

100 105 110 115 120 125 130
mass-to-charge ratio (m/z)

Figure A.5: TPD signals for 4-FTP SAM desorption in the range of the mass-to-charge ra-
tios between m/z = 99 and m/z = 134: red and blue curves display the desorption signals
summed over the temperature ranges that show thiol (~550K - 620 K) and thiolate radi-
cal/disulphide desorption (~425K - 535 K), respectively, while the black curve displays the
fragmentation pattern for 4-FTP multilayer desorption below 200 K. Red and blue curves
directly correspond to the TPD spectra in Fig. 6.11a and start with the saturated mono-
layer of 4-FTP as initial 4-FTP coverage. The presented spectra have been normalized to
show comparable intensity for the mass-to-charge signals at m/z = 127 and m/z = 128.

As discussed in section 6.3.5, Fig. A.5 displays the TPD signals for 4-FTP SAM des-
orption for the mass-to-charge ratios between m/z = 99 and m/z = 134. Red and blue
curves display the desorption signals summed over the temperature ranges that show
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thiol (~550K - 620K) and thiolate radical/disulphide desorption (~425K - 535K), re-
spectively. These spectra directly correspond to the TPD spectra in Fig. 6.11a, where
the initial 4-FTP coverage is always the saturated monolayer of 4-FTP on Ag(111)
(4-FTP SAM), prepared by exposing the Ag(111) surface to 4-FTP vapours at 300 K
(cf. section 6.3.1). The black curve, in contrast, shows the mass pattern for 4-FTP multi-
layer desorption below 200 K. Importantly, the close similarity to this 4-FTP multilayer
desorption pattern confirms the assumption of intact 4-FTP (thiol) desorption at ele-
vated temperatures (red curves). Latter is reflected in the respective mass signals at
m/z = 108 and m/z = 128 in both Fig. 6.11 and Fig. A.4. Furthermore, the fragmen-
tation pattern ascribed to intact thiol desorption (red and black curves) is also clearly
distinguishable from the ascribed thiolate radical/disulphide desorption (blue curves),
reflected in the distinctive mass signals at m/z = 83 and m/z = 127 in Fig. 6.11 and
Fig. A.4. This confirms that, in the presented study, and depending on the investigated
system, the deposited 4-FTP SAM may leave the surface again as both the intact thiol
and the thiolate-related species. Also note that the corresponding two fragmentation
patterns in Fig. A.5 (red and blue curves) qualitatively resemble the two clearly differ-
ent reference spectra of p-fluorobenzenethiol (SDBS No. 13725) and bis(3-fluorophenyl)
disulphide (SDBS No. 52131) of the AIST database [41].
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