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Abstract

In the presented doctoral thesis, two distinct routes towards the sophisticated, atomically
precise engineering of surface functionalized metal-incorporating networks on a model
Ag(111) surface are explored by means of state-of-the art surface science techniques under
ultra-high vacuum (UHV) conditions.

The first approach utilizes the specific substrate properties to catalyze an on-surface
reaction between adsorbed molecular precursors and metal adatoms liberated from the
single-crystal surface, resulting in a highly regular organometallic network. A series
of experiments employing low-energy electron diffraction (LEED), scanning tunneling
microscopy (STM), temperature-programmed desorption (TPD), X-ray photoelectron
spectroscopy (XPS) and angle-resolved photoelectron spectroscopy (ARPES) are per-
formed to explore the physical and chemical behavior of the terminal-alkyne-containing
molecules 1,3,5 – tris(4-ethynylphenyl)benzene (ExtTEB) and 1,3,5 – triethynylbenzene
(TEB) on Ag(111). Specifically, a gas-mediated reaction between molecular O2 gas and
condensed ExtTEB molecules on the Ag(111) surface at 200 K is shown to yield depro-
tonated organic radicals which form organometallic networks upon annealing at 375 K,
featuring an alkynyl-Ag-alkynyl linkage with Ag adatoms provided by the substrate.
In addition, this reaction scheme is successfully applied to TEB, a smaller ExtTEB ana-
logue, with LEED, STM and XPS providing evidence for the formation of a similar
organometallic network as in the case of ExtTEB. To explore the customizability of these
alkynyl-Ag-alkynyl bridged networks, the metals Ni, Bi and Cu are each added dur-
ing different stages of the reaction scheme, in search of metal incorporation. While Ni
adatoms have an overall disruptive effect on the network formation, Bi is found to create
novel structures, and for Cu, strong evidence of incorporation into the organometallic
network is collected. Finally, we demonstrate that the transition from condensed ExtTEB
to the organometallic polymeric network is accompanied by the formation of dispersive
bands, evidencing the delocalized character of electronic states in the two-dimensional
network.

The second path relies on the molecular adsorption and self-assembly of a rediscovered
molecular building block to create a well-defined platform of dedicated chemical func-
tional chelating groups, offering a regular array of metal-insertion sites. To this end, the
adsorption of the yet unexplored freebase macrocyclic biquinazoline (H–Mabiq) ligand,
featuring a peripheral and a central coordination site, is explored on the prototypical
Ag(111) surface. A diverse set of surface science tools, comprising LEED, near-edge X-ray
absorption spectroscopy (NEXAFS), STM, TPD and XPS, is employed. The occurrence
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of two distinct saturated monolayers, with almost identical surface density, is shown to
depend critically on the sample preparation conditions. It is found, in particular, that the
accommodation of Ag adatoms in the peripheral coordination site of adjacent H–Mabiq
molecules is the driving force for this phase transformation, whereas structural alterations
to the chemical structure can be excluded. Moreover, the in-situ Co metalation of the
H–Mabiq ligand on Ag(111) is tested. XPS experiments, indicate the incorporation of
Co atoms into the central cavity, as supported by real-space imaging showing a distinct
feature in the center of the molecule. Concomitantly to the Co–Mabiq formation, a new
long-range order as well as new periodicity and unit cell emerge, lifting the previously
observed Ag accommodation at the peripheral sites, whereas a novel electronic state
appears close to the Fermi level, clearly related to the metalation. Finally, experiments on
a model actinide-molecule system, namely Th and 2H–TPP, are presented. The Th metal
has a considerably larger atomic radius than can be accommodated in the macrocyclic
cavity of 2H–TPP. Therefore, we investigate its metalation behavior upon Th coadsorp-
tion and the potential for double decker formation with LEED, TPD and XPS as a proof
of principle for future actinide-Mabiq experiments.
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Zusammenfassung

In der vorliegenden Dissertation werden zwei unterschiedliche Wege hin zur
anspruchsvollen, atomgenauen Herstellung von oberflächenfunktionalisierten Met-
all enthaltenden Netzwerken auf einer Ag(111) Modelloberfläche mit Hilfe modernster
oberflächenwissenschaftlicher Techniken unter Ultrahochvakuumbedingungen (UHV)
untersucht.

Der erste Ansatz nutzt die spezifischen Substrateigenschaften, um eine Oberflächenreak-
tion zwischen adsorbierten Molekülen und von der Einkristalloberfläche freigesetzten
Metalladatomen zu katalysieren, die im Weiteren zur Bildung eines äußerst regelmäßigen
metallorganischen Netzwerkes führt. Eine Reihe von Experimenten, in denen niederen-
ergetische Elektronenbeugung (LEED), Rastertunnelmikroskopie (STM), temperatur-
programmierte Desorption (TPD), Röntgenphotoelektronenspektroskopie (XPS) und
winkelaufgelöste Photoelektronenspektroskopie (ARPES) zum Einsatz kommen, wer-
den zur Charakterisierung der endständigen Alkine 1,3,5 – Tris(4-ethinylphenyl)benzol
(ExtTEB) und 1,3,5 – Triethinylbenzol (TEB) durchgeführt. Wir können insbesondere
zeigen, dass eine gasinduzierte Reaktion zwischen molekularem O2 Gas und konden-
sierten ExtTEB Molekülen auf der Ag(111) Oberfläche bei 200 K zur Deprotonierung
und Bildung organischer Radikale führt, die nach anschließendem Tempern auf 375 K
ein organometallisches Netzwerk bilden. Letzteres zeichnet sich durch eine Alkinyl-
Ag-Alkinyl-Verknüpfung aus deren Ag Metallatom aus der Ag(111) Oberfläche stammt.
Darüber hinaus wurde dieses Reaktionsschema erfolgreich auf TEB, sozusagen eine
kleinere Version des ExtTEB Moleküls, angewendet, wobei LEED, STM und XPS die
Bildung eines ähnlichen organometallischen Netzwerks wie im Fall von ExtTEB nahele-
gen. Um die Funktionalisierbarkeit der Alkinyl-Ag-Alkinyl Netzwerke zu untersuchen,
werden die Metalle Ni, Bi und Cu in separaten Experimenten zu verschiedenen Phasen
der Reaktion auf die Oberfläche koadsorbiert, um einen möglichen Austausch der Metal-
lverbindung zu induzieren. Während Ni-Adatome einen insgesamt schädlichen Einfluss
auf die Netzwerkbildung haben, bildet Bi neue, langreichweitige Strukturen und es gibt
deutliche Hinweise für den Einbau von Cu Atomen in das metallorganische Netzwerk.
Schließlich zeigen wir, dass der Übergang von auf der Oberfläche adsorbierten ExtTEB
Molekülen zum organometallischen Netzwerk von der Bildung dispersiver elektronischer
Bänder begleitet wird, was den delokalisierten Charakter der elektronischen Zustände im
zweidimensionalen Netzwerk belegt.

Der zweite Weg beruht auf der molekularen Adsorption und Selbstorganisation eines
wiederentdeckten molekularen Bausteins, um eine wohldefinierte Plattform dedizierter
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chemischer funktioneller Chelatgruppen zu schaffen, die eine regelmäßige Anordnung
von Metallinsertionsstellen bilden. Zu diesem Zweck wird die Adsorption des, auf Ober-
flächen noch unerforschten, freebase H–Mabiq Liganden auf der Ag(111) Modellober-
fläche untersucht, der die Besonderheit hat, eine periphere und eine zentral Koordination-
sstelle zu besitzen. Hierzu werden vielfältige oberflächenwissenschaftliche Werkzeuge
verwendet, unter anderem LEED, Röntgen-Nahkanten-Absorptionsspektroskopie (NEX-
AFS), STM, TPD und XPS. Dabei hängt das Auftreten zweier unterschiedlich geordneter
Saturationslagen mit nahezu identischer Oberflächendichte entscheidend von den Präpa-
rationsbedingungen ab. Insbesondere, ist die treibende Kraft dieser Phasentransformation
die Einbindung von Ag-Adatomen in die peripheren Koordinationsstellen benachbarter
H – Mabiq Moleküle. Gleichzeit kann eine Veränderung der chemischen Struktur aus-
geschlossen werden. Zusätzlich wird die in-situ Co-Metallierung des H – Mabiq Liganden
auf Ag(111) getestet. XPS Experimente weisen auf die zentrale Koordinierung der Co
Atome hin, was durch Realraumbildgebung gestützt wird, die ein auffälliges Merkmal
im Zentrum des Moleküls zeigt. Gleichzeitig geht die Bildung von Co – Mabiq einher
mit einer neuen Fernordnung, Periodizität und Elementarzelle, die die zuvor gefun-
dene Ag-stabilisierte Struktur aufhebt. Außerdem ergibt sich im Zusammenhang mit
der Metallierung auch ein neuartiger elektronischer Zustand nahe dem Ferminiveau.
Schließlich werden Experimente an einem Aktinid-Molekül Modellsystem, nämlich
Th und 2H–TPP, vorgestellt. Das Th-Metall hat einen erheblich größeren Atomradius,
als der makrocyclische Hohlraum von 2H–TPP Platz bietet. Daher untersuchen wir
dessen Metallierung unter Th Koadsorption und das Potenzial zur Doppeldeckerbildung
mit LEED, TPD und XPS als Prinzipnachweis für zukünftige Aktinid-Mabiq Experi-
mente.
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Chapter 1

Introduction

Molecular surface science deals with the study of artificial, low-dimensional molecular
architectures grown on solid substrates under well-defined conditions with the ultimate
aim of controlling and tailoring their functional properties for practical applications. Since
in prototypical studies the molecular building blocks, so-called tectons [1], form assem-
blies on the nanometer scale, demanding requirements are imposed on the experimental
techniques that are used to probe the relevant properties. Indeed, it is only after a num-
ber of technical and scientific breakthroughs, comprising the development of ultra-high
vacuum (UHV) technology, the implementation of photon- and electron-based character-
ization tools, as well as the achievement of real-space imaging with atomic resolution,
among others, that surface science, in particular molecular surface science, has emerged
as an independent scientific discipline in the last forty years [2]. Many of the investigated
systems in the latest state-of-the-art explorations feature intriguing nanoarchitectures of
increasing complexity, showcasing distinct physical phenomena, and enabling the funda-
mental study of topological states [3–5], nanoelectronics [6], molecular magnetism [4, 7,
8], and spintronics [9–11] to name a few examples. Further application of the acquired
fundamental understanding to the dedicated functionalization of interfaces bears promise
for practical implementation in heterogeneous [12–14], electro- [15] and single-atom or
single-site catalysis [16, 17], gas sensing [18, 19] and storage [20], photovoltaics [21], data
storage, and quantum computing [22, 23].

While a plethora of approaches exist to design and prepare molecular assemblies with
desired structures and properties on solid surfaces, two major “bottom-up” approaches
have established themselves as the most promising and flexible strategies to assemble
purposely-designed tectons into extended nanoarchitectures. These are (i) supramolec-
ular self-assembly and (ii) on-surface synthesis, with sometimes blurring boundaries.
Supramolecular self-assembly [24], obviously inspired by naturally occurring systems [1]
such as hydrogen-bonded DNA and the RNA-protecting shells of viruses [25], exploits
the spontaneous organization of pre-designed molecular building blocks into ordered
supramolecular assemblies, guided by noncovalent interactions, such as hydrogen bond-
ing, metal-ligand coordination, and van der Waals or dispersion interactions. Such
extended regular structures can thus be regarded as a “supramolecule”, whereby fine-
tuning of its individual tectons can modify the geometry and function of the resulting
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assembly. Compared to solution supramolecular chemistry, the presence of the surface
causes a two-dimensional (2-D) confinement, resulting in new and often unique self-
assembled structures. In the case of metal surfaces, the substrate can actively take part
in the self-assembly process by providing stabilizing metal adatoms [26–28]. Naturally
occurring porphyrins [29] and their synthetic derivatives, such as phthalocyanines and
corroles, have enjoyed vivid interest [30, 31], due to the prevalence in biologically relevant
processes [32], and their potential for novel catalytic applications [33]. In particular, the
aromatic, π-conjugated macrocycle offers facile functionalization via metal ion insertion
into the tetrapyrrolic central cavity, whereas targeted modification of the peripheral
functional groups could be exploited to possibly promote metal interaction outside the
central cavity, resulting in bimetallic networks [34]. Thus, naturally occurring as well as
synthetic tetrapyrrolic macrocyclic molecules represent a well-established playground for
2-D supramolecular chemistry on surfaces.

The second approach pursues the on-surface polymerization of adsorbed molecules [35],
typically by tailoring specific functional groups to induce and promote on-surface reac-
tions. A classical example, derived from solution-based chemistry is the prototypical
Ullmann coupling reaction [36]. The original Ullmann coupling leads to covalent bonding
between two aryl-halides in the presence of a copper catalyst, and usually involves for-
mation of an organometallic intermediate. This reaction has been adapted to numerous
aryl-halide precursors on various coinage metal surfaces [37], enabling covalent coupling
beyond copper catalysts. A major problem upon covalent bond formation is the presence
of, typically, rather stable metal-halide species on the surface, which was only addressed
recently [38]. On the other hand, several other classes of functionally terminated precur-
sors have shown potential for on-surface coupling reactions [39], notably encompassing
alkyne (homo)coupling [40], condensation reactions [41], and intramolecular cyclization
via dehydrogenation [42]. In particular, terminal alkynes are especially promising build-
ing blocks, since they allow the formation of graphyne and graphdiyne wires, covalent
nanoribbons and extended sheets [43] and show the potential for light-induced on-surface
polymerization [44, 45].

These two specific approaches can give access to sophisticated nanoarchitectures and
exciting physical phenomena, potentially affording new platforms for the engineering
and the fundamental study of, e.g. topological states [46, 47], unconventional single-layer
superconductivity [48], spin interface phenomena [49], charge transport [50] and Dirac
cone behavior [51] etc.

While 2-D supramolecular chemistry and on-surface synthesis are well-established, there
is - of course - much room for improvements and breakthroughs, thanks to the almost
endless richness of organic molecules, the flexibility of the surface-directed approaches,
and the tunability of interfacial interactions. For example, a critical aspect is the inherent
limitation of porphyrin-based supramolecular assemblies to a single, central, coordina-
tion site. Even though porphyrin bimetallic networks have been conceived, the metal
nodes of adjacent molecules typically provide only geometric coupling and cannot be
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regarded as functional metal centers. Conversely, multinuclear compounds comprising
two (or more) potential metal-coordination sites can afford cooperative effects between
the two sites, potentially facilitating catalysis [52] and magnetic coupling [53]. As a
further aspect, the quality of on-surface synthesized 2-D networks and polymers is still
severely limited. While 1-D structures can be grown with great precision, extended 2-D
sheets are commonly prone to defect formation. This drawback arises from the need
for thermal activation in typical on-surface polymerization reactions, which not only
promotes polymer formation, but can also cause non-specific molecule-molecule and
molecule-substrate interactions and trigger undesired side reactions, such that poorly
ordered structures are often formed.

In this thesis, some of the challenges of molecular surface science are tackled, by exper-
imentally investigating two classes of molecules that are representative for on-surface
synthesis and supramolecular chemistry. Specifically, on the one hand we exploit a
novel gas-mediated reaction scheme for terminal alkyne coupling to yield highly regular
porous networks bridged via metal adatoms. We test its general applicability and the
potential for metal post-modification, and finally we explore the electronic structure and
bond strength of the organometallic linking. On the other hand, the adsorption and
the self-assembly on a Ag(111) surface of a yet unexplored macrocyclic ligand offering
two distinct metal coordination sites are investigated, to lay the basis for the creation of
multimetallic coordination networks on surfaces.

The thesis is structured as follows. In Chap. 2, the employed experimental techniques
are presented. We applied a suite of state-of-the-art, complementary UHV techniques
to achieve a comprehensive understanding of the investigated systems. Specifically,
low-energy electron diffraction (LEED) is employed to unravel the long-range order and
periodicity of molecular assemblies, whereas the local ordering and molecular packing are
elucidated by scanning tunneling microscopy (STM). Near-edge X-ray absorption spec-
troscopy (NEXAFS), based on X-ray absorption, gives access to the electronic structure as
well as the adsorption geometry of molecular layers. Furthermore, X-ray and ultraviolet
photoelectron spectroscopy (XPS/UPS) provide insight into the chemical nature and
electronic state of the adsorbed systems, and temperature-programmed desorption (TPD)
can be used to guide monolayer growth and monitor on-surface reactions. Chapter 3
expounds the experimental setups used to perform our multitechnique studies under
well-controlled UHV conditions. The first research project is presented in Chap. 4 and
addresses the specific formation of highly regular organometallic networks via a yet unex-
plored oxygen gas mediated reaction mechanism. By employing an ample suite of surface
science techniques we demonstrate the deprotonation of the terminal alkyne groups
of a prototypical 1,3,5 – tris(4-ethynylphenyl)benzene (ExtTEB) molecule adsorbed on a
Ag(111) surface upon interaction with molecular O2 gas at 200 K. Subsequent anneal-
ing induces the formation of alkynyl-Ag-alkynyl linkages of covalent nature, forming a
network with hexagonal pores which extends up to the micrometer scale. Furthermore,
we prove the generality of the reaction scheme by its applicability to other terminal
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alkynes, i.e. for 1,3,5 – triethynylbenzene (TEB). Experiments with codeposited Ni, Cu
and Bi atoms reveal the potential for post-synthetic modification of the silver metal node,
although not all metals (Ni, Bi) preserve the organometallic network. Finally, we observe
the formation of weakly dispersive bands mediated through the organometallic linkages,
in contrast to the localized states of the individual molecules, which hints at an electronic
Kagome band structure.

The second research topic is described in Chap. 5, where the adsorption of the freebase
macroyclic biquinazoline ligand - H–Mabiq - on Ag(111) is investigated by a multitech-
nique approach combining LEED, NEXAFS, STM, TPD, XPS and UPS. Compared to the
more commonly explored porphyrin compounds, H–Mabiq offers a central as well as
a peripheral coordination site. While the solution chemistry of this molecule is well-
established [54–61], showing the potential for catalytic functions, the anchoring to solid
surfaces has not yet been explored. Here, we prove the ability of H–Mabiq to self-assemble
into well-ordered structures on the model Ag(111) surface but also identify an intriguing
phase transformation, which takes place upon heating to moderate temperature (500 K).
We rationalize the phase transformation in terms of Ag adatoms, liberated from the
substrate, occupying the peripheral coordination site of two adjacent H–Mabiq molecules,
thus stabilizing a new self-assembly structure via a N···Ag interaction. In a similar vein as
in Chap. 4, the behavior upon O2 exposure is tested, with our data suggesting O2-induced
cleavage of C – CH3 bonds and a generally detrimental effect on the molecular ordering.
In a further step, the Co metalation of the assembled H–Mabiq monolayer is explored:
Characteristic signatures reveal the formation of Co–Mabiq well below room temperature,
with preferential coordination of Co in the central cavity. Interestingly, yet another array
periodicity and a new molecular packing arise upon metalation, whereby the periph-
erally coordinated Ag adatoms are removed. Since the peripheral coordination site of
the Ag-bridged H–Mabiq assembly is of considerable size (diameter of about ∼6.0 Å), it
may offer sufficient space for actinide incorporation. Therefore, we performed a series
of separate experiments to develop a protocol for the UHV deposition of thorium atoms.
As a proof of principle the interaction of the prototypical tetraphenylporphyrin, 2H–TPP,
with Th was addressed, resulting in both the metalation (Th–TPP) as well as the formation
of Th-sandwiched double deckers (Th(TPP)2).

This finding paves the way for future experiments directed to replace Ag with
Th or similarly sized lanthanides in the H–Mabiq assembly in the effort to engi-
neer more robust molecular networks and potentially develop multimetallic architec-
tures.

Finally, Chap. 6 concludes the thesis, briefly summarizing the most important results and
placing them in a broader perspective of future research to further increase the complexity
and flexibility of the investigated systems.
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Chapter 2

Experimental Methods

In principle, a modern surface scientist can choose from a vast toolbox of experimental
techniques contributing complementary information. The specific techniques selected
and used in this thesis are presented in this chapter. In surface science, we are often
interested in understanding how the chemistry of an atom or a molecule changes when it
comes into contact with the surface. XPS is an excellent tool for such studies of surface
chemistry, since the technique is (i) surface sensitive, (ii) elemental sensitive, and (iii)
chemically specific. Thus, XPS provides information about the chemical state of surfaces
and adsorbates. In addition, it gives insight into chemical reactions: The valence electron
interaction of two surface reactants may lead to a modified electron distribution and hence
distinct signatures in XP spectra. Importantly, scanning the temperature of the surface
while taking XP spectra will reveal any thermally dependent chemical changes. These
temperature-programmed X-ray photoelectron spectroscopy (TP-XPS) measurements are
well suited for monitoring thermally activated on-surface reactions. Similarly to TP-XPS,
TPD measurements are performed while applying a constant heating rate. Desorption ex-
periments can give insight into reaction mechanisms and their products, and they help in
establishing preparation protocols for monomolecular films. The ordering and long-range
structure of these monolayers can be assessed by LEED, whereby electrons are elastically
scattered from the 2-D lattice of the surface or the adsorbates. The resulting diffraction
signal either directly indicates the surface structure or the long-range ordered adsorption
of adsorbates. Similarly, STM unravels the on-surface order but in a very distinct way: In
STM, recording and controlling the tunneling current gives information about the surface
topography and real space structures on a local level and down to the submolecular or
atomic scale. In conjunction with LEED, STM can elucidate the adsorption of molecules
relative to the underlying single-crystal surface. Finally, synchrotron radiation will be
shortly introduced, which offers (i) high energy resolution, (ii) high beam intensity and
focussing, and (iii) tunable photon energies. The latter aspect provides the basis for X-ray
absorption techniques such as polarization-dependent NEXAFS. Here, the energy of the
photon beam is scanned across an absorption edge of an atom, resulting either in a weak
or strong signal, depending on the orientation of the dipole moment associated to the
final-state orbital with respect to the electric field of the radiation. From this, we can
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2.1 Ultra-High Vacuum Technology

derive adsorption geometries of molecules with respect to the surface, even for different
functional groups entailing the same atom.

2.1 Ultra-High Vacuum Technology

Surface science generally aims at an atomistic understanding of the physical and chemical
properties of surfaces, such as electronic structure, magnetism, and reactivity, under
controlled conditions. The surface breaks the perfect three-dimensional (3-D) periodicity
of the bulk structure of an ideal solid. This reduced dimensionality leads to the interest-
ing properties of above, partly related to the undercoordination of surface atoms. The
surface science approach is increasingly extended to gas-solid, solid-solid, and liquid-
solid interfaces, which are found in a plethora of modern, relevant technologies such as
catalysis and photocatalysis, molecular and semiconductor-based electronics, molecular
and nanomagnetism, nanomedicine, biocompatibility etc.
This thesis is primarily concerned with the interaction of tailored molecular species with
surfaces and its exploitation to fabricate new model systems with controlled functional
properties. Generally, compared to solution chemistry, the presence of the surface can
open the door to completely new reaction pathways. For example, the work of Nobel
laureate Gerhard Ertl on model surfaces revealed why the energetically unfavorable
reaction N2 + H2 −−→ NH3 can take place on an iron-oxide catalyst [62–64], contributing
to strong improvements in real-world catalysis. On the other hand, understanding the
atomic structure under typical surface science conditions and subsequently increasing
the degree of complexity stepwise, can lead to the development of new heterogeneous
catalysts [65, 66]. Furthermore, on-surface reactions can be used not only to catalyze the
generation of targeted reaction products which finally desorb, but also to functionalize the
surface itself by depositing precursors which then react to form covalent or metal-organic
networks or 2-D layers.

All the mentioned examples are incredibly complex under real-world conditions, which is
the reason why surface scientists isolate the relevant reactants and study them at a reduced
degree of complexity on model surfaces. This means that the surface, typically of a single
crystal, must be kept free from contaminants for the amount of time necessary to perform
the experiments. Consequently, a UHV regime (pressure: ∼10−10 mbar) is adopted as the
model environment for experimental studies.

In the following, the necessity for a UHV environment is rationalized. Starting from the
kinetic theory of gases, we can calculate the collision rate of gas particles against the sample
surface at a given pressure p. The resulting formula is referred to as the Hertz-Knudsen
equation [67].
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2.2 Photoelectron Spectroscopy

Gas M [g/mol] ZWall [1011/(s cm2)]

H2 2.02 10.73
He 4.00 7.63
H2O 18.02 3.60
CO, N2 28.01 2.88
O2 32.00 2.70
CO2 44.01 2.30

Tab. 2.1: Collision frequencies ZW per unit surface for several gases at a fixed pressure p of
1 · 10−9 mbar at room temperature (298 K).

ZW =
p√

2πmkBT
(2.1)

ZW[1/(s cm2)] = 2.63 · 1022 · p[mbar]√
M[g/mol]T[K]

(2.2)

In Eq. (2.1), the quantity p [Pa] is the gas pressure, m [kg] the atomic or molecular mass
of the gas particles, T [K] the temperature and kB the Boltzmann constant. Equation (2.2)
expresses the same equation in more conventional units of the pressure. Room temper-
ature collision frequencies for several gases at a pressure of 1 · 10−9 mbar are listed in
Tab. 2.1.

In practice, not all the impinging particles will stick (adsorb) to the surface. This effect is
accounted for by means of a sticking coeffcient S0, where 0 ≤ S0 ≤ 1 [68]. As an example,
the adsorption of CO is considered, the most common residual gas in a UHV chamber.
The (111) termination of face-centered cubic metals typically has a surface density n0 of
1 · 1015/cm2. At 1 · 10−9 mbar pressure and 298 K, the collision frequency (cf. Tab. 2.1)
is 2.9 · 1011/(cm2 s). Assuming a sticking coefficient of unity, i.e. each impinging CO
molecule remains on the surface, it takes ∼1 h to fully cover the surface with CO. A
measured sample must stay contaminant-free, or pristine, to ensure the validity of the
experiment. Since typical measurements may take from several minutes to several hours,
pressures in the range of 10−10–10−11 mbar may guarantee negligible contamination, even
for long experiments.

2.2 Photoelectron Spectroscopy

In the late 19th century, Heinrich Hertz and Wilhelm Hallwachs demonstrated electron
emission from a metal electrode upon light irradiation in different experiments [69–71].
Albert Einstein provided the quantum mechanical explanation of this photoelectric ef-
fect [72], later recognized with the award of the Nobel Prize in Physics (1905). In the
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2.2 Photoelectron Spectroscopy

1960s, after the advent of sufficiently sophisticated UHV apparatuses, Kai Siegbahn ex-
ploited this effect for chemical analysis, terming the method electron spectroscopy for
chemical analysis (ESCA) [73], today more commonly referred to as photoelectron spec-
troscopy (PES) or XPS if the utilized radiation are X-rays.

In XPS, a sufficiently energetic photon excites a core electron in an atom, molecule or
solid. Typically, in a solid this process is described by the three-step model. First, a
photon is absorbed resulting in an ionized atom. Second, the ejected photoelectron
propagates through the material while the atom responds to the formation of the core hole
by screening and core-hole decay. Third, the photoelectron is transmitted through the
surface to the vacuum and is detected by means of a suitable electron energy analyzer. The
kinetic energy of the ejected photoelectron is given by [74]

Ekin = h̄ω− EVac
B = h̄ω− EF

B − φS (2.3)

where h̄ω is the photon energy, EVac
B the electron binding energy referenced to the vacuum

level of the sample, EF
B the binding energy with respect to the Fermi level and φS the

work function of the sample. Figure 2.1 illustrates the XPS experimental setup, the
definition of the energies and a typical spectrum. In practice, however, the kinetic energy
is measured with respect to the vacuum level of the analyzer, since the sample and the
electron energy analyzer are electrically connected with their Fermi levels aligned, and
therefore

EAna
kin = h̄ω− EF

B − φAna (2.4)

with the analyzer work function φAna.

Atoms (except for hydrogen), molecules and solids are inherently many-body systems.
Consequently, interpreting the binding energy requires some assumptions. First, a one-
electron view [74] is adopted, which implies that electron-electron interactions are ne-
glected to a first approximation. Second, in the sudden approximation, especially valid for
sufficiently energetic photoelectrons, the photoinduced transition from the initial N- to
the final (N − 1)-electron system is assumed to be so fast that the remaining ion does
not interact with the outgoing photoelectron. This allows to separate both the initial
and the final state of the electron system into a wave function φk stemming from the
photoelectron and a wave function Ψ(N − 1) describing the remaining (N − 1) elec-
trons.

Ψi(N) = φk
i Ψk

i (N − 1) Initial state (2.5)

Ψ f (N) = φk
f ,Ekin

Ψk
f (N − 1) Final state (2.6)
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2.2 Photoelectron Spectroscopy

(a) (b)

(c)

Core
levels

Core levels

Fig. 2.1: (a) Schematic of the photoemission process. A photon of energy h̄ω transfers its energy
to a core-level electron, liberating a “free” photoelectron with energy in the continuum above the
vacuum level EVac. (b) Schematic energy level diagram of the photoemission process in a solid,
defining the relations between different energies. In (c) a typical overview XP spectrum of a
Ag(111) single crystal in a wide energy range is shown. Different contributions due to core levels
and valence band are indicated.

In addition, the energy conservation imposes that:

Ei(N) + h̄ω = Ekin + E f (N − 1) . (2.7)

Comparing Eqs. (2.3) and (2.7), we see that the binding energy with respect to the vacuum
level equals the energy difference of the initial N-electron state and the final (N − 1)-
electron state.

EVac
B = Ei(N)− E f (N − 1) (2.8)

If the orbitals in the final state remain unchanged after photoelectron ejection (frozen-
orbital approximation), the so-called Koopmanns’ theorem is retrieved, which states that
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2.2 Photoelectron Spectroscopy

the binding energy is simply equal to the absolute value of the orbital energy of the
state φk:

EVac
B = −εk (2.9)

In reality, an ionized atom in an excited state will minimize its energy via intra and/or inter
atomic relaxation, in turn leading to a higher kinetic energy available for the photoelectron.
This is an example of a final state effect, i.e. occurring after photoemission. Shake-up,
shake-off and plasmon excitation are other possible final state effects (Fig. 2.2a, b), where
part of the photon energy contributes to excite valence electrons or a collective oscillation
of the electron gas, sacrificing some of the photoelectron kinetic energy. Finally, for the
photoemission from any orbital φk with non-zero angular momentum l > 0, spin-orbit
splitting is observed (Fig. 2.2c), due to the spin-orbit coupling of the remaining unpaired
electron in the formerly filled electron shell.

(a) (c)
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Fig. 2.2: (a) Cu 2 p core level of a CuO sample [75]. Copper in a + II oxidation state shows a
strong shake-up structure. In (b) the Auger KLL spectrum of Mg is shown. The valence electrons
of Mg behave almost as a free-electron gas, giving rise to plasma oscillations. The plasmon peak
assignment is adapted from Fuggle et al. [76]. Panel (c) shows the spin-orbit splitting of the Ag 3d
core level.

Practically, XPS has three major strengths which are (i) the pronounced surface sensi-
tivity, (ii) the elemental sensitivity, and (iii) the chemical-state specificity. These prop-
erties render XPS a powerful tool to study thin films and on-surface chemistry pro-
cesses.

The high surface sensitivity is due to the strong interaction of electrons with condensed
matter. Each resulting inelastic scattering event reduces the kinetic energy of the ejected
photoelectrons, such that those emitted in the bulk will not contribute to the main photoe-
mission signal of a core level. The probability of inelastic scattering, described by means
of an inelastic mean free path (IMFP), strongly depends on the electron kinetic energy and
is only weakly dependent on the specific material, leading to a so-called “universal curve”
for the IMFP as a function of the kinetic energy (Fig. 2.3a).

Elemental specificity arises as a consequence of the increased nuclear charge for sub-
sequently heavier elements, and thus the stronger attraction of, e.g., the 1s electrons.
This effect is shown in Fig. 2.3b for the 1s level of the first-row elements. In gen-
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2.2 Photoelectron Spectroscopy

eral, no two elements have the same progression of electron binding energies, there-
fore XPS can be used to determine the elemental composition of surfaces and thin
films.

Finally, the chemical sensitivity is closely related to the different electronegativity of atoms
in a molecule. Strong electronegative atoms, such as F atoms, tend to accumulate valence
electron density while “pulling” it away from their bonding partners. The core-level
electrons of the latter will experience an enhanced Coulomb attraction, since their valence
electrons no longer contribute to the screening of the nuclear charge. This is exemplarily
observed in the C 1s spectrum of Trifluoroethylacetate (TFEA) C4H5F3O2 in Fig. 2.3c
where every carbon atom is bonded to partners of varying electronegativity. For TFEA
the chemical shifts are rather pronounced since the chemical environment of each carbon
is distinctly different. However, also smaller shifts related to dehydrogenation [30],
oxidation state changes in (transition) metals [77], and formation of organometallic
species [78] are typically resolvable.
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Fig. 2.3: (a) Universal curve of the inelastic mean free path (IMFP) of electrons in a solid,
reproduced from Ref. [79]. (b) Elemental specificity of XPS for the 1s core levels of the first-row
elements [74]. (c) Chemically distinct carbon species of the trifluoroethylacetate molecule and their
contribution to the C 1s photoelectron signal [80].

In conventional XPS, measurements are performed at a fixed temperature, usually room
temperature or cryogenic temperature for volatile species. However, many processes and
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2.2 Photoelectron Spectroscopy

reactions on surfaces are triggered via thermal activation. TP-XPS is a useful extension of
XPS where a PID1-controlled heating ramp is applied to the substrate crystal, while simul-
taneously acquiring subsequent XP spectra. Thus, the thermal evolution of the chemical
state is monitored by recording a specific core level.

In practice, stable heating rates of 0.1–1.0 K/s can be achieved. As a consequence, a
TP-XPS requires a trade-off between statistics, heating rate and chemical-state resolution.
The time for an individual spectrum should be reduced as much as possible, while main-
taining reasonable signal intensity and acceptable resolution. An example of a TP-XPS
scan is shown in Fig. 2.4 in the form of a contour plot, where the change in photoemis-
sion intensity is rendered in the color scale and plotted as a function of binding energy
(abscissa) and temperature (ordinate) to visualize temperature-dependent chemical-state
modifications.

A further modification of PES which was used in this thesis is given by UPS, which differs
by the employed radiation energy. In this case, a He UV discharge lamp or very soft
synchrotron radiation up to 120 eV can be used. Due to the much lower excitation energy,
deep core levels cannot be excited, whereas the photoionization cross section for shallow
valence levels increases dramatically. As a result, information about valence levels, the
electronic structure of the surface, and the formation of adsorbate-substrate bonds can be
gained.

Fig. 2.4: Example of a TP-XPS spectrogram for the N 1s core level of freebase tetraphenylporphyrin
(2H–TPP) on a GeAg2 alloy on Ag(111). Two distinct N 1s components are observed for low
temperatures, finally converging into a single peak at elevated temperatures due to incorporation
of Ge into the macrocycle cavity, as demonstrated in Ref. [81].

1 proportional-integral-derivative
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2.3 Angle-Resolved Photoelectron Spectroscopy

2.3 Angle-Resolved Photoelectron Spectroscopy

A powerful variant of UPS is angle-resolved UPS (ARUPS) or ARPES, which represents
a unique tool to determine the electronic band dispersion E(k), i.e. the bandstructure,
of the probed solid surface and is particularly suited to study 2-D or 1-D systems on
surfaces [82]. The analysis of ARPES data is generally not trivial, and approximations are
necessary, within the previously mentioned three-step model, to translate the measured
kinetic energies Ekin and photoelectron momenta K into the desired dispersion relation
EB(k) for a 3-D solid. However, for a 2-D system the mapping of the band dispersion is
considerably simplified.

The photoelectron wave vector in vacuum K is determined by the following equations [82]
(see also Fig. 2.5):

K =
√

2mEkinh̄−1 (2.10)

Kx =
√

2mEkinh̄−1 sin θ cos φ (2.11)

Ky =
√

2mEkinh̄−1 sin θ sin φ (2.12)

Kz =
√

2mEkinh̄−1 cos θ (2.13)

with the polar angle θ defined with respect to the surface normal and the azimuthal φ

with respect to a given symmetry direction of the substrate. In the previous equations,
the z direction was chosen parallel to the surface normal and m is the electron mass. In
practice, the momentum dependence is thus gained by recording photoemission spectra
at various emission angles.

h̄ω e−, Ekin

x

y

z

φ

θ

Fig. 2.5: Definition of the angles φ and θ in an ARPES setup.

Equations 2.10 - 2.13 must be related to the electron momentum k inside the solid and
the binding energy EB. Assuming a simplified one-electron picture, the binding energy is
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2.4 Low-Energy Electron Diffraction

simply given by Eq. (2.3). For the momentum the situation is more complicated: While
k‖ = K‖ in the reduced zone scheme, the momentum contribution in the z direction,
as defined in Fig. 2.5, is not conserved due to the presence of a potential barrier at the
surface [82]. Therefore, the dispersion E = E(k‖) can be easily retrieved, whereas for a
full 3-D energy-momentum map k⊥ must be determined; one approximate method is
to assume a nearly-free electron model for the final state band in the solid and use the
expression [82]

k⊥ =
√

2m(Ekin cos2 θ + V0)h̄−1 . (2.14)

Here V0 is the inner potential, which must be itself first determined. In this thesis, how-
ever, only low dimensional systems were investigated by ARPES, making 3-D mapping
unnecessary.

2.4 Low-Energy Electron Diffraction

LEED is a well-suited tool to study 2-D periodic structures, such as surface reconstruc-
tions [83] and regular, self-assembled adsorbate structures [84–87]. As shown in Fig. 2.6a,
an electron beam with energy in the range of 5–250 eV is accelerated towards the sample
surface and elastically scattered by the crystal lattice. The inner grid and the sample
are at ground potential creating a field-free space between LEED and sample, which
allows straight electron trajectories. Inelastically scattered electrons are filtered out via the
suppressor using retarding grids at voltages close to the primary electron beam energy.
Due to coherent interference, elastically scattered electrons appear as bright spots on a
fluorescent screen, and the resulting discrete pattern is typically recorded with a camera
mounted behind the screen or a view-port.

The de Broglie wavelength of the incident electrons is given by [68]

λ =
h√

2mE
(2.15)

λ[Å] =

√
150

E[eV]
, (2.16)

which results in wavelengths of 0.8–5.5 Å for the above specified electron energies.
These wavelengths correspond to the typical interatomic distances in a crystalline
solid.

To determine the symmetry and the periodicity of long-range ordered adsorbate struc-
tures, it is usually sufficient to employ kinematic LEED theory. This implies that electrons
accelerated onto the surface undergo a single elastic scattering event from the electron
cloud of surface atoms [89]. For generic radiation, constructive interference is observed if
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Fig. 2.6: (a) Schematic of a UHV LEED apparatus adpated from Ref. [88]. Electrons emitted from
a cathode are accelerated and focused through an array of anodes. Since one of the grids and the
sample are at ground potential, electrons travel in straight trajectories towards the surface, where
they are scattered. The suppressor filters out any inelastically scattered electrons. Elastically scat-
tered electrons are visualized on the fluorescent screen. (b) Ewald sphere construction visualizing
the Laue scattering condition.

the incident wave vector ki and the scattered wave vector k f differ only by a reciprocal
lattice vector G, i.e. if the Laue condition holds:

k f − ki = G . (2.17)

In the case of electron diffraction from a surface this condition is modified. The strong
interaction of electrons with matter is reflected by their small IMFP (cf. Fig. 2.3a). Con-
sequently, the electron beam impinging on a surface will be dominantly scattered by
the topmost atomic layers, and the periodicity of the diffracting lattice extends only
parallel to the surface [89]. This modifies the Laue condition 2.17 for a LEED experiment
to

k f ,‖ − ki,‖ = G‖ (2.18)

where G‖ is a generic reciprocal lattice vector associated to the surface lattice. Since LEED
maps out the reciprocal space rather than the real space, the Ewald sphere is a convenient
tool to visualize the condition for constructive interference [90]. The wave vector ki is
drawn from an arbitrary reciprocal lattice point and around the end point of ki a sphere
of radius |ki| is drawn, since only elastic scattering with |ki| = |k f | is considered. Any
intersection of this Ewald sphere with another reciprocal lattice point satisfies the Laue
condition 2.17 and results in constructive interference. In the 2-D case, the direction
perpendicular to the surface may be considered to have infinite periodicity, leading to
continuous crystal truncation rods in reciprocal space. Therefore, in the case of LEED,
the Bragg diffraction spots are always observed for the rods that intersect the Ewald
sphere.
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2.5 Temperature Programmed Desorption

In Fig. 2.6b the construction of the Ewald sphere is shown. The vector ki is shown for
normal incidence and a sphere of radius |ki| is drawn from its starting point. In this
configuration, G‖ = k f ,‖ and every intersection of the Ewald sphere with the reciprocal
lattice vectors yields a diffraction spot.

Fig. 2.6b also allows rationalizing why more diffraction spots can be seen for higher
electron energies. As the radius of the Ewald sphere is proportional to the square root
of the electron energy, |ki| ∝

√
E, a larger sphere can cross a higher number of crystal

truncation rods, thus increasing the number of observed Bragg spots. Furthermore,
diffraction spots in a LEED experiment tend to move towards the zero-order diffraction
spot for higher electron beam energies, i.e. towards the center of the screen. Conversely,
for lower electron energies the diffraction spots move to the edges of the fluorescent screen.
The position of scattered electrons on the screen with respect to the surface normal, is
given by the angle θ, which satisfies the relationship:

sin(θ) =
|k f ,‖|
|k f |

. (2.19)

For a given diffraction spot, |k f ,‖| is fixed, whereas |k f | depends on the energy. Conse-
quently, for lower beam energies the diffraction spots tend to the edge of the screen, as
noted above.

2.5 Temperature Programmed Desorption

TPD is a commonly used experimental tool to obtain information about the adsorbate-
substrate interaction and the occurrence of surface-assisted chemical reactions. A lin-
ear heating ramp is applied to the substrate, positioned under a quadrupole mass
spectrometer (QMS), while monitoring the masses of desorbing particles (Fig. 2.7a).

In principle, the energetics and kinetics of thermally cleaved adsorbate-substrate bonds or
thermally activated reactions can be determined via TPD. Qualitatively, TPD experiments
give easy access to multilayer desorption temperatures, helping to prepare saturated
single-layer molecular films.

A common starting point for interpreting desorption experiments is the Polanyi-Wigner
equation, which describes the rate of desorption, in the case that adsorbates occupy identi-
cal adsorption sites and do not interact with each other [68]:

−dΘ
dt

= νn(Θ)Θn exp (−EDes(Θ)/kBT) . (2.20)
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Fig. 2.7: (a) Simplified setup of a UHV compatible quadrupole mass spectrometer for TPD
measurements. The quadrupole mass spectrometer can be housed in a Feulner cap (shown in
orange) [91], to reduce the background pressure considerably. If an ionized particle has the correct
mass, it can pass through the rod system and be detected in the channeltron. Sweeping the high
frequency and applied voltage of the QMS during the TPD measurement enables to record a 3-D
TPD spectrum, i.e. the signal intensity as a function of temperature and mass. (b) Simulated
curves based on the Polanyi-Wigner equation for desorption orders n = 0, 1, 2 and a desorption
energy of EDes = 0.85 eV for various initial coverages Θi.

In Eq. (2.20), Θ is the surface coverage at a certain time t, νn the pre-exponential factor,
EDes the desorption energy and n the order of the desorption process. In principle, the pre-
exponential factor, the desorption energy and order n can depend on the surface coverage
Θ [92], although they are often assumed to be constant to a first approximation. The
exponential term in Eq. (2.20) increases with increasing temperature, while the coverage
decreases due to desorption. This leads to well-defined curves peaking at a maximum for
the monitored masses as a function of temperature (Fig. 2.7a). For experimental chambers
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2.5 Temperature Programmed Desorption

with a high pumping speed and a moderate (1–10 K/s) linear heating ramp, the partial
pressure of the desorbing species is proportional to the rate of desorption [68]. Similarly,
the signal intensity in the mass spectrometer is proportional to the partial pressure of
desorption

I(T) ∝ p ∝ −dΘ
dT

=
νnΘn

β
exp (−EDes/kBT) (2.21)

where β = dT
dt is the heating rate.

It is instructive to investigate the behavior of the Polanyi-Wigner equation for fixed
values of the desorption order n and explain how the corresponding maximum desorp-
tion temperature Tmax behaves. To derive an expression for Tmax, the Polanyi-Wigner
equation 2.20 must be differentiated with respect to T setting dΘ

dT = 0, thus yielding for
n ≥ 1:

EDes

kBT2
max

=
νn
β

Θn−1 exp
(
−EDes

kBTmax

)
. (2.22)

The physical significance of the desorption order is intuitively clear for integer values
of n. For n = 0 the coverage dependence on the right-hand side of Eq. (2.20) drops out.
Consequently, the desorption rate simply follows an exponential temperature depen-
dence, implying the desorption increases for increasing temperatures, before dropping
to zero once the on-surface particle reservoir is depleted. This can be clearly seen in
Fig. 2.7b (top), where the zero order desorption is shown for varying initial coverages
of 1–4 monolayers. This behavior is typically observed for thick multilayer films [68]. In
this case, the molecular film acts as a reservoir for molecules where the topmost layer is
indistinguishable from the layer beneath. Therefore, the desorption rate solely depends
on the temperature. This holds, until the energetics of the desorbing layer start to depart
markedly from that of the multilayer, typically when the monolayer in direct contact with
the substrate is reached.

First-order desorption, n = 1, is often observed for submonolayer or monolayer cov-
erages; the desorption rate dΘ

dt depends on the remaining surface coverage and the
situation can be visualized as single-site desorption of non-interacting adsorbates [68].
This leads to a maximum desorption temperature that is independent of the initial cover-
age varying coverages (compare Eq. (2.22)), as shown schematically in the central panel
of Fig. 2.7b.

Finally, second-order desorption, n = 2, models the case of associatively desorbing
particles, i.e. two particles diffuse on the surface before meeting and desorbing. An
exemplary reaction is the desorption of adsorbed atomic hydrogen on the Si(111)-(7
×7) surface [93]. The temperature of maximum desorption rate tends to shift to lower
temperature for higher initial coverages (below a potential multilayer regime) as seen
in the bottom of Fig. 2.7b. This can be rationalized in terms of a higher probability of
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two particles to find each other and recombine into the final product at higher coverage.
Moreover, as molecules are depleted from the surface, the remaining particles must
diffuse longer before finding a partner for desorption, explaining the asymmetric tail
extending to higher temperatures after the maximum.

Recording TPD spectra for different initial coverages and monitoring the maximum
desorption temperature gives a qualitative idea about the desorption order. In turn, this
insight can be used to investigate the energetics of the adsorbate-substrate bond, e.g. via
Redhead analysis [94, 95].

Modern QMS systems can scan entire mass ranges reasonably quickly, such that fragmen-
tation patterns, either due to the ionization in the mass spectrometer or due to on-surface
reactions, and product formation can be monitored. In particular, the fragmentation
pattern of thick multilayers and saturation layers in contact with the substrate can be
compared to reference databases, such as the NIST [96], to get insight into the surface
chemistry. An example of a 3-D TPD plot as a function of temperature and mass is
depicted schematically in the top part of Fig. 2.7a.

Note finally that analyzing TPD data is in general not trivial. Many factors may distort
the simple picture given above, such as an adsorption-site dependent activation energy,
on-surface reactions prior to desorption, overlapping desorption orders and explicit
coverage and/or temperature dependence of ν and EDes.

2.6 Scanning Tunneling Microscopy

STM provides real-space information about surfaces at the submolecular and atomic
level. It was developed by Binnig and Rohrer [97], who were awarded the Nobel Prize in
Physics for their invention [98]. The principle of the scanning tunneling microscope is to
move a sharp, conducting tip close to a conductive surface, as sketched in Fig. 2.8a. When
a bias is applied between the surface and the tip, quantum mechanical electron tunneling
can occur and gives rise to a current. As will be explained in the following, this tunneling
current depends critically on the sample-tip distance. This fact can be used to get insight
into various surface properties, including surface structure and morphology, as well as
defects, electronic states and dynamics of adsorbates.

Since George Gamow’s tunneling interpretation of the α decay [100], it is known that
quantum particles can penetrate a finite potential barrier that would be impenetrable in
classical physics. John Bardeen dealt with the situation of a metal-insulator-metal junction
in a similar way [101], providing a theoretical framework for the quantum tunneling in
solids, long before Binnig and Rohrer developed the STM. The transition probability
wT→S of an electron in an initial state of the tip ψT to tunnel into a final state of the sample
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(a) (b)

5 nm

Fig. 2.8: (a) Sketch of the working principle of a scanning tunneling microscope, reproduced from
Ref. [99]. (b) State-of-the-art STM image of a self-assembled molecular structure on a Ag(111)
single-crystal surface.

ψS, within the time-dependent perturbation theory and employing the Fermi’s Golden Rule,
is given by

wT→S =
2π

h̄
|MTS|2δ(ES − ET) , (2.23)

with the matrix element MTS expressed as [99]

MTS =
h̄2

2m

∫
dS(ψT∇ψ∗S − ψ∗S∇ψT) . (2.24)

Tersoff and Haman [102] applied Bardeen’s treatment to the situation of an STM measure-
ment, accounting for finite temperatures by use of the Fermi functions and introducing
the applied bias V between tip and sample. The tunneling current between tip and sample
is then [102]

I =
2πe

h̄ ∑
T,S

f (ET)[1− f (ES − eV)]|MTS|2δ(ES − ET) . (2.25)

To derive a simple expression for the tunneling current I it is assumed that the tem-
perature is sufficiently low and the sample bias small, turning the Fermi functions in
Eq. (2.25) into step functions. For a spherical tip apex with curvature radius R and
center r0 and assuming an s-shaped wave function, MTS can be determined, yield-
ing [102]

I =
32π3e2Vφ2R2

h̄κ4 exp (2κR) ρT(EF)∑
S
|ψS(r0)|2δ(ES − EF) , (2.26)

with the Fermi energy EF, the work function φ, κ =

√
2mφ

h̄ and the tip density of states
ρT(EF) at the Fermi level. The sum in Eq. (2.26) corresponds to the local density of states
(LDOS) at the sample, while |ψS(r0)|2 ∝ exp (−2κ(R + d)) (d being the tip-sample dis-
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tance). Consequently, the tunneling current reflects directly the local electronic structure
and strongly depends on the tip-sample distance. Therefore, a convolution of the elec-
tronic structure and the topography will be measured if the tunneling current is held
constant.

Practically, STM is often operated in constant current mode to get atomic resolution,
although constant height mode is also possible.

In the constant current mode, the tunneling current is held constant by adjusting the tip
height during a lateral scan. To this end, a feedback loop (Fig. 2.8a) applies a voltage
to a piezo controlling the vertical tip position in order to counteract changes in the
tunneling current. The voltage at every (x, y) coordinate gives insight into the surface
topography. In this operation mode, the scanning speed is limited by the speed of the
feedback loop.

Conversely, in the constant height mode the tip is kept at constant height. The tunneling
current is then used to reconstruct the surface topography. Since the tip height is constant,
the feedback loop is not applied and scans can be performed quickly. As a drawback,
however, the chance of crashing the tip against surface defects, diffusing adatoms or
adsorbates is increased at small tip-sample distances, especially for rough surfaces, not
atomically smooth.

2.7 Synchrotron Radiation

Since synchrotron radiation was used for some of the presented experiments, a very short
overview of the properties of the bending magnet emission exploited here is given [103].
A thorough treatment can be found in Refs. [104–107].

Fig. 2.9 sketches the setup of a modern 3rd generation synchrotron radiation facility.
Initially, electrons are accelerated in the linear accelerator before being brought to the
target energy by a smaller booster synchrotron ring. After injection into the storage ring,
the electrons are kept circulating at constant energy (typically in the range of 1–8 GeV).
Synchrotrons are often operated in top-up mode, i.e. the electrons in the booster ring
are injected into the main ring at fixed intervals to maintain a constant ring current. The
main “ring” is comprised of linear segments, housing the undulator or wiggler insertion
devices, which are connected by dipole bending magnets. The radiative energy losses
in an electron bunch are compensated by entering a radio frequency (RF) cavity, whose
frequency matches a multiple of the revolution frequency of the electron bunches traveling
around the ring.

Synchrotron radiation provides tunable X-rays of high brilliance. The brilliance is defined
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Fig. 2.9: Schematic of a 3rd generation synchrotron radiation facility. From a suitable electron
gun, electrons are injected into the storage ring after being accelerated to the final energy in the
booster. The storage ring is not circular but contains straight sections housing the insertion devices,
which are connected together via bending magnets. A radio frequency (RF) cavity replenishes the
radiative energy loss of the electron bunches in the synchrotron.

as [106]

Brilliance =
photons/s

(mrad2)(mm2)(0.1%BW)
. (2.27)

In addition to extremly high photon fluxes, the radiation is characterized
by a high angular collimation, small source area and definite spectral band-
width.

Accelerated charged particles, such as electrons forced on an arc of a circular trajectory in
a bending magnet, emit synchrotron radiation [108]. Due to the relativistic velocity of the
electrons (v ≈ c, with c the speed of light), the emitted radiation in the reference system
of an observer is collimated into a half angle [105].

θ ≈ 1
2γ

, (2.28)

with the relativistic Lorentz factor γ = 1√
1−β2

and β = v
c . Note, that forward “fo-

cussing” of emitted radiation is a common observation for a moving source, even
at non-relativistic speeds [103], however for γ � 1 the collimation effect is ex-
treme.

The energy spectrum of a bending magnet can typically span a broad energy range, in
general from the infrared to the X-ray regime [106]. Qualitatively, this can be understood
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2.8 Near-Edge X-Ray Absorption Fine Structure

from the uncertainty principle ∆E∆τ ≥ h̄
2 . According to Eq. (2.28) the radiation cone

has a small finite width, implying that an extremely short synchrotron radiation pulse
∆τ is observed every time an electron passes by at a certain beamline. Fourier analysis
dictates that a short time signature is composed of a broad frequency band. A rigorous
treatment [104, 105] yields a characteristic photon energy of

h̄ωc[keV] = 0.665Ee[GeV]B[T] . (2.29)

The characteristic photon energy is defined as the median value of all emitted photon
energies dividing the spectrum in such a way that 50% of the power is emitted at lower
photon energies and the other 50% at higher energies. The radiation produced at a bending
magnet can then be used at the end-station of a beamline, after being suitably monochrom-
atized. To this purpose, grating monochromators are commonly used to monochromatize
soft X-ray radiation and select the desired photon energy.

2.8 Near-Edge X-Ray Absorption Fine Structure

While XPS gives insight into occupied core levels, NEXAFS is a spectroscopy techniques
that probes the unoccupied states of atomic and molecular adsorbates. In particular,
NEXAFS is routinely used to determine the electronic structure and the orientation of
molecules adsorbed on solid surfaces [109].

In a NEXAFS measurement the energy of the exciting X-rays is scanned across an ele-
mental absorption edge corresponding to a given core level (often the K-edge of light
atoms such as C, N and O), starting a few eV below the ionization threshold and extend-
ing up to ∼50 eV above it [109]. The NEXAFS spectrum represents the photon energy
dependence of the elemental photoabsorption cross section for the specific system under
investigation. Fig. 2.10a shows the emerging unoccupied states in the atomic potential
of a diatomic molecule. This clarifies why photons with energies below the ionization
potential are absorbed: At the appropriate energy they can, in fact, excite a transition from
a 1s electron to an unoccupied molecular orbital (so-called resonant absorption). Fig. 2.10
also demonstrates the ability of NEXAFS to distinguish intermolecular bonds, since the
σ∗ and π∗ final states are clearly separated.

In Fig. 2.10b the angle dependence of a NEXAFS measurement is illustrated. Bonds and
their molecular orbitals display a preferred spatial orientation, which can be described by
the vector O. For linearly polarized light with the electric field vector E perpendicular
to the direction of propagation, the excitation into an unoccupied molecular orbital final
state is maximized if O and E strongly overlap. In the case of a transition from a 1s
intial state to an orientational molecular orbital (e.g. π∗), the transition dipole moment is
parallel to the molecular orbital direction O, so that the previous statment can be formally
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Fig. 2.10: (a) Energy diagram of a diatomic molecule schematically showing the effect of the atomic
potential for a 1s core level. In addition to the occupied molecular levels, unocuppied states well
below the vacuum level arise. Depending on the photon energy h̄ω, an electron in the 1s shell can
be excited to populate different final states giving rise to the characteristic absorption spectrum
on the right inset. (b) Angular dependence of the NEXAFS technique for a flat-lying diatomic
molecule. The signal intensity depends on the overlap between the electric field vector E and
the orientation of the final state molecular orbital O. In this example, a strong σ∗ resonance is
observed at normal incidence (top), whereas the π∗ signal increases when approaching grazing
incidence (bottom).

written in terms of a scalar product [110, 111]

I ∝ |E ·O|2 ∝ cos2 δ , (2.30)

where δ is the angle between the vectors E and O. Considering the diatomic molecule of
Fig. 2.10b, this implies that the transition to the σ∗ orbital displays a resonance for normal
incident X-rays, whereas the π∗ signal is maximized at grazing incidence, if the diatomic
molecule is lying flat on the surface. The opposite behavior would instead be observed
for a molecule standing upright on the surface. As the orientation of the empty molecular
states for a given molecule is often known, recording NEXAFS spectra at several angles
of the polarization relative to the surface gives insight into the molecular orientation in
adsorbed systems [110, 111].

Since a tunable photon energy and a high degree of linear polarization (> 80%) are
required, NEXAFS experiments need to be performed at synchrotron facilities. Due to the
nature of NEXAFS as absorption technique, the final state is not directly accessible. Rather,
the absorption process creates a core hole (e.g., in the 1s level for K-edge absorption),
which is subsequently filled. The remaining excited state is de-excited either via the
fluorescence decay or the Auger effect. In Auger electron yield (AEY) mode, these Auger
electrons can be detected with an electron energy analyzer. Therefore, the AEY mode is
easily accessible in a standard surface science end-station which typically encompasses
XPS facilities. The detection of Auger electrons offers further advantages: For elements
with small atomic number Z, the Auger effect is dominant over fluorescence, giving
strong intensities for elements such as C, N, O, and F; moreover, Auger electrons that
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2.8 Near-Edge X-Ray Absorption Fine Structure

are not inelastically scattered originate mostly from the surface layers. NEXAFS spectra
must be normalized before a reliable interpretation is possible. In this work, to remove
the contribution of the underlying substrate to the X-ray absorption signal, the adlayer
spectra are divided by the respective spectra of the clean substrate, and the resulting
intensity is normalized to an edge jump of 1 [112, 113].
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Chapter 3

Experimental Setups and Instrumentation

As outlined in Sec. 2.1, a UHV environment is necessary to control the experimental
conditions and allow surface-sensitive measurements such as XPS and LEED. A typical
UHV chamber is a stainless steel or µ-metal vessel with standardized flanges to connect
pumps, view ports, measuring equipment, gauges, etc. The UHV regime in such a
chamber is usually achieved by means of a single main pump, often a turbomolecular
or an ionization pump. These main pumps must be backed by suitable vacuum pumps
operating in high-vacuum and near-ambient conditions. Additional modular ionization,
sublimation or cryogenic pumps may be added to further reduce the minimal achievable
pressure.

In the following, the three experimental setups used within this thesis are pre-
sented, with reference to their principal characteristics and technical specifica-
tions.

3.1 The Spectroscopy Based Chamber – “PSD” at TUM

Most of the experiments presented in the thesis were conducted on a custom-built UHV
facility located at the Technical University of Munich (TUM) campus in Garching at
the chair E20 of “Surface and Interface Physics”. A schematic of the “PSD” chamber,
originally dedicated to photo-stimulated desorption measurements (hence PSD), and
of its vacuum system is shown in Fig. 3.1a. The chamber consists of a single vessel
with a large volume, offering sample preparation and analysis facilities. A load lock
with a magnetic transfer system is mounted on top of the chamber to enable sample
exchange. As indicated in Fig. 3.1a the chamber is pumped by a turbomolecular pump
(Pfeiffer Balzers TPU 180 H controlled with a Pfeiffer TCP 380 control unit and with
a nominal N2 pumping speed of 180 l/s), backed by a scroll pump (Edwards XDS35i
with a pumping speed of 35 m3/h), enabling to reach a base pressure of ∼1 · 10−10 mbar.
Additionally, a small Varian StarCell ion pump (20 l/s, Varian VacIon pump control unit)
together with a custom-made combination of a cold trap cryo pump and a titanium
sublimation pump (TSP) can push the pressure down to ∼3 · 10−11 mbar. The scroll
pump also serves as a the first stage for a differential pumping system necessary to allow
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3.1 The Spectroscopy Based Chamber – “PSD” at TUM

rotation of the analyzer stage.2 It also acts as the backing pump for two separate Pfeiffer
TMU 071 P turbomolecular drag pumps (60 l/s N2), which evacuate the differential
system and the load lock, respectively. The pressure in the vacuum chamber is monitored
by means of a standard ionization gauge. Connected to the main chamber is a gas
dosing system pumped by another Pfeiffer TMU 071 P turbomolecular pump combined
with a backing membrane pump: different gases (Ne, Ar, O2, CO, H2O) can be let in
through leak valves to permit sample preparation and manipulation in the main chamber.
The pressure in the gas dosing system is monitored via an ionization gauge in front
of the turbomolecular pump. The gas dosing system is itself separated from the main
chamber via two distinct valves: one is connected to a needle doser and controlled
pneumatically to allow precise gas exposures, the other is attached to the sputter gun for
sample cleaning.

A custom-built manipulator allows sample positioning in the x, y, z direction and rotation
around z, denoted as the angle φ (Fig. 3.1b). The home-made sample holders allow
radiative sample heating with filaments directly mounted beneath the crystal. Addition-
ally, high-voltage heating is possible by properly biasing the sample. Depending on the
substrate type, the crystals are held in place with tungsten clamps or molybdenum plates.
Furthermore, liquid nitrogen can flow through the manipulator allowing sample cooling
down to 88 K. The sample temperature and heating rate are monitored via a standard
K-type thermocouple junction (spot welded to the clamp or the molybdenum plate), and
a proportional-integral-derivative (PID) controller (Schlichting Physikalische Instrumente
HIS 130), respectively. This PID controller allows stable heating rates with an accuracy
within ±0.05 K/s.

As shown in Fig. 3.1b, the custom-designed chamber contains a SPECS Phoibos 100
CCD hemispherical electron energy analyzer with a PCO pixelfly camera for signal
transmission, employed for XPS and UPS analysis (1). XP spectra are recorded with
the SpecsLab2 software (2.74-r24090) also provided by SPECS. A home-built, standard
X-ray tube with a water-cooled twin anode provides non-monochromatized Al and Mg
Kα radiation with central photon energies of 1486.6 eV and 1253.6 eV, respectively (2).
Typically, the Mg anode operates at 200 W (20 mA, 10 kV), while the Al anode works
at 280 W (28 mA, 10 kV). An aluminum window prevents electrons from the emission
filament to reach the sample and separates the X-ray source compartment from the rest
of the chamber. As indicated in Fig. 3.1a, the X-ray source is directly pumped via the
Varian StarCell ion pump. The VUV Source HIS 13 (Omicron GmbH), a windowless
gas-discharge lamp, provides UV light in the form of He(I) radiation with a photon
energy of 21.2 eV (3). Furthermore, the chamber contains a custom-made TPD setup (4)
based on a Balzers QMA 140 quadrupole mass spectrometer inside a Feulner cap made of
copper [91]. Additionally, the mass spectrometer is mounted on bellows, allowing to drive
the device very closely to the sample surface. To further lower the background signal of

2 This feature was not exploited in this thesis but it is of advantage when transferring the chamber to
synchrotron facilities for polarization-dependent measurements.
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Fig. 3.1: Schematic side view of the “PSD” chamber. The vacuum system and its main components
are shown in (a), with the equipment for the main experimental techniques highlighted in the top
view in panel (b).

residual gases, the Feulner cap can be cooled via liquid nitrogen, acting as a cryogenic
pump. A titanium sublimation pump (TSP) is also built inside the Feulner cap and is
typically operated prior to experiments to specifically reduce the hydrogen background
pressure. In the front part of the chamber, a LEED device (BDL800IRLMX-ISH) from OCI
Vacuum Microengineering Inc. is mounted (5). Below the LEED apparatus, a Varian ion
sputter gun (model 981-2043) for sample cleaning is located (6). As noted, the gas inlet of
the sputter gun is connected to the gas dosing system, which allows the use of different
sputter gases, typically Ne or Ar. The directional needle doser (7) is connected to the
same gas dosing system, allowing directional exposure to reactive gases such as O2 or
H2O. A system of a pneumatic valve, a home-built integrator and a baratron pressure
gauge enables precise gas exposures. Finally, molecules and metals can be sublimated
from custom organic molecular beam evaporators (OMBEs) or ribbon evaporators which
can be attached to three dedicated ports simultaneously (9). In the OMBE, molecular
powders are evaporated from a quartz crucible located inside a heatable boron-nitride
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crucible. The ribbon evaporators sublimate metals by passing an alternating current
through a thin metal foil or through a tungsten wire around which the target metal wire
is coiled.

3.2 The Low-Temperature STM Setup at TUM

Low-temperature scanning tunneling microscopy (LT-STM) measurements were per-
formed at the LT-STM apparatus (Fig. 3.2) of Prof. W. Auwärter, hosted at the E20 chair.
Here, experiments were performed at ∼6 K and 10−10 mbar.

(a)
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Fig. 3.2: (a) Schematic side view of the LT-STM apparatus. (b) Simplified sketch of the cryostat
of the LT-STM instrument, adapted from Ref. [114]. (c) Schematic of the Besocke-Beetle scanner,
reproduced from Ref. [115].

The stainless steel UHV vessel shown in Fig. 3.2a was manufactured by VAb GmbH and
features two compartments for sample preparation and analysis, separated by a gate
valve to prevent contamination of the analysis chamber. The entire setup is framed on
a pneumatic damping system to decouple the scanner from low-frequency vibrational
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noise. In this LT-STM apparatus UHV conditions in both parts are mainly maintained
by ionization (or ion getter) pumps operating at 8 kV supplied by Gamma Vacuum. The
advantage of ionization pumps over turbomolecular pumps for STM operation is the
vibration-free pumping. Additionally, in the preparation chamber, two turbomolecular
pumps connected in series are needed to reach the 10−10 mbar regime. They act as a
support when working at elevated pressures during sample preparation and evaporator
outgassing and can be switched off during LT-STM operation. If needed, the pressure can
be further reduced by a Ti sublimation pump and cryogenic pump combination. The ion
getter pump in the preparation compartment can be closed off with a gate valve when
noble gases are introduced in the chamber for sputtering, thus preventing damages to the
pump itself.

Samples can be introduced into the preparation chamber via a dedicated load lock sys-
tem. Moreover, they can be stored inside the preparation chamber, allowing easy ex-
change of samples. The preparation chamber offers facilities for Ar+ sputter and sample
annealing, surface preparation, and structure determination with a LEED apparatus
(Omicron). The sample temperature is measured with a standard K-type thermocouple
attached to the sample holder and read with a digital thermometer/voltmeter combi-
nation. Samples are heated resistively by controlling the current with a power sup-
ply. The manipulator allows sample cooling with liquid nitrogen (LN2) or liquid he-
lium (LHe). Before transferring samples to the analysis chamber, the sample is pre-cooled
with LHe.

In the analysis (or simply STM) compartment, LT-STM measurements are performed,
allowing high-resolution microscopy due to reduced thermal effects and molecular dif-
fusion. To this end, a cryogenic system attached to the sample cools it down to ∼6 K.
The cryostat consists of a tank system, illustrated in Fig. 3.2b, with an outer and inner
container. The outer tank contains LN2 (T ∼77 K, V = 15 l), isolating the inner tank
filled with LHe (T ∼4 K, V = 4 l). Due to the low temperatures, the cryostat also acts
as massive cryo pump, trapping unwanted contaminants and keeping them away from
the scanner section. As indicated in Fig. 3.2b, to protect the SPM3 head from radiative
heating, the former is placed inside two metallic shields. Springs lift the scanner up
during measurements, additionally reducing vibrational noise via eddy current damp-
ing.

In the LT-STM chamber, a Createc SPM scanner is employed to perform STM measure-
ments. Fig. 3.2c shows a schematic of the Besocke-Beetle-type [116] scanner. A recess
is milled into the bottom plate to insert the sample. The coarse piezo elements together
with the three 120° symmetric ramps and the sapphire balls, enable vertical movement
to position the tip in the vicinity of the sample surface. To achieve sub-Å positioning
in the z-direction during STM scans, voltages are applied to the main piezo element.
A bias voltage is applied to the sample to induce electron tunneling during measure-
ments.

3 scanning probe microscope
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3.3 The PEARL Synchrotron Beamline End-Station

The Photo-Emission and Atomic Resolution Laboratory (PEARL) is a beamline dedi-
cated to surface science experiments at the Swiss Light Source (SLS), a 3rd generation
synchrotron light source. During this thesis the PEARL end-station was visited for several
experiments after successful evaluation of proposals and award of beamtime. The full
description of the end-station is found in Refs. [117, 118].

Sample transfer
Fast entry lock

Surface preparation
XPS/XPD

LT-STM

Fig. 3.3: Sketch of the UHV setup at the end-station of the PEARL beamline, taken from Ref. [118].
The facilities for XPS/XPD (green), LT-STM (blue) and surface preparation (red) are connected
via a central, rotary sample transfer chamber. A fast entry lock enables quick sample insertion of
up to four samples. XPD refers to the execution of X-ray photoelectron diffraction experiments,
SR to the incident synchrotron radiation beam.

Figure 3.3 illustrates the schematic design of the PEARL end-station. There is a distinct
compartment for X-ray-based techniques (green), another one for LT-STM (blue) and one
for surface preparation combined with a fast entry lock. The sample preparation chamber
offers facilities for sample cleaning (Ar+ sputter and radiative annealing), residual gas
analysis and structure determination (LEED). Sample preparation via molecular beam
evaporation can be performed from evaporators attached to three distinct ports or from
an internal molecular beam evaporator offering six slots for materials that sublimate
below 900 K. Moreover, samples can be heated to ∼1000 K and cooled down to ∼100 K in
dedicated heating and cooling stages on the sample manipulator. The manipulator allows
sample positioning in the x, y and z directions, along with rotations around z denoted as
φ. Wobble sticks allow to pick up the sample from the transfer system or move it between
heating and cooling stages. The base pressure in the preparation stage is typically in the
low ∼10−10 mbar range.

As illustrated in Fig. 3.3, the three main components of the end-station are connected
via a circular, rotary sample transfer system; gate valves separate and protect different
compartments. The central transfer system operates at room temperature. However, a
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cooled sample from the preparation chamber can be transfered quick enough to avoid
temperatures above 200 K. In the LT-STM compartment, an Omicron LT-STM setup
driven by a Matrix electronics is used for real-space characterization. The damping system
strongly decouples the STM from the vibrational noise of the remaining end-station, even
suppressing the usually detrimental effects of the positioning and movement of the XPS
manipulator on the STM acquisition. The base pressure in the LT-STM stage is 10−10 mbar
and potentially an order of magnitude lower inside the cryostat, where the sample is
cooled down to below 5 K.
The core components of the XPS chamber operating at 10−10 mbar pressure are its six-axis
manipulator and the Scienta EW4000 hemispherical analyzer. The Carving 2.0 manipulator
allows sample movement in three spatial directions and three angles, a polar rotation
between 0–180°, a tilt rotation of −28 to 28° and an azimuthal rotation −180 to 180°.
The manipulator can be cooled with LHe, reaching a minimum temperature of 35 K.
Synchrotron radiation is provided by a 1.4 T bending magnet with a critical energy of
5 keV. This setup offers a smooth photon spectrum for energies between 60 to 2000 eV,
with a maximum photon flux of 1.7 · 1011 photons/s and an maximal energy resolution
of ∼100 meV in XPS. Due to the tunable photon energy several X-ray based techniques
can be employed, namely XPS, ARPES, NEXAFS and X-ray photoelectron diffraction
(XPD).

Being able to operate all three subsystems independently greatly enhances working
efficiency and makes it possible to investigate three samples simultaneously, a very
convenient feature of the PEARL end-station. Moreover, the availability of STM, LEED
and spectroscopy techniques in the same setup enables to correlate structural and elec-
tronic properties of a given sample in a precise way. This is of great value for the
study of complex surface systems and represents, undoubtedly, a notable advantage
of the PEARL end-station over other synchrotron beamlines for surface science analy-
sis.

32



Chapter 4

Engineering and Characterizing Highly
Regular Organometallic Networks on a
Model Metal Surface

4.1 Introduction

In supramolecular chemistry scientists investigate how individual molecular building
blocks, so-called tectons, can be combined via various noncovalent intermolecular interac-
tions, such as hydrogen bonding, metal-ligand coordination bonding, van-der-Waals, and
acid-base interactions, to form organized, supramolecular structures [24]. By definition,
supramolecular chemistry relies heavily on the interaction-mediated self-assembly of
individual tectons into molecular architectures. One class of these hierarchical structures
are metal-organic frameworks (MOFs), which comprise a symmetry-donating secondary
building unit, consisting of a metal atom surrounded by ligands, and typically linked by
organic molecules in reticular synthesis to construct extended, porous polymers [119].
These MOFs, along with other supramolecular architectures, have been studied exten-
sively due to their great flexibility and adaptability towards application in diverse fields
such as photocatalysis, heterogeneous catalysis, proton conductors and gas storage [20,
120–123]. Concomitantly, surface scientists have studied self-assembling, increasingly
complex organic or bio-inspired molecular systems on single-crystal surfaces [26], since
they hold promise as candidates for nanotechnology applications [124]. Specifically, the
progressive miniaturization of transistors – Intel® is using a 14 nm standard for its CPU
transistors, consisting of ∼70 silicon atoms – has intensified the search for bottom-up fab-
rication protocols. This resulted in advances in the on-surface synthesis under UHV con-
ditions of one-atom thick, novel light-element-based materials, such as graphene, hexago-
nal boron-nitride and graphyne-related materials. In particular, exploiting prototypical
surface-assisted reactions such as Ullmann-type coupling reactions [125–127] and the ho-
mocoupling of terminal alkynes [40], 1-D atomically precise graphene nanoribbons [125],
poly-para-phenylene [126] as well as graphdiyne nanowires [128] have been successfully
synthesized. In general, these self-assembly and on-surface synthesis strategies can also
provided a suitable toolbox to investigate 2-D surface-confined supramolecular chemistry,
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thus blurring the boundaries between the two disciplines. Single-layer metal-organic and
organometallic networks (MONs/OMNs) are a prime example of this interplay since they
inherently rely on the initial supramolecular self-assembly of molecular precursors, before
undergoing a metal-linker coupling reaction. The metal-ligand interaction thus harnessed
is stronger compared to other noncovalent interactions, offering higher stability along
with directionality and selectivity [129]. Although MONs have reduced dimensionality
compared to extended MOFs, they are not less intriguing, since they can be applied to the
controlled engineering of functional interfaces. For example, MONs can stabilize exotic
oxidation states of the complexed metal centers [34, 130, 131], beneficial to heterogeneous
catalysis and photocatalysis, mimic enzyme scaffolds [18], and serve as a template for
1-D or 2-D magnetic particle arrays [6] with applications in spintronics [132–134] and
quantum computing [23]. A surface-confined MON is comprised of metal centers linked
by suitably functionalized molecular linkers. In UHV conditions, both materials are
sublimated either via a Knudsen cell, an electron-beam or a ribbon evaporator. Although
rational design principles can be applied to determine topology and properties of MONs,
the confinement by the single-crystal substrate may induce severe deviations from the
3-D case, predominantly due to the interplay of metal-molecule, molecule-molecule and
molecule-surface interactions [129]. The surface itself may act as a ligand [135, 136],
which can accept charge in the case of a conducting substrate and hinders coordination
from below. In addition, sublimated metals may actually prefer alloy formation over
coordination, depending on the surface energy [137]. Despite these complications, a
plethora of molecular linkers and metal centers have been combined to form 1-D and 2-D
regular structures with various symmetries [129].

There is, however, one major hurdle: While 1-D supramolecular structure fabrication
is highly regular, with great flexibility and tunability, the interfacial engineering of 2-D
architectures remains challenging and is severely hampered by the simultaneous opening
of multiple reaction channels. More precisely, as the supramolecular structures must
form via self-assembly, mild thermal annealing is usually necessary to facilitate diffusion
of linkers and metal centers. Consequently, different reaction pathways for molecule-
molecule or molecule-substrate reactions become energetically available, competing
with the metal-ligand interaction channel that leads to MON formation, and often cause
assembly into irregular structures. To overcome this major drawback, we investigated a
distinct approach where the chemical transformation of a pre-adsorbed molecular species
is triggered via an Eley-Rideal type mechanism [138], rather than by thermal annealing.
In an Eley-Rideal surface reaction of a bimolecular system, one molecule A adsorbs on
the surface yielding a A(ads) species, while the other molecule, B, directly reacts with
this adsorbed species from the gas phase

A(ads) + B(g) −−→ Products (4.1)

This is at variance with the more-common Langmuir-Hinshelwood mechanism, where
both molecules adsorb on the surface before reacting, as is the case of the archetypal
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oxidation reaction of carbon monoxide with molecular oxygen on platinum catalysts,
2 CO + O2 −−→ 2 CO2 [67].

In this chapter we elucidate the implications and the potential of this unusual strat-
egy in four steps. In the first step, we investigated the gas-mediated reaction pro-
tocol, by exposing submonolayer assemblies of pre-adsorbed terminal alkynes of
1,3,5 – tris(4-ethynylphenyl)benzene (ExtTEB) (cf. Fig. 4.1) to molecular oxygen. We
show that the substrate temperature is crucial for an oxygen-induced deprotonation
of the alkyne groups to happen as well as for the subsequent ordering of the resultant
tectons. In particular, by combining LEED, STM, XPS and density functional theory (DFT)
analyses we identify the emergence of an alkynyl-Ag-alkynyl bonded honeycomb net-
work with micrometer sized domains, featuring a (7

√
3 × 7

√
3)R30° superstructure. In

this gas-mediated approach potential oxygen-containing reaction products desorb from
the surface, preventing poisoning. During the subsequent annealing step, the deproto-
nated ExtTEB molecules interact with thermally promoted silver adatoms liberated from
the substrate, establishing alkynyl-Ag-alkynyl bonds. Importantly, the Ag-bis-acetylide
bridges have covalent character and form a distorted Kagome lattice. In contrast, oxygen
coadsorption at 90 K turns the reaction into a de-facto Langmuir-Hinshelwood process,
whereby only irregular structures develop.

16.27 Å

Fig. 4.1: Schematic of the terminal alkyne 1,3,5 – tris(4-ethynylphenyl)benzene (ExtTEB)
molecule.

At this point, an interesting question then naturally arises: Can the gas-mediated reaction
scheme be applied to other monomers containing terminal alkyne functional groups?
This is of paramount importance, as a positive answer would offer a viable route to
tune the electronic properties of 2-D OMNs by simply modifying the functionality of
the molecular backbone of the individual constituents. In fact, the surface and interface
science community has been pursuing this goal for a long time. To this end, in a second
set of experiments a smaller analogue of the ExtTEB molecule, the TEB precursor shown
in Fig. 4.2a was investigated to test its potential for network formation. The experiments
were mainly conducted using XPS and LEED, as we anticipated the signature of the
relevant reaction steps to be similar to the case of ExtTEB, and the results were partly com-
plemented by STM measurements. Upon exposure to molecular oxygen, deprotonation
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was observed spectroscopically, corroborated by distinct changes in the LEED pattern
compared to the self-assembled molecular (sub)monolayer. Furthermore, oxygen-treated
TEB is more strongly bonded to the Ag(111) surface, evidenced by the fact that the de-
protonated TEB does not desorb upon annealing, whereas pristine TEB molecules desorb
below 330 K [40]. Annealing the deprotonated molecules to 400 K leads to further changes
in LEED, resulting in a smaller but geometrically similar assembly as observed for the
ExtTEB network, with STM measurements supporting the formation of an organometallic
TEB polymer, akin to ExtTEB.

Sequential deposition or codeposition schemes for the fabrication of metal-containing
organic networks rely on the structured molecular self-assembly and the incorporation
of the metal into an organic scaffold, as exemplarily shown in Ref [8]. This approach
thus offers the advantage of a flexible, variable metal center insertion. In contrast, the
formation of the organometallic TEB/ExtTEB networks is inherently less flexible, since it
relies on the silver surface to catalyze the oxygen-mediated terminal alkyne deprotonation.
Consequently, in the following annealing step only silver adatoms liberated from the
substrate participate in the formation of the organometallic network. Therefore, to
overcome this limitation, we were interested in the (post-synthetic) modification of the
alkynyl-Ag-alkynyl honeycomb networks upon replacement of silver with another metal.
To this purpose, the insertion of copper and bismuth in the TEB networks, as well as
copper and nickel in the ExtTEB networks was explored. Metal modification would open
up routes for the formation of ordered OMNs with tunable characteristics and possibly
even guide the synthesis of more robust covalent, graphdiyne-like architectures. With
this in mind, in a third set of experiments, the different effect of metal post-deposition
on the OMNs was investigated by LEED and XPS, the former technique highlighting the
preservation or disruption of the structural order, the latter probing the oxidation state of
the inserted metal species. In particular, while Ni is found to destroy OMNs, Cu atoms
can be incorporated without loss or change of periodicity; conversely, a more complex
behavior was induced by the Bi deposition with a number of new structures observed,
depending on the exact reaction conditions.

Finally, in a fourth step the electronic structure of the highly ordered single-layer alkynyl-
Ag-alkynyl OMNs was studied by ARPES. Additional data were collected by local STM
imaging and scanning tunneling spectroscopy (STS) measurements performed by W.
Hu, L. Chen, K. Wu and Y. Zhang at the Institute of Physics, China: These are only
briefly discussed in this thesis. It is envisaged that the gas-mediated network formation
offers clear advantage compared to other formation schemes of extended polymers, in
that a rigid monomer building block self-assembles in an ordered way prior to network
formation. Also, the specific nature of the alkynyl-Ag-alkynyl bond allows for self-repair,
thus reducing the amount of undesired side products and defects. The electronic structure
of the resultant 2-D network is expected to be highly interesting, as they represent the
organometallic analogue of a graphdiyne network and the hexagonal lattice together with
the intercalated silver atoms form a distorted Kagome lattice that potentially introduces
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delocalized states and topological features. Indeed, our experiments, supported by
DFT calculations, evidence electronic band formation with a band gap of 2.7 eV and the
presence of an exotic Kagome electronic state.

This chapter is structured in the following way. After a description of the experimental
details (Sec. 4.2), the successful, proof-of-principle application of the O2 gas-mediated re-
action to the formation of highly ordered OMNs is discussed in Sec. 4.3, followed by the il-
lustration of the generality of the reaction scheme (Sec. 4.4). The attempts to post-synthetic
metal modification are described in Sec. 4.5, while the insight into the OMN’s electronic
structure is presented in Sec. 4.6. The results are summarized and put into perspective re-
garding future research projects in the conclusions (Sec. 4.7).

4.2 Experimental Details

The experiments described in the following sections were performed at several different
facilities, specifically the TUM-based PSD chamber presented in Sec. 3.1, a LT-STM ap-
paratus also hosted at the E20 chair, and the PEARL end-station of Sec. 3.3. In addition,
STM/STS measurements were performed by coworkers at the Institute of Physics of
the Chinese Academy of Sciences in China (IoP, Beijing, China). In the following, the
respective chambers will be designated as PSD, JT-STM, and PEARL. In the initial in-
vestigation of the in-situ synthesis of highly regular organometallic porous networks by
terminal alkyne molecules, the JT-STM and PSD chamber were primarily used. The STM
measurements at the Joule Thomson STM (JT-STM) were performed by T. Paintner, R.
Hellwig and Y. Zhang. The subsequent investigation of the electronic structure of the
OMNs was performed at the PEARL end-station, enabling spatially averaged ARPES
measurements complemented by LEED and STM, and the IoP LT-STM chamber, using
the local STS technique. The STM and STS measurements at IoP were performed by W.
Hu, L. Chen, K. Wu and Y. Zhang. Finally, the investigation regarding the generality
of the reaction scheme and post-synthetic modification were mainly performed in the
PSD chamber with additional STM data taken at the PEARL end-station. In all labora-
tories atomically clean Ag(111) samples were prepared by repeated cycles of Ne+/Ar+

sputtering (acceleration: 1 keV, sample current: 15 µA, duration: 15–20 min) at 300 K
before restoring the surface order by annealing at 725 K for 20 min. As a substrate ei-
ther single-crystal Ag(111) (PSD, JT-STM, PEARL) or a Ag(111) film grown on mica (IoP
LT-STM) were used, with no apparent differences evidenced in STM measurements. The
cleanliness of the sample was typically assessed by XPS and/or STM prior to molecular
deposition. The ExtTEB molecules were evaporated with a home-built organic molecular
beam evaporator (OMBE) by heating the inner quartz glass crucible to a temperature
between 425–445 K. Before introducing the OMBE into the UHV chamber, the evapora-
tor was baked at 365 K for at least 14 h while being constantly pumped by an external
turbomolecular pump to remove contamination. The molecular powder was outgassed
by heating in steps of 20 K up to 450 K, slightly above the evaporation temperature, for
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∼5 min. ExtTEB molecules were synthesized by S. Klyatskaya according to a procedure
described in Ref. [139]. TEB molecules were purchased from Sigma Aldrich with a purity
of 97%. To avoid temperature induced polymerization observed for TEB molecules in
standard organic beam evaporation, the dedicated needle doser shown in Fig. 4.2b was
built for sublimation. As indicated in Fig. 4.2b, the TEB powder is located in a glass vial
connected to the needle via a CF16 flange. One of the manual valves allows evacuation of
the glass vial volume by an external turbomolecular pump, which is used to clean the
powder initially and reduce the vapor pressure prior to the actual sublimation inside the
main chamber. Pumping the TEB powder for 3 h with the external turbomolecular pump
was sufficient to reduce contamination below XPS detection levels. Note that prolonged,
continuous pumping after the initial cleaning procedure induces severe polymerization
of the molecules, as evidenced by a change in color from beige to a brownish-like shade.
The second manual valve allows the TEB sublimation into the main chamber, typically
increasing the chamber pressure up to 1 · 10−8 mbar. Before introducing the needle doser
into the main chamber, the bellows and respective needle connection, excluding the test
tube, were baked at 465 K for 12 h or longer.

Manual valve

Turbomolecular
pump

TEB

(a) (b)

8.78 Å

Fig. 4.2: (a) Molecular structure of 1,3,5 – triethynylbenzene (TEB). (b) Schematic of the dedicated
TEB needle doser design.

The samples were exposed to molecular oxygen O2 via a directional needle doser (PSD)
or by chamber backfilling (PEARL, JT-STM, IoP LT-STM) with the Ag(111) substrate held
at 200 K. In order to induce the network formation, deprotonated ExtTEB/TEB samples
were annealed at 400 K and 450 K respectively, after the O2 partial pressure decreased
appreciably and the UHV base pressure was restored.

Cu and Ni metals were evaporated from a home-built metal ribbon evaporator comprising
a quartz crystal microbalance (QCMB). In the case of Ni, a highly pure metal foil of 0.2 mm
thickness purchased from GoodFellow GmbH was cut into a ribbon with dimensions
of 15 × 20 mm2 and clamped in between two copper rods. An AC current was passed
them, powered by the AC output from an audio amplifier. For Cu evaporation, a highly
pure copper wire, also supplied by GoodFellow GmbH, was wound around a central
tungsten (W) “host” wire, with an additional W wire braided in spiral fashion around
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the other wires. In this setup, part of the Cu wire melts and evaporates, but also wets
the W braiding, preventing droplet formation. To achieve controlled, reproducible metal
evaporation, the power output of the amplifier was adjusted until the metals were glowing
and a constant flux could be monitored on the QCMB. As metallic Bi is typically supplied
in the form of flakes and grains (GoodFellow GmbH), a distinctly designed home-built
evaporator featuring a T-shaped full-metal crucible was used. Here, Bi is loaded into
the base of the T-shaped crucible with the two ends of the T-bar opening to a QCMB for
monitoring the metal vapor flux and the sample, respectively. Additionally, a standard K-
type thermocouple is spot welded to the metal crucible enabling temperature reading. The
same audio amplifier was used to power the evaporator.

The custom-designed PSD chamber operated at a base pressure of < 2 · 10−10 mbar which
could be reduced to 3 · 10−11 mbar when operating the liquid nitrogen cold traps. As
discussed in more detail in Sec. 3.1, the PSD chamber comprises facilities for sample
cleaning and preparation, LEED, TPD and XPS. The sample temperature is monitored by a
standard K-type thermocouple attached to the side of the Ag(111) single-crystal substrate
and heating rates are adjusted with a PID controller.

The TPD measurements were performed by positioning the sample in the close vicinity
(∼1 mm) of the mass spectrometer housed inside a Feulner cap (cf. Sec. 3.1). To further
reduce the residual background pressure in the mass spectrometer, its dedicated liquid
nitrogen trap and titanium sublimation pump were used. Since we were interested in the
reaction products of an on-going gas-mediated reaction, a mass range covering potential
reaction products was monitored over time, while simultaneously exposing the sample to
O2 gas by chamber backfilling. To avoid side effects from electron beam or X-ray irradia-
tion, TPD experiments were performed on freshly prepared samples only. XP spectra at
the PSD chamber were recorded with the SPECS Phoibos 100 hemispherical analyzer setup
described in Sec. 3.1. The data were acquired using the SpecsLab2 software interfacing the
CCD detector unit. A standard dual twin-anode source provided non-monochromatized
X-ray radiation in the form of Mg and Al Kα radiation. Standard spectra were recorded in
medium area (MA) lens mode with 15 eV pass energy. To improve the energy resolution,
particularly interesting spectra were recorded at a reduced 10 eV pass energy in large
area (LA) lens mode to compensate for the concomitant intensity loss. All spectra were
recorded in normal emission (NE) geometry. The binding energy scale was referenced to
the Ag 3d5/2 core-level line at 368.27 eV [96]. The LEED measurements were performed
using the OCI Vacuum Microengineering (BDL800IRLMX-ISH) apparatus with the sam-
ple held at 90 K (if not stated otherwise) to improve image quality and reduce damage
due to the electron beam. Since the sample is tilted by 7° with respect to the manipulator
in the PSD facility, the zero-order diffraction spot does not align with the electron gun
projection. The experimentally obtained LEED patterns were compared against simulated
superstructures generated with the LEEDpat software [140].

The JT-STM operated at a base pressure of 2 · 10−10 mbar and was used to investigate the
topography of the molecular precursor and the formed networks via STM. The facility
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comprised equipment for ion sputtering and annealing, organic thin film deposition by
means of organic molecular beam epitaxy (OMBE), and a commercial Joule-Thomson
STM. All STM data were taken and analyzed by Y. Zhang and coworkers with the
WsXM/Gwyddion [141, 142] software.

ARPES data were acquired at the PEARL end-station (cf. Sec. 3.3, bending magnet port
X03DA) of the SLS [118]. For the ARPES measurements, photon energies of 62 eV and
100 eV were used to maximize the surface sensitivity. The photoelectrons were monitored
by a Scienta EW4000 wide acceptance angle hemispherical electron energy analyzer with
2-D detection (kinetic energy and emission angle). The angle between the incoming X-ray
beam and the analyzer lens is fixed at 60°, with the electric field vector of the synchrotron
radiation, the X-ray beam and the analyzer in the same horizontal plane. As outlined in
Ref. [118], the PEARL end-station operates in converging light mode. This means that
the first element of the beamline comprises a focusing mirror, reducing the size of the
synchrotron beam profile, followed by a plane grating monochromator (PGM). Essentially,
this setup reduces the spot size on the grating, avoiding over-illumination and thus mak-
ing efficient use of the incoming photon flux. The monochromator is based on a Si bulk ma-
terial and a Au coating [117], enabling an ultimate resolving power of E/∆E = 7000 [118].
The high-precision six-axis Carving 2.0 manipulator (cf. Sec. 3.3) allows translation and
rotation in three directions, respectively. In addition, the manipulator can be LHe-cooled
translating into a minimum sample temperature of ∼60 K. Notably, the long-range order
and the local structure of the same samples probed by XPS and ARPES were confirmed
beforehand by LEED and STM, respectively. The LT-STM instrument from Omicron
Nanotechnology GmbH was operated at 4.2 K.

Relevant XP spectra were fitted with the CasaXPS software [143] by first subtracting a
suitable background. A Shirley-type background [144] was employed for the C 1s and
Bi 4 f core level. For the Cu 2p and Ni 2p binding energy range, the background shape
was deduced from experiments. In fact, the respective Cu and Ni 2p core-level regions
overlap to a certain extent with Auger peaks of the Ag(111) substrate excited with Mg Kα

X-rays, resulting in sloped background shapes. In both cases, the binding energy range
corresponding to the Cu 2p3/2 and Ni 2p were recorded for clean Ag(111) and fitted with
splines. These splines were assumed to define the background of the subsequent metal-
employing experiments. Individual peak components of the C 1s core level were modeled
by a so-called Gaussian/Lorentzian sum form (SGL), which is the sum approximation of
the Gaussian-Lorentzian convolution (Voigt function) [145]. The mixing parameter p of
the SGL(p) approximation can vary between 0 and 100, where 0 indicates a pure Gaussian
and 100 a pure Lorentzian. Since metal core levels typically feature asymmetric lineshapes,
the LA lineshape was employed. This three-parameter lineshape LA(α, β, m) [143], is
basically still a Gaussian-Lorentzian convolution, with the parameter m determining the
Gaussian contribution. The parameters α and β allow for asymmetry by modifying the
Lorentzian contribution to the overall lineshape. For Bi, Cu, Ni and Ag metal species,
an ideal lineshape was derived from thin metal films or the clean substrate crystal,
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Parameters

Metal α β m

Ag 1.25 1.55 200
Bi 0.8 1.85 190
Cu 1.0 1.0 185
Ni 1.1 2.2 210

Tab. 4.1: Optimal parameters of the LA(α, β, m) lineshape for different metals.

respectively. The optimal parameters for each metal are summarized in Tab. 4.1 (the
choice for the Ni the lineshape was motivated in Ref. [146]).

4.3 In-Situ Synthesis of Highly Regular Porous Organometallic
Networks by a Precursor Molecule with Alkynyl Moieties

This chapter includes and expands on content that was published in

Y.-Q. Zhang, T. Paintner, R. Hellwig, F. Haag, F. Allegretti, P. Feulner, S. Klyatskaya,
M. Ruben, A. P. Seitsonen, J. V. Barth & F. Klappenberger. Synthesizing Highly Regular
Single-Layer Alkynyl-Silver Networks at the Micrometer Scale via Gas-Mediated Surface
Reaction, J. Am. Chem. Soc. 141, 2019, 5087–5091. Copyright 2021 American Chemical
Society

STM measurements were performed by
R. Hellwig, T. Paintner, Y. Zhang

The molecule was synthesized by
S. Klyatskaya and M. Ruben

DFT calculations were performed by
A. P. Seitsonen

Oxygen- and temperature-induced evolution of the local molecular pack-
ing for submonolayer assemblies. Depositing ExtTEB molecules on Ag(111) held
at 200 K leads to well-ordered, compact self-assembly as shown in Fig. 4.3a and pre-
viously described by Kepčija et al. In Fig. 4.3b their proposed unit cell is shown with
ExtTEB molecules overlaid [139]. The superstructure unit cell is spanned by two vec-
tors s1 and s2 with lengths |s1| = |s2| = (1.99± 0.05) nm and an enclosed angle of
(119.9± 1.0)°.
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(c)(a) (b)

(d) (f)
(e)

Fig. 4.3: (a) ExtTEB adsorbed at 200 K on a Ag(111) substrate leads to ordered self-assembled
structures (UB = 1.00 V, I = 0.10 nA). (b) High-resolution image of the ExtTEB self-assembly
with the unit cell shown in black and the molecule superimposed (UB = 1.00 V, I = 0.10 nA). The
ExtTEB molecular geometry was optimized for the gas-phase with the ORCA software [147]. (c)
Effect of O2 exposure on the ExtTEB self-assembly at 200 K (UB = −0.50 V, I = 0.10 nA). (d)
Zoom-in into the white, dashed square region indicated in (c), recorded at UB = −0.20 V, I =
0.10 nA. Strong depressions at the edges of the islands are observed, indicative of ionic hydrogen
bonding (see text for more details). (e) Effect of annealing the dense, oxygen-exposed phase to
250 K, imaged with UB = −0.10 V and I = 0.10 nA. Organometallic dimers and oligomers are
formed, highlighted in the inset with an overlaid gas-phase optimized DFT simulation of ExtTEB
(UB = −0.20 V, I = 0.10 nA). (f) Formation of a highly regular network upon annealing the
sample at 375 K. The substrate high-symmetry directions are indicated by black lines in (a) and
white lines in (b). Data reproduced from Ref. [78].

The individual ExtTEB molecules appear as triangular protrusions in the STM images,
clearly reflecting the three-fold symmetry of the ExtTEB monomer. Annealing the com-
pact ExtTEB phase to mild temperatures around 400 K leads to homocoupling reactions
between the terminal alkynes moieties, forming a covalent yet disordered network as
elucidated in STM and XPS measurements by Zhang and coworkers [40]. The random
linking, and high tendency to form defects are major drawbacks for on-surface synthe-
sis strategies, occurring in most of the established reaction protocols, such as Ullmann
coupling, Glaser coupling and alkyne coupling [39, 43]. Recently, progress has been
made to remove unwanted side products in Ullmann coupling reactions [38, 148], in a
very similar fashion to Weinbergs Eley-Rideal type surface chemistry [138]. Therefore,
inspired by that idea, the ExtTEB precursor is to be modified prior to thermal treatment.
In solution, terminal alkynes are readily deprotonated by strong bases such as NaNH2 to
form acetylide species, i.e. formally ionic molecules of the form R – C ––– C– . On the other
hand, molecular oxygen was found to be able to adsorb in a metastable transient O2

δ – -
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state on the Ag(111) surface [149] and thus can potentially serve as a basic reagent. The
impact of O2 exposure on the ExtTEB assembly held at 200 K is demonstrated in Fig. 4.3c,
showing a transition from nanoporous to densely packed islands. A high resolution STM
image of the island in the dashed white box is outlined in Fig. 4.3d. Individual ExtTEB
molecules have maintained their triangular shape, but are now packed in a configura-
tion which strongly resembles the ionic hydrogen bonding motif C – H···π – δ observed
after hydrogen abstraction in the terminal alkyne functional group of ExtTEB/Cu(111)
upon annealing at 300 K [150]. In this case, the negatively charged acetylide group is
stabilized by interacting with hydrogen atoms located at the central benzene and periph-
eral phenyl moieties of the ExtTEB molecule. This interpretation is corroborated by the
occurrence of dark depressions, exemplary indicated by the black arrow in Fig. 4.3d, at
the edges of the island. Here, the charged state of the acetylide cannot be compensated by
a neighboring ExtTEB molecule, thereby interacting with the substrate and transferring
its excess charge, in such a way that electron depletion occurs and a downward titled
acetylide species forms [150, 151]. Figure 4.3e illustrates the formation of organometallic
dimers, trimers and higher-order oligomers in addition to the densely-packed phase,
upon heating the sample to 250 K. The organometallic character is clearly evidenced by
the single, circular protrusion between adjacent ExtTEB units in the inset of Fig. 4.3e. In
particular, the presence of such a circular protrusion has been theoretically predicted for
Ag-bis-acetylide complexes (R – C ––– C – Ag – C ––– C – R) by DFT calculations [40]. Finally,
annealing at 375 K (Fig. 4.3f) induces the formation of a regular alkynyl – Ag – alkynyl
network, extending up to the µm-scale [78]. Individual ExtTEB molecules, as well as
impurities can be trapped in the network as seen inside the dashed, white square of
Fig. 4.3f.

Chemical-state analysis of ExtTEB precursors during network evolution.
We further supported the STM interpretation of the proposed reaction steps with com-
plementary XPS measurements. Fig. 4.4 shows the carbon and oxygen core levels for
pristine, oxygen exposed and subsequently annealed ExtTEB on Ag(111). In addition,
we fitted the C 1s core level with three components as illustrated in Fig. 4.4c, whose
ratio of 5:3:2 is rationalized by DFT-optimized calculated XP spectra from Ref. [78]. The
individual carbon components were further constrained to the same full width at half
maximum (FWHM). The main peak component indicated in blue is attributed to purely
sp2 hybridized carbon in the benzene and phenyl moieties, while the carbon atoms of
the benzene/phenyl and phenyl/ehtynyl links (yellow) appear at higher binding energy.
The orange carbon species correspond to the sp hybridized carbon atoms of the ethynyl
groups and are found at lower binding energy, as is also experimentally observed, e.g.
in Refs. [152, 153]. Initially, we observe a single, broad peak in the C 1s core level when
ExtTEB is deposited on the Ag(111) surface at 200 K. From the curve-fitting analysis in
the bottom spectrum of Fig. 4.4a it is apparent that the binding energies of the sp and
sp2 hybridized carbon species strongly overlap (cf. Tab. 4.2), with the former centered at
284.6 eV and the latter at 284.9 eV. For the O 1s core level only the bare silver is observed.
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Following an oxygen exposure of ∼6000 L with the substrate at 200 K, the peak center-
of-mass shifts to lower binding energy (middle spectrum of Fig. 4.4a). Specifically, the
binding energy of all sp2 hybridized carbon species is lowered by ∼0.4 eV, while the sp
carbon shifts in the same direction but by 1.2 eV. Low binding energy shifts of the entire
molecule have been reported for on-surface Ullmann-type dehalogenation [154] and CH
activation reactions [155]. They are often rationalized in terms of charge transfer from
the substrate to the molecule due to an enhanced chemical bonding between the former
and the latter [150, 151]. The relatively stronger shift of the orange peak component
is a reliable XPS fingerprint of a carbon-metal-carbon (C – M – C) bond [154, 156–158].
However, the STM image of Fig. 4.3d does not evidence such an alkynyl-Ag-alkynyl link.
Consequently, we interpret the strong binding energy shift of the orange sp component in
Fig. 4.4 as a deprotonation reaction and the concomitant strong interaction [159] between
the acetylide moieties and the underlying silver substrate [150, 155]. Interestingly, the
deprotonated carbon species comprises ∼19% of the total area, implying that (i) the
ExtTEB layer is completely deprotonated [40] and (ii) both sp carbon atoms of the ethynyl
functional group are affected, corroborating the initial carbon species assignment of
Fig. 4.4c. Finally, upon annealing the sample at 375 K to achieve the network structure
of Fig. 4.3f, all peak components in the top spectrum of Fig. 4.4a shift slightly back to
higher binding energy by ∼0.2 eV. Since we clearly observe round protrusions linking
individual ExtTEB precursors to neighboring molecules in STM, the orange component
must now represents a true alkynyl – Ag – alkynyl linkage [40, 156, 157]. We also note
no discernible trace of oxygen adsorption or oxygenated carbon byproducts during the
entire reaction scheme, as evidenced in Fig. 4.4b. Ergo, the O 1s spectra show no change
from the clean Ag(111) spectrum after ExtTEB deposition (bottom), subsequent oxygen
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Fig. 4.4: (a) C 1s core level of the pristine, oxygen-exposed and annealed ExtTEB system on
Ag(111) presented at the bottom, middle and top, respectively. The curve-fitting analysis of the
experimental spectra is also shown. (b) Corresponding O 1s spectra taken for the systems in (a).
Note that the bottom XPS spectrum of pristine ExtTEB/Ag(111) is identical to that of the clean
silver substrate, i.e. the broad, weak structure in the spectrum stems from the Ag substrate. (c)
DFT-optimized assignment of the different carbon species used for the fitting of the C 1s core level
in (a) [78].
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C 1s BE [eV]

Preparation sp2 sp2 link sp

Pristine 284.9 285.6 284.6
Deprotonated 284.5 285.2 283.4
Network 284.7 285.3 283.6

Tab. 4.2: Binding energy table of the C 1s core level for its three distinct components and different
systems.

treatment at 200 K (middle) and final annealing (top), supporting the assumption of a
gas-mediated reaction scheme without oxygen adsorption.

Long-range order validation of ExtTEB assemblies during the distinct re-
action steps. In addition to the STM and XPS analyses, LEED measurements were
performed to confirm the long-range order and get quantitative insight into the 2-D
periodicity, especially of the alkynyl-Ag-alkynyl network. While STM measurements help
to unravel the local molecular order and packing, LEED provides more straightforward
access to the unit cell of pristine and deprotonated ExtTEB assemblies and the network,
due to its nature of diffraction technique.

The top row of Fig. 4.5 reports the LEED images taken at a primary electron energy of
39 eV for submonolayer coverages of (a) pristine, (b) deprotonated, and (c) networked
ExtTEB. For each preparation, prominent features are highlighted in a different color
code and superimposed on a simulated, reciprocal-space pattern (Figs. 4.5d-f) generated
with the LEEDpat simulation software [140]. The base vectors of the silver substrate are
defined in the “acute angle” representation as

a1 = a ·
(

1
0

)
(4.2)

a2 = a ·
(

1/2√
3/2

)
(4.3)

with the fcc lattice constant a = 2.89 Å.

For a pristine ExtTEB submonolayer (Fig. 4.5a), the superstructure diffraction spots
around the (0,0) reflection form a rotated hexagon consisting of twelve spots that feature
six pairs of split spots. Around this inner hexagon, a second, dented hexagon is located.
We observe both these features also around the first-order silver diffraction spots, implying
a commensurate superstructure. Generally, the presence of twelve spots in the inner
hexagon indicate a mirror symmetry, in our case along the < 1̄1̄2 > directions (marked
by the red lines). On the other hand, since the ExtTEB molecule itself is 120° symmetric,
no distinct rotational domains appear. Figure 4.5a shows a unit cell and its mirror image
determining the reciprocal-space symmetry and the characteristic groups of diffraction
spots in yellow and orange. Figure 4.5d simulates the LEED pattern generated by the
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(a) (b) (c)

(g)

(d) (e) (f)

Fig. 4.5: LEED patterns of (a) a submonolayer coverage of ExtTEB deposited on Ag(111) at
200 K, (b) ExtTEB held at 200 K after being exposed to 6000 L of O2, and (c) the alkynyl-Ag-
alkynyl network after annealing the deprotonated ExtTEB assembly at 375 K. (d-f) Simulated
reciprocal-space patterns corresponding to the assemblies on the top row (a-c). The < 1̄1̄2 >
high-symmetry directions of the Ag(111) substrate are indicated by red lines and the zero- and
first-order diffraction spots are circled in red. All images were taken at a primary electron energy
of 39 eV. Relevant motifs of the superstructure patterns are highlighted by circles in the measured
and simulated LEED patterns with different colors corresponding to different symmetry domains
in (a, d) and (b, e). (g) Real-space unit cell of the different preparations (a-c) derived from their
reciprocal unit cell and drawn in the same color-code as the respective LEED pattern.

proposed unit cell, which shows excellent agreement with the experimental data, and
amounts to the superstructure matrix(

s1

s2

)
=

(
8 −3
−5 8

)
·
(

a1

a2

)
. (4.4)

The thus calculated superstructure base vectors have a length of |s1| = |s2| = 2.023 nm,
enclose a 120.0° angle with each other and are rotated by −21.79° with respect to
the [11̄0] direction (a1) of the silver substrate. These dimensions agree well with
the STM unit cell of Fig. 4.3a which features experimental unit cell vectors of length
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|s1| = |s2| = (1.99± 0.05) nm and an enclosed angle of (119.9± 1.0)°. Indeed, earlier
STM measurements on the ExtTEB self-assembly proposed the same unit cell, although
for an “obtuse set” of silver lattice vectors [139]. Additionally, the ratio between the
reciprocal-space silver lattice and superstructure unit cell vectors a∗

s∗ is 6.9 for the STM
measurement (by fourier transformation) and 7.0 in the case of the LEED experiment
which compares well with the expected value, 7.0, from the superstructure matrix (4.4),
and thus corroborates the proposed assignment. In Fig. 4.6a the LEED derived real-space
unit cell is depicted and a molecular model is overlaid according to the STM measure-
ments from Fig. 4.3b, illustrating the consistency of the model based on matrix (4.4) with
the experimental data.

The oxygen treatment of an ExtTEB submonolayer held at 200 K leads to marked differ-
ences in its LEED pattern (Fig. 4.5b), notably the number of spots decreases, signaling
a bigger reciprocal unit cell and conversely a denser real-space assembly (cf. Fig. 4.5g).
Similarly to pristine ExtTEB, a hexagon is observed around the zero-order substrate
reflection: Again, it consists of twelve spots, which means that the mirror symmetry is
preserved after deprotonation. Moreover, an outer hexagon with quadruplets of spots
at each side can be discerned (highlighted by the light blue ellipse in Fig. 4.5b). The
LEED pattern suggests a commensurate assembly also in this case, gauged by the similar,
although less intense, diffraction pattern around the (0,0) and (0,-1) reflection. In Fig. 4.5b
the unit cell vectors which connect the color-highlighted spots are reported, described by
the following matrix notation:(

s1

s2

)
=

(
3 2
−5 3

)
·
(

a1

a2

)
. (4.5)

Compared to pristine ExtTEB (Fig. 4.5a), the real space unit cell vectors of the oxygen-
exposed phase are contracted, as expected from the decreased number of diffraction spots.
Fig. 4.5e displays the simulated reciprocal-space pattern from the matrix in Eq. (4.5), with
the color code from the experimental pattern superimposed. Generally, the simulated and
experimental pattern match well enough with each other to justify the unit cell description
via the proposed matrix, moreover the ratio between the Ag(111) and superstructure
reciprocal base vectors a∗

s∗ is consistent (4.2 (exp.) compared to 4.3 (sim.)). However, a
few spots in the experimental pattern either appear to be missing or have low intensity.
This effect is pronounced for the diffraction spots which should be located at the dark
blue hexagon (Figs. 4.5b, e). While multiple scattering events lead to an inherent spot
intensity variation in the LEED technique, in the case of deprotonated ExtTEB the reduced
real-space domain size may also be responsible for weaker spots. Compared to pristine
ExtTEB, the real-space unit cell of oxygen-exposed ExtTEB is much smaller, covering an
area of only 0.39 ·Apristine (cf. Figs. 4.3a, c and 4.5g). This reduced real-space domain
size of deprotonated ExtTEB may, in turn, lead to a less crystalline film, causing broader
and less-intense superstructure diffraction spots. We observe the deprotonation induced
shrinkage of the domain size also “macroscopically”: When scanning the electron beam
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over the single crystal, more locations were missing a superstructure diffraction signature
compared to the prior pristine ExtTEB submonolayer. The proposed superstructure
matrix comprises real-space unit cell vectors of length |s1| = |s2| = 1.26 nm with a
120.00° angle between them. The black unit cell in Fig. 4.3d has dimensions of |s1| =
|s2| = (1.31± 0.05) nm with an angle of (121.0± 1.0)°, implying that LEED and STM
measurements deviate by less than 4% (Fig. 4.3d and Fig. 4.6b provide further insight into
the structural model and the molecular packing).

(a) (b)

(c) (d)

Fig. 4.6: Real-space unit cell derived from the LEED-determined superstructure matrices, with
the corresponding molecular model overlaid, as motivated by the STM measurements. (a) Pristine
submonolayer ExtTEB; (b) oxygen-exposed, deprotonated ExtTEB; (c) organometallic network
with the (7

√
3 × 7

√
3)R30° of the Ag bridging atoms. (d) DFT-optimized ExtTEB organometallic

network adapted from Ref. [78].

In the last step, the O2-exposed, deprotonated ExtTEB assembly is annealed at 375 K for
5 min, leading to the formation of the organometallic porous network observed in STM.
In our LEED measurements, we observe a regular, dense diffraction pattern extending
homogeneously over the entire single-crystal surface, i.e. there are no longer occasional
blind spots as for the pristine or deprotonated ExtTEB phases. As highlighted by the
purple circles in Fig. 4.5c, the diffraction pattern exhibits hexagonal symmetry, but rotated
by 30° with respect to the silver substrate high-symmetry directions, and is commensurate
to the silver mesh. In principle, the diffraction pattern showcases all the characteristics
of a (

√
3 ×

√
3)R30° overlayer but with a larger periodicity. To be precise, fourteen

planes (white bars in Fig. 4.5c) intersect the high-symmetry direction connecting the
zero- and first-order diffraction spots of the Ag(111) substrate, meaning we observe
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Preparation Coverage [ML]

Pristine 0.041
Deprotonated 0.105
Network 0.014

Tab. 4.3: Nominal coverage of pristine, deprotonated and organometallic ExtTEB calculated from
their respective unit cell areas. The coverage is referred to the Ag(111) surface density.

a (7
√

3 × 7
√

3)R30° superstructure, or in the matrix notation using the “acute angle”
representation:

(
s1

s2

)
=

(
14 −7
−7 14

)
·
(

a1

a2

)
, (4.6)

with |s1| = |s2| = 3.50 nm. Although the expected ratio a∗
s∗ = 12.2 matches reason-

ably well the values determined by LEED (12.6) and STM (12.4), the proposed unit
cells in Fig. 4.6c, d disagree. In particular, the DFT-optimized real space unit cell of
the OMN in Fig. 4.6d, clearly has a rectangular set of lattice vectors |s1| = 6.36 nm,
|s2| = 3.50 nm, supported by the rectangular fast Fourier transform (FFT) of a 150
×150 nm2 STM image. These unit cell vectors in turn would correspond to a LEED
matrix of (

22 0
−7 14

)
, (4.7)

which would introduce more spots compared to the proposed (7
√

3 × 7
√

3)R30° super-
structure, conflicting our experimental observation. In the bottom panel of Fig. 4.6d, we
also notice that the pores are not perfectly hexagonal, and rows of pores along the [1̄1̄2]
direction maintain a constant shape, whereas a glide symmetry is observed between
adjacent rows along that same direction (indicated by the set of white bars in Fig. 4.6d). In
contrast, the silver atoms linking the ExtTEB units form a distorted Kagome lattice high-
lighted in orange in Fig. 4.6d. Importantly, when we superimpose the (7

√
3 × 7

√
3)R30°

mesh onto an organometallic pore (Fig. 4.6c) it agrees almost perfectly with the mesh
that the organometallic Ag atoms are thought to occupy. We think two distinct processes
could be responsible for this behavior: (i) slightly different preparation conditions in the
different UHV setups may impact the strain in the OMN leading to modified unit cells, or
(ii) the Ag atoms in the alkynyl-Ag-alkynyl linkages are much stronger scattering centers
compared to C atoms of the molecule, thus dominating the appearance of the patterns in
the LEED technique.

Table 4.3 summarizes the nominal coverage of the respective ExtTEB phases with respect
to the Ag substrate mesh. Clearly, ExtTEB in its network form takes up more space on
the single-crystal surface than pristine or deprotonated ExtTEB; specifically, transitioning
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from pristine ExtTEB to its network entails triplication of the real-space unit cell area.
Therefore, to be able to even grow the OMNs the starting coverage of ExtTEB may not
exceed the network saturation threshold, demonstrating why submonolayer conditions
are necessary.

OMN

coexisting

macrocycle

OMN

40 nm

(a)

(d) (e)

(g) (h)

(b) (c)

(f)

Fig. 4.7: (a) LEED pattern of a sample with the OMN and macrocycles coexisting. Relevant
groups of spots for the respective species are highlighted (purple - network, white - macrocycles,
blue - deprotonated ExtTEB) and the < 1̄1̄2 > high symmetry directions are indicated in red. The
image was taken at 25 eV primary electron energy. (b) LEED measurement for a higher initial
ExtTEB coverage. (c) Area of the normalized C 1s core-level signal for different starting coverages
of ExtTEB resulting in the network, coexisting network and macrocycles, and the macrocycles. (d)
STM image of the network and macrocycle coexisting on the surface (UB = −1.00 V, I = 0.10 nA).
(e) Organometallic pores interspersed with deprotonated islands as shown by the white polygon
(UB = −1.00 V, I = 0.10 nA). (f) XPS signal corresponding to the LEED measurements of (a, b)
with their areas given in (c). (g) STM of a purely macrocycle island (UB = −1.00 V, I = 0.10 nA)
with its 2-D FFT in the inset. (h) Zoom-in into (g) showing the pore and a DFT- optimized model
of the Ag-bis-acetylide motif (black ellipse) of the macrocycle structure adapted from Ref. [78].

If the initial coverage of ExtTEB is too high, the OMN can still form but concomitantly so-
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called organometallic macrocycles also appear on the surface. This can be seen both from
STM, LEED and XPS measurements. Figs. 4.7a, d show the LEED and STM signature of
the OMN and macrocycles, respectively. In the STM image, we observe large portions of
the OMN as in Fig. 4.3 extending up to 120 nm with the Ag-bis-acetylide (as discussed
before) [78] macrocycle islands in-between. In the corresponding LEED pattern (Fig. 4.7a)
the diffraction spots related to the network are colored in purple, while we tentatively
assign the white spots to the diffraction signal from the macrocycle islands. In addition,
we observe diffraction spots at the same positions as for the deprotonated ExtTEB phase
(blue circles). Indeed, we can rationalize the presence of the deprotonated ExtTEB phase
from Fig. 4.7e. In the high-coverage limit, ExtTEB seems to form organometallic Ag-
bis-acetylide pores, around which smaller domains of deprotonated ExtTEB molecules
assemble, as indicated in the white polygon. Fig. 4.7b shows the LEED pattern of an
even higher initial ExtTEB coverage, as gauged from the integrated C 1s intensity of the
respective preparations (c, f). In this case, diffraction spots associated with the OMN
are no longer present and the collection of spots is much more complex than for the
other ExtTEB systems. This may be due to coexistence of the deprotonated ExtTEB and
Ag-bis-acetylide species on the surface, with the possibility of additional mixed phases
and different rotational domains. Yet, when considering the FFT of the Ag-bis-acetylide
islands in Fig. 4.7g, it matches nicely the diffraction spots close to the (0,0) reflection of the
LEED pattern in Fig. 4.7b, corroborating our interpretation of the white-circled diffraction
spots as the macrocycle fingerprint. Fig. 4.7h shows a zoom-in into the organometallic
macrocycle along with a DFT-optimized model (cf. Fig.4.3e) for the Ag-bis-acetylide
motif.

overnight

Fig. 4.8: Organometallic ExtTEB network of a freshly prepared sample (left) and of a specimen
left in vacuum over night with a warming up manipulator (right). LEED images were taken at a
primary electron energy of 39 eV and measured at 90 K (left) and 295 K (right), respectively.

Room-temperature stability of the organometallic network. We tested the sta-
bility of the network by leaving it in vacuum over night (Fig. 4.8). A slight loss in the
intensity of the spots is observed, which might be due to adsorption of contaminations
desorbing from the warming up manipulator, otherwise the pattern remains unchanged,
demonstrating the stability of the network. Moreover, we performed the LEED measure-
ment at 295 K, rather than the usual 90 K, showing perseverance of the networks at room
temperature.
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Chemical state and local ordering of ExtTEB reacting with oxygen in a
Langmuir-Hinshelwood fashion. To improve our understanding of the terminal
alkyne deprotonation reaction, submonolayers of ExtTEB were exposed to O2 gas at
90 K. Fig. 4.9 displays the evolution of the C 1s and O 1s core levels together with the
corresponding STM images for a pristine submonolayer of ExtTEB that was exposed to
∼6000 L of O2 and subsequently annealed up to 375 K.

For a submonolayer ExtTEB preparation performed at 90 K, we cannot observe any differ-
ences compared to the standard procedure with ExtTEB deposition at 200 K. But as Fig. 4.9
indicates, the oxygen exposure at 90 K changes the situation quite dramatically. The broad
peak arising in the O 1s core-level region indicates the surface decoration with molec-
ular oxygen in an intermediate state between a peroxo- (O2

2 – ) and superperoxo (O2
– )

species, consistent with earlier studies of oxygen adsorption on a Ag(111) single-crystal
surface [160, 161]. Accordingly, the two components at 530.1 eV and 531.9 eV (Tab. 4.4)
in a 1 : 1 ratio may be a consequence of the perpendicular orientation of the O – O bond
with respect to the surface [161]. On the other hand, the yellow component at 533.9 eV is
due to minor coadsorption of water from the background pressure which occurs below
150 K. STM also clearly shows the adsorbed oxygen accumulating around individual
molecules and islands of ExtTEB. Interestingly, annealing the oxygen coadsorbed ExtTEB
submonolayer quenches the higher binding energy peaks in the O 1s core level and leaves
a single, broad component centered at 530.4 eV with slightly reduced intensity. In the case
of the water-related component, the quenching is simply attributed to H2O desorption.
But as the 531.9 eV peak is associated with the molecular oxygen itself, the chemical
environment of the oxygen must have changed. Concomitantly, an additional peak at
288.1 eV appears in the C 1s region, typically associated with a carbonyl species [162].
Thus, a likely scenario is the reaction of the coadsorbed O2 with the ExtTEB terminal
alkynes, as well as the formation of atomic oxygen as evidenced by a characteristic STM
signature (not shown) [78] and the atomic oxygen binding energy of 530.9 eV for adsorbed
oxygen Oads in the NO2/Ag(111) system [163]. The broad O 1s peak may originate from
the overlapping of the carbonyl and O(ads)-related components.
Annealing the sample at 300 K, does not alter the XPS signature of the C 1s and O 1s core
levels, except for a decrease of the O 1s intensity. At the same time, the surface is only
populated by unordered architectures not resembling the organometallic oligomers of
Fig. 4.3e. It is also noteworthy to point out the many black protrusions on the surface,
which were recently linked to an oxide-like ring around a Ag vacancy [164], signal that
the surface is now heavily modified.
The final annealing procedure at 375 K sees no amelioration of the XPS or STM signature,
i.e. there is still evidence for a carbonaceous oxygen species and the altered surface,
where now Ag islands have formed via adatom diffusion along with irregular ExtTEB
assemblies. The former were very likely formed by the extracted Ag atoms upon O2

dissociation.

Since ExtTEB performs homocoupling reactions in the absence of the reaction triggering
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Fig. 4.9: XPS spectra and STM images for molecular oxygen coadsorbed on an ExtTEB submono-
layer at 90 K, followed by annealing steps at 200 K, 300 K and 375 K (from bottom to top). The
STM images are reproduced from Ref. [78] and acquired with STM parameters 1.0 V, 0.1 nA
(90 K), −0.1 V, 0.1 nA (300 K) and −1.0 V, 0.1 nA (400 K).

O2 gas, the series in Fig. 4.9 impressively demonstrates the sensitivity towards the reaction
conditions.

C 1s BE [eV] O 1s BE [eV]

System sp2 sp2 link sp C –– O O2 O2 H2O

Pristine 284.9 285.6 284.4
O2 adsorption 284.3 285.0 283.6 530.1 531.9 533.9
200 K 284.2 285.1 283.5 288.1 530.4
300 K 284.5 285.1 283.4 288.2 530.5
375 K 284.5 285.2 283.5 288.3 530.5

Tab. 4.4: Binding energy table of the C 1s and O 1s core level for O2 adsorption at 90 K and
subsequent annealing steps.

Mass spectroscopy of possible reaction products during oxygen exposure
on submonolayer ExtTEB assemblies. Next, we tried to unravel the precise reaction
mechanism by monitoring ExtTEB assemblies under the mass spectrometer during oxy-
gen exposure. One possible mechanism of O2-induced deprotonation can be rationalized
by the formation of oxirene as a primary intermediate product, a 4π-annulene, which sub-
sequently undergoes pericyclic ring expansion to give alkynyl- and hydroperoxyl radicals
HOO•. Oxirene intermediates have been postulated and verified in peracid oxidation of
terminal alkynes [165, 166]. The hydroperoxyl radical [167–169] can desorb directly from
the Ag(111) surface or may combine with a surface hydrogen atom to generate H2O2 prior
to desorption. In order to trace the putative byproduct species involved in the oxygen-
mediated deprotonation reaction, i.e., HOO• or H2O2, we carried out TPD measurements
employing a home-built mass spectrometer (cf. Sec. 4.2).
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Fig. 4.10: (a) XPS measurements for 130 L and 670 L of O2, taken in MA lens mode. The
conversion of terminal alkynes into the deprotonated species is indicated by the two orange fitting
components, necessary due to the coexistence of intact and deprotonated ExtTEB molecules on the
surface at employed oxygen doses. (b) Time-dependent mass spectrum into the m/z range between
30.5 and 35.5 amu during O2 exposure of an ExtTEB sample. Two color scales are used due to the
difference in signal strength. (c) Single line-profile of the 2-D data in (b) showing the intensity
as a function of time for m/z = 32. (d) Time-integrated mass spectrum covering the same mass
range as (b). The plot is shown in logarithmic scale to visualize the less-abundant natural isotopes
of oxygen. (e) Evolution of the peak area ratios between the naturally occurring isotopes of O as a
function of time.
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Since the hypothesized reaction intermediates have atomic masses of 33 amu and 34 amu,
respectively, we investigated a mass range m/z of 32 to 34 in time-dependent (rather
than temperature-dependent) desorption measurements. Essentially, we monitored the
desired mass range with the mass spectrometer of the TPD setup, keeping the sample just
beneath the mass spectrometer aperture and held at a fixed temperature of 200 K while
leaking ∼6000 L of O2 gas into the UHV chamber over the course of 40 min. Notably, XPS
studies show that 130 L O2 already trigger a 30% conversion of the terminal alkyne into
the deprotonated species, increasing to ∼65% after 670 L (cf. Fig. 4.10a). Fig. 4.10b shows
the time-dependent 2-D TPD data for a m/z-range of 30.5 to 35.5 amu while dosing the
6000 L of O2. Three traces can be clearly discerned at 32, 33 and 34 amu due to the natural
isotope distribution of molecular O2. We used two different color scales, since the natural
distribution of oxygen isotopes is 16O : 17O : 18O = 99.76% : 0.04% :0.2% [170], implying
the intensity of the masses 33 and 34 will be more than an order of magnitude lower, as
emphasized by the time-integrated mass spectrum in Fig. 4.10d. In Fig. 4.10c a slice along
32 amu is shown as a line-profile with the intensity as a function of the exposure time.
During the first 400 s, the profile is dominated by a sharp increase in intensity when we
allow the O2 into the chamber via a pneumatic leak valve. As the O2 intensity, and thus
the pressure, starts to form a plateau, the sample has been already exposed to ∼1000 L
O2. Between 400 and 2400 s the pressure shows only small variations, followed by a rapid
drop due to the closing leak valve once the 6000 L exposure threshold is reached. The data
of fig. 4.10a, c reveal an obvious problem of this measurement: At the 1000 L mark the
terminal alkynes have been completely converted into the deprotonated species as gauged
by XPS. Thus, the transient phase of the pressure increase due to the O2 exposure is too
long and buries any interesting reaction products. In order to resolve “masked” reaction
products, we therefore tried to monitor the variation of the peak area ratios as a function
of time. Assuming that the real reaction produces HOO• (33 amu) or H2O2 (34 amu), this
would cause a change in the peak area ratios between the three masses in the reaction time
window. However, as displayed in Fig. 4.10e, there is no clear time dependence in the plots
of the relative peak area ratios. Indeed, the three ratios presented in Fig. 4.10e (16O17O :
16O16O, 16O18O : 16O16O, 16O17O : 16O18O) are close to ideal values of 0.0008, 0.004 and
0.2 corresponding to the relative abundance between 16O16O, 16O17O and 16O18O [170].
Therefore, within the sensitivity of the measurements, we conclude that HOO• or H2O2

are not likely to occur as possible reaction byproducts, which in turn points to a more
sophisticated reaction pathway taking place at the interface.

Testing the ability of different gas species to trigger deprotonation reactions.
In addition, we tested different gases, namely CO and H2O, to explore if the gas-mediated
deprotonation reaction could still be triggered. However, in both cases no sign of depro-
tonation could be found: STM measurements would not show the characteristic electron
depletion at the edges of a gas-exposed island, nor could we observe the strong shift of
the sp hybridized carbon species in XPS, as illustrated in Fig. 4.11. Even for exposures of
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Fig. 4.11: (a) C 1s core level of a pristine ExtTEB submonolayer coverage upon different H2O
exposures with the sample held at 200 K. (b) Corresponding O 1s core level. The measurements
were taken at 15 eV pass energy and medium area lens mode in normal emission.

up to 4500 L no discernible change is observed, neither in the C 1s or O 1s core level (cf.
also Tab. 4.5).

C 1s BE [eV]

System sp2 sp2 link sp

Pristine 284.9 285.5 284.7
900 L H2O 284.9 285.6 284.9
4500 L H2O 285.0 285.6 284.7

Tab. 4.5: Binding energy table of the C 1s core level for its three distinct components and different
preparations.

Conclusions. In summary, in this section we demonstrated the gas-induced formation
of a robust, highly regular organometallic porous network extending up to micrometer
domain size. LEED and STM measurements clearly showed the mesoscopic long-range
order of the network and, importantly, they can be used in a complementary way to
monitor the individual reaction steps of the network formation. The chemical state trans-
formation from pristine ExtTEB to the organometallic-linked molecules is elucidated by
XPS measurements and corroborates the hypothesis of the oxygen-induced deprotona-
tion, followed by a subsequent alkynyl-Ag-alkynyl bond formation. Experiments at two
different temperatures (200 vs. 90 K) show that the deprotonation reaction is poisoned by
coadsorbed oxygen. Moreover, time-dependent desorption experiments hint at an even
more complex reaction mechanism as originally assumed, due to the missing signature
of the hypothesized hydroperoxyl radicals or hydrogen peroxide molecules. This is
certainly a key point for further research, especially when considering that similar tests
on the more noble Au(111) surface showed no signs of a deprotonation reaction, which
implies an equally crucial role of the metal substrate and the gas species. Finding out
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the exact reaction mechanism may ideally lead to the extension of the reaction scheme to
other substrates and gas species. Furthermore, the mismatch between the unit cell of the
ExtTEB network as derived from LEED or STM experiments is curious, as the diffraction
techniques seems to measure only a hexagonal periodicity of the Ag atoms in the network,
while STM proposes a larger rectangular cell. This mismatch will be investigated further
in a future beamtime awarded at the Diamond Light Source (DLS)4 where X-ray standing
waves and surface X-ray diffraction experiments will be performed, shedding further
insight into the atomic structure of the 2-D lattice. A possible, tentative rationale is that
slightly different preparation conditions in different UHV chambers change the strain in
the OMN leading to modified unit cells.

4.4 Towards a General Fabrication Scheme: Gas-Mediated
Reaction and Molecular Building Blocks

In an effort to assess the generality of the gas-mediated reaction scheme involving the
adsorbed terminal alkyne precursors on the Ag(111) substrate and O2 gas, we investi-
gated the chemical and structural evolution of TEB - a smaller analogue of the ExtTEB
compound. Fig. 4.12 elucidates the structural similarity of the TEB and ExtTEB precur-
sors. They differ only by their functional group which is an ethynyl and 4-ethynylphenyl
moiety, respectively. Importantly, both molecules share the same rotational 120° sym-
metry (C3 axis) as the single-crystal substrate and show a common adsorption motif on
Ag(111) [139].

Based on their alike appearance and adsorption behavior, we hypothesized a similar
reaction evolution of the TEB precursor upon O2 exposure and subsequent annealing
to moderate temperatures. Consequently, the same steps that were found to lead to the
porous OMN in the case of ExtTEB were repeated for the TEB molecule: The monomers
were evaporated on the Ag(111) surface held at 200 K, then exposed to molecular oxygen
at that temperature and finally annealed at 375 K. Fig. 4.13 shows the respective LEED
patterns, taken at 90 K, after each individual reaction step.

The sequence in Fig. 4.13a-c outlines dramatic changes after each step. Upon deposition
of the TEB compound onto the clean Ag(111) surface (a), we observe a regular struc-
ture similar to the ExtTEB diffraction pattern. Considering the resembling real-space
adsorption geometry in STM [139] and the smaller size of TEB compared to ExtTEB,
we would indeed expect a smaller but symmetrically equivalent unit cell, and thus less
diffraction spots. Exposing the pristine TEB assembly to a flux of molecular oxygen
causes strong modifications in the diffraction pattern. Most notably, the number of spots
greatly increases, which is somewhat unexpected. As shown in Figs. 4.5a, b the oxygen-
treatment induces a contraction of the unit cell for ExtTEB/Ag(111), evidenced by less

4 The beamtime was, unfortunately, postponed repeatedly due to travel restrictions during the COVID-19
pandemic and will only take place in 2022
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Fig. 4.12: Comparison of the TEB and ExtTEB molecules. The dimensions of the particular
molecule were determined by gas-phase DFT calculations (B3LYP/def2-SVP) performed with the
ORCA software [147].

dense diffraction patterns. Consequently, only an additional rotational symmetry can be
responsible for this effect, especially since we observe an intense hexagon rotated by 30°
compared to the silver substrate spots (shown in black in Fig. 4.13b). The final annealing
step at 375 K results in the LEED pattern shown in (c). This is quite remarkable in itself, as
intact TEB molecules readily desorb from the surface before reaching 330 K [40], and thus
signals a stronger molecule-surface interaction of the oxygen-exposed TEB. The LEED
pattern highlights the hexagonal structure of the overlayer, particularly clear around the
zero-order diffraction spot, and comparing this pattern to the corresponding situation for
ExtTEB (encircled inset), we deduce a multiple of the (

√
3 ×
√

3)R30° base structure. In
Fig. 4.13d a schematic sideview of the individual reaction steps comprising deposition, de-
protonation and network formation is outlined, inspired by the similarities of the resulting
LEED diffraction patterns. To further corroborate this interpretation, we performed XPS
measurements on the same sequence of sample preparations to monitor the chemical state
of the C 1s core level, as shown in panel (e). After TEB adsorption, a single, albeit rather
broad, peak is observed which, upon oxygen exposure, develops a clear low binding-
energy shoulder and has its center of mass shifted to lower binding energy. Following
the assignment for the ExtTEB precursor, this behavior is interpreted as a deprotonation
reaction of the assembled TEB molecules on the silver substrate [78, 150]. This is further
supported by a study of unsaturated C3H3 groups on Ag(111), which found a binding
energy of 283.7 eV for methylacetylide compounds, roughly 1.3 eV lower than the typical
285.0 eV binding energy observed for sp2 hybridized carbon [171]. After annealing the
sample at 375 K, a broad peak at a binding energy similar to the deprotonated species
remains. Specifically, DFT calculations in a previous study have investigated the spectral
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(a)

(b)

(d)

(c)

(e)

Fig. 4.13: (a) LEED pattern of the TEB assembly as grown onto the Ag(111) substrate held at
200 K, after (b) ∼6000 L O2 exposure at 200 K, and (c) after annealing the latter at 375 K. All
LEED images were taken at 40 eV primary electron energy; the < 1̄1̄2 > directions and substrate
diffraction spots are marked by red lines and circles, respectively. The circled insets present
the LEED signatures of ExtTEB molecules after the corresponding reaction step. (d) Schematic
sideview of the proposed reaction steps upon molecular deposition, oxygen exposure and annealing.
(e) XP spectra of the C 1s core level for the reaction steps depicted in (d).

difference between a covalently-coupled and organometallic TEB dimer, demonstrating a
pronounced low binding-energy component in the latter while no feature was predicted
for the former [40]. Consequently, this low binding energy shoulder after annealing is
interpreted as an alkynyl-Ag-alkynyl linkage, which agrees well with prior studies of
tesselation structures [154].

Chemical-state analysis of the TEB precursor during the individual reactions
steps. To further clarify the chemical changes of the TEB molecule during the reaction
scheme, curve-fitting analysis was performed. Fig. 4.14a, b depicts the C 1s and O 1s
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core levels upon TEB adsorption at 200 K (bottom), after oxygen exposure (middle), and
subsequent annealing to 375 K (top).

(b)

(c) (d)
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Fig. 4.14: (a) C 1s XP spectra for pristine (bottom), oxygen-exposed (middle), and annealed (top)
TEB on Ag(111), and (b) corresponding O 1s core level. All XP spectra were recorded in LA lens
mode, at 15 eV pass energy and in normal emission. (c) Schematic of the TEB molecule with the
chemically inequivalent carbon species apparent in the XPS experiment shown as colored circles.
(d) TPD spectrum of the parent ion (mass-to-charge ratio: m/z = 150) of TEB/Ag(111) after
exposure to 6000 L of O2 gas.

Upon TEB adsorption, the single but broad C 1s peak detected has a FWHM of 1.72 eV.
Since the associated Ag 3d5/2 line, recorded for calibration purposes, features a peak
width of only ∼0.9 eV (largely determined by the resolution of the instruments), the
carbon peak must be composed of several peak contributions. Following the previous
carbon assignment of the ExtTEB precursor [78], an area ratio of 1 : 1 : 2 is expected for the
sp2 : sp2 link : sp components, as illustrated in Fig. 4.14c. Therefore, the core-level fitting
in Fig. 4.14a (bottom curve) is performed with three components, which are constrained to
have equal FWHM. Indeed, the fit results shown for as-deposited TEB yield a 1.0 : 1.0 : 2.0
ratio for the individual components, each characterized by 1.25 eV FWHM. It is observed
that the component for the purely sp2 hybridized carbon species strongly overlaps with
the sp component on the low binding energy side, while the carbon linking the sp2 and
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sp hybridized species is located at higher binding energy (cf. Tab. 4.6). Generally, the
experimentally observed peak shape of the TEB C 1s core level agrees well with DFT
calculations for covalent TEB dimers, predicting a main component at 285.0 eV and a high
binding energy shoulder [40]. In addition, the TEB experiment is in accordance with prior
ExtTEB studies [78].

Following O2 exposure, a pronounced low binding energy shoulder due to the depro-
tonation of the terminal alkyne species is observed, together with a shift of the peak
center-of-mass, as previously seen in the ExtTEB experiments. However, fitting the XP
spectrum of the O2-exposed sample with only three peak components leads to unphysi-
cal results: This fit does neither reproduce the experimental curve, i.e. the normalized
residuals between fit and data are too big, nor the expected area ratios. Rather, such a
three-component fitting yields three almost equally intense peaks, i.e. a 1 : 1 : 1 area
ratio. Since the TEB molecule comprises 12 carbon atoms, a 1 : 1 : 1 ratio would mean
equal intensity contribution of four carbon atoms to each peak, which cannot be ratio-
nalized from the atomic chemical environments in the molecule. If we assume the same
chemistry for TEB and ExtTEB, that is, both carbons in the ethynyl group share a similar
chemical state, the assignment in Fig. 4.14c demands a 1 : 1 intensity ratio between the
deprotonated terminal alkyne species and the carbon atoms in the benzene ring for the
O2-exposed TEB. Instead, we find a stronger component related to benzene contribution.
A possible explanation for the mismatch of this ratio between the deprotonated terminal
alkyne group compared to the rest of the molecule could be the presence of unreacted TEB
molecules on the surface, as it would contribute photoelectron intensity around 285.0 eV
but not towards the low binding energy side. Fig. 4.14d displays the TPD experiment of
an oxygen-exposed TEB/Ag(111) assembly. Surprisingly, the desorption of the intact TEB
parent ion, monitored by a mass-to-charge ratio m/z = 150, is observed starting from
350 K. Consequently, we infer the presence of unreacted TEB on the surface after the O2

treatment. Notably, higher O2 exposures do not shift the spectral weight of the C 1s core
level towards the low binding energy component in corresponding XP spectra, support-
ing an initial excess TEB coverage rather than insufficient oxygen dosage. Therefore, we
adjusted the fit model to include peaks corresponding to the pristine TEB, which were
constrained to the same positions and FWHM found in the bottom XP spectrum. The
result shown in Fig. 4.14a now nicely reproduces the experimental data. Importantly,
the analysis now yields a 1 : 1 : 2 (sp2 : sp2 link : sp) ratio for the carbon species in the
deprotonated TEB molecules, with similar FWHM values as compared to the bottom
spectrum.

Finally, the top spectrum in Fig. 4.14a elucidates the effects of annealing at 375 K on
the C 1s. The spectral weight formerly attributed to intact TEB in the oxygen-exposed
sample, is largely suppressed, in accordance with the desorption of the intact parent ion
in the TPD spectrum (Fig. 4.14d). Thus, the XP spectrum can be readily fitted with three
components in the desired 1 : 1 : 2 ratio with the more intense peak component located
on the lower binding energy side, as required for the organometallic C – Ag – C link [40,
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C 1s BE [eV]

System sp2 sp2 link sp

Pristine 285.5 286.1 285.1
Deprotonated 284.2 284.9 283.6
Network 284.5 285.2 283.6

Tab. 4.6: Binding energy table of the C 1s core-level components for the three preparation steps of
TEB/Ag(111).

78]. Together with the aforementioned transformation of the LEED pattern, the related
C 1s evolution of the TEB precursor and the comparison with ExtTEB corroborate the
conception of network formation.

Fig. 4.14b depicts complementary O 1s photoelectron spectroscopy spectra recorded
during the three reaction steps. For the pristine and annealed spectra (bottom, top), no
oxygen signature is discernible as expected. However, after the oxygen treatment (middle)
a small peak component is visible around 530.5 eV; interestingly, the same binding energy
observed for low-temperature (90 K) oxygen treatment of ExtTEB. In the latter case, the
peak component was attributed to adsorbed oxygen and an oxygenated carbon species as
judged by the C 1s core level. Indeed, we observe a faint component (purple in the middle
spectrum of Fig. 4.14a) at 288.1 eV, confirming the presence of oxygenated carbon. The
origin of the oxygen presence is not entirely clear, as for the ExtTEB precursor no oxygen
adsorbed at 200 K. However, it seems reasonable to assume that the oxygen peak in the
TEB O 1s core level is related to the presence of excess amounts of TEB on the surface
during the oxygen treatment. Bearing in mind a potential reaction mechanism involving
transiently bound oxygen atoms (or molecules), this reaction product may in fact react to
some extent with the excess TEB molecules to yield C – O bonded species. In any case,
the annealing at 375 K removes all oxygen from the surface (top of Fig. 4.14b), indicating
a rather volatile character of the O species compared to the persistent oxygen species in
low-temperature O2/ExtTEB codepositions (Fig. 4.9).

Long-range order of the TEB precursor. A more thorough LEED analysis is per-
formed to investigate the long-range order and periodicity of the TEB/Ag(111) system and
its alterations when applying the gas-mediated reaction scheme. As qualitatively outlined
in Fig. 4.13, the LEED pattern of the as-deposited TEB layer adjusts during the two subse-
quent reaction steps of oxygen exposure and annealing, in a similar manner as previously
demonstrated for ExtTEB (cf. Sec. 4.3 and Ref. [78]).

Figure 4.15 depicts LEED images of the pristine and O2-modified TEB assemblies for
different primary electron energies to highlight the arrangement of Bragg spots near the
zero- and first-order substrate diffraction spots, respectively. For the two distinct TEB
structures, poignant superstructure diffraction spots are color coded and superimposed
on a “synthetic” LEED pattern (c, f) simulated with the LEEDpat [140] software. The
electron diffraction images of TEB deposited at 200 K (Fig. 4.15a, b) are dominated by
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(a) (b) (c)

(d) (e) (f)

Fig. 4.15: (a, b) LEED patterns for the as-deposited TEB assembly acquired at 20 and 40 eV
primary electron energy, respectively. Spots coinciding with the mirror-symmetric reciprocal
lattice of the proposed superstructure vectors are indicated in orange and yellow and overlaid
on the corresponding, simulated LEED pattern in (c). (d, e) LEED images of TEB after oxygen
treatment for primary electron energies of 15 and 40 eV. The most representative diffraction spots
are encircled in blue and overlaid on the simulation in (f). Potential reciprocal unit cell vectors are
indicated in (e). Spots encircled in red stem from electron diffraction from the Ag(111) substrate.
The red lines indicate the three < 1̄1̄2 > high-symmetry directions.

circular arrays of spots, as indicated exemplarily by the black dashed circle, where each
circle features a central spot and collections of spot pairs on its perimeter. At higher
electron energy of 40 eV it becomes apparent that this motif extends to the first-order
Ag(111) substrate diffraction spots, meaning it is indeed the fundamental repeating unit
of the pristine TEB superstructure. Furthermore, the presence of twelve superstructure
spots around the Ag(111) zero-order spot indicates a mirror symmetry along the [1̄1̄2]
direction. A pair of mirror-symmetric reciprocal unit cell vectors meeting the periodicity
conditions is highlighted in Fig. 4.15a. Importantly, the opening angle between the two
mirror-symmetric reciprocal unit cells is measured to be ∼21.4°, i.e. they are rotated by
10.7° with respect to the [1̄1̄2] direction (which acts as the angle bisector) in the reciprocal
space. As a consequence, in real space the unit cell vector must be rotated by this same
angle but with respect to the [11̄0] direction. A superstructure matrix almost exactly
reproducing that angle and giving rise to an overall well-matching pattern is given
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by (
s1

s2

)
=

(
5 −1
−4 5

)
·
(

a1

a2

)
, (4.8)

with a1, a2 defined by Eq. (4.3). This matrix implies an angle of 120° between the two over-
layer vectors, which feature equal lenghts of |s1| = |s2| = 1.32 nm. The diffraction pattern
originating from this matrix is used as the basis for the simulation in Fig. 4.15c. Visual
inspection demonstrates the good matching between the experiment and the simula-
tion(4.15a-c), but can be further corroborated by similar ratio |s|/|a| of the superstructure
and substrate lattice dimensions, which yielded |s|

|a| Sim.
= 4.6 and |s|

|a|Exp.
= 4.4. Further-

more, a prior STM and DFT study of TEB self-assembled architectures on Ag(111) found
a mirror-symmetric unit cell with vectors of (1.31± 0.03) nm length, encompassing an
angle of (119.0± 1.0)° and yielding the same matrix [139].

Figs. 4.15d, e depict the LEED images of a TEB layer exposed to an O2 flux of ∼6000 L
with the sample at 200 K. Distinct changes in the pattern compared to the as-deposited
superstructure are discernible. The number of spots is increased and concomitantly the
repeating motif transformed from the dashed circle in Fig. 4.15a to a hexagon, which
appears well resolved at 15 eV primary electron energy in Fig. 4.15d and is outlined for
clarity. As highlighted by the dashed circle, smaller individual hexagons, consisting of six
outer and one inner spot, form the corners of the larger hexagon, marked in the figure
by the dashed line. Furthermore, these hexagonal units are also perceived around the
first-order silver diffraction spots at 40 eV primary electron energy (Fig. 4.15e). Another
striking set of superstructure spots consists of single, extremely intense spots forming
the dashed hexagon in Fig. 4.15e, which is rotated by a measured angle of (29.0± 1.0)°
with respect to the substrate [1̄1̄2] directions. Interestingly, judging from the measured
angle and distances of the intense spots with respect to the silver substrate spots, they
seem to form a (

√
3 ×

√
3)R30° superstructure, around which the smaller hexagons

aggregate. The hexagonal symmetry of the diffraction pattern around the substrate zero-
order spot and the intense (

√
3 ×

√
3)R30° superstructure spots indicate a rotational

symmetry in addition to the mirror symmetry along the [1̄1̄2] direction, leading to a
total of six distinguishable domains. On the other hand, the strong intensity of the
(
√

3 ×
√

3)R30° subset indicates that all symmetry domains coincide in those particular
places. A reciprocal-space unit cell meeting those requirements is shown in Fig. 4.15e in
two blue shades, to highlight the mirror symmetry. The corresponding LEED matrix is
given by (

s1

s2

)
=

(
4 −2
−3 6

)
·
(

a1

a2

)
, (4.9)

and is used for the simulation in Fig. 4.15e. Generally, the simulation agrees well-enough
with the experimental LEED pattern, although some spots are not detected, especially
at higher primary electron energy. However, the LEED matrix of Eq. (4.9) is not unique,
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i.e. any linear combination of the s1 and s2 results in a new set of real-space basis vectors
with the same diffraction pattern, (

2 2
−4 5

)
, (4.10)(

3 3
−2 4

)
. (4.11)

Noteworthy, the last superstructure matrix clarifies the relationship to the observed
(
√

3 ×
√

3)R30° spots in the LEED images: The unit cell vector s1 of matrix (4.11) is
displaced by an additional substrate vector a1 and a2, respectively, compared to the
(
√

3 ×
√

3)R30° overlayer matrix (
2 2
−2 4

)
. (4.12)

Conversely, the corresponding unit cell vector s2 is identical to the vector s2 of a (
√

3 ×√
3)R30° overlayer, which is why we observe the hexagonally arranged intense spots in

the diffraction pattern in Figs. 4.15d, e.

In the final step of the network preparation scheme, the deprotonated TEB/Ag(111)
sample was annealed at 375 K for 5 min. The LEED experiments in Fig. 4.16 were then
acquired after cooling the sample down to 90 K. If the annealing triggers the formation of
an organometallic polymer for the TEB precursor, due to the identical symmetry between
the TEB and ExtTEB molecules, the formation of hexagonal pores and correspondingly
a hexagonal diffraction pattern would be expected. Indeed, we initially observed the
hexagonal LEED image shown in Fig. 4.16a. Since the lattice constant of the reciprocal
unit cell appears to be 1/8 of the silver substrate, a (4

√
3 × 4

√
3)R30°, akin to the

(7
√

3 × 7
√

3)R30° of the ExtTEB OMN, was proposed and simulated in Fig. 4.16b. While
the LEED image and simulation agree nicely, our measurement also reveals a noticeable
weakening of any superstructure diffraction spots not located in the immediate vicinity
of the substrate zero- or first-order diffraction spots. Surprisingly, upon optimizing the
signal intensity, at first sight, a modified diffraction pattern is detected (Fig. 4.16c-f) where
the single spots of Fig. 4.16a are imaged as split into triplets. Comparing the two LEED
images of Figs. 4.16a, f taken at an electron energy of 40 eV, it becomes clear that the two
patterns are in fact the same when associating each “triplet” of spots in Fig. 4.16f with
a single spot in a. Thus, the initially perceived difference is merely due to a less intense
diffraction pattern, which additionally explains why the diffraction spots in Fig. 4.16a
are hardly discernible. On the other hand, the occurrence of three spots advocates the
presence of an additional rotational symmetry and, likewise, a severe deviation from the
(4
√

3 × 4
√

3)R30° superstructure, since the latter only features translational symmetry.
To unravel the actual superstructure, LEED images were taken at several primary electron
energies (Figs. 4.16c-e) and prominent spot assemblies color coded. At all energies the
overlayer-related central diffraction spots around the substrate zero-order spot appear
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(a) (b)

(c) (d) (e)

(g)(f)

Fig. 4.16: (a) LEED image of an O2-treated TEB layer subsequently annealed at 375 K. (b)
Simulation of a (4

√
3 × 4

√
3)R30° pattern, matching the diffraction pattern in (a). (c-f) High-

resolution LEED measurements for a similar sample as in (a) taken at different primary electron
beam energies (15 eV, 20 eV, 30 eV, 40 eV). Recognizable motifs are color-coded in green, red and

blue for the different domains. (g) Simulated LEED pattern of the real-space matrix
(

8 −4
−4 9

)
.

as single, albeit broad and intense spots; for a primary electron energy of 15 eV these
spots are enclosed in a white hexagon. At this electron energy, the separation of single
spots into three distinct spots outside the white hexagon is well-resolved, exemplarily
outlined through the yellow hexagon. Generally, an overall hexagonal symmetry is
still perceived as shown by the color-coded collection of spots in Fig. 4.16e and the
white hexagons overlaid in f. Therefore, we simulated several LEED patterns with
matrices close to the originally proposed (4

√
3 × 4

√
3)R30° structure, which corresponds
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to (
8 −4
−4 8

)
(4.13)

in matrix notation. A nicely fitting pattern was thus found for(
s1

s2

)
=

(
8 −4
−4 9

)
·
(

a1

a2

)
, (4.14)

implying a displacement of the superstructure vector s2 along the [1̄01] direction. Cru-
cially, the Bragg spots marked in Fig. 4.13e match well those of the simulated pattern
shown in panel g.

Note, by definition the real- and reciprocal space vectors are related via

A · A∗T = 2π · I (4.15)

where A =

(
a1

a2

)
, A∗ =

(
a∗1
a∗2

)
and I is the identity matrix. Moreover, any pair of

superstructure vectors can be written as

S =

(
s1

s2

)
= M · A (4.16)

with the real-space superstructure matrix M; the same holds for S∗. Consequently, the
real-space superstructure matrix M can be derived from the experimentally accessible
reciprocal matrix M∗ by the relation

M = (M∗T)−1 . (4.17)

Given a reciprocal unit cell, the matrix M∗ is composed of the coefficients yield-
ing the superstructure vectors in terms of reciprocal basis vectors. In Fig. 4.16f a
potential reciprocal unit cell is indicated in green corresponding to a matrix M∗

of

M∗ =

(
0.16 0.07
0.08 0.15

)
, (4.18)

resulting in a real-space superstructure matrix of

M =

(
8.15 −4.35
−3.80 8.70

)
. (4.19)

Matrix (4.19) is reasonably close to our trial-and-error found superstructure further
supporting the proposed assignment. It should be noted that this procedure is substan-
tially error-prone, since any distortion, misalignment or imprecise determination of the
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diffraction spot location will introduce an error which will be amplified during the trans-
formation of the matrix M∗. Still, we have overall collected convincing evidence that the
oxygen-treated TEB molecules do, indeed, assemble into the structure summarized by
Eq. (4.14) after annealing . Strikingly, a similar distortion of a single silver lattice constant
was predicted by DFT calculations for the porous, organometallic ExtTEB network [78],
although not observed experimentally in LEED (which may be simply due to the presence
of many more diffraction spots overlapping).

On a final note, Fig. 4.16e displays additional diffraction spots (black circles) not originat-
ing from the annealed phase but rather from the deprotonated overlayer, which means
not all TEB molecules could assemble in the new superstructure upon thermal activation.
From prior experience with the ExtTEB compound, this is probably a consequence of a
too high initial coverage.

3a1

3a2

Fig. 4.17: STM image of a submonolayer coverage of TEB deposited at 200 K. Here, close-packed
Ag(111) directions, the substrate vectors a1, a2 as well as the superstructure vectors s1, s2 are
indicated. The geometry of the individual TEB molecules was optimized via gas-phase DFT
calculations (B3LYP/def2-SVP) with the ORCA software [147].

Insight into the local ordering of TEB. To complement our LEED and XPS find-
ings, some limited STM measurements were performed during a beamtime at the SLS
storage ring to monitor the real-space changes occurring in the course of the reaction
protocol, i.e. following the sequence of molecular deposition, oxygen exposure and
annealing. Figure 4.17 depicts an STM image stemming from a submonolayer coverage
of TEB deposited on Ag(111) at 200 K. A precise assessment of the initial coverage is
not possible, since the transfer from the preparation chamber to the STM stage occurs
at room temperature and since the unmodified TEB molecule readily desorbs below
300 K, thus a significant amount of molecules desorbs before STM imaging. Nevertheless,
regular, nanoporous islands, as the one observed in Fig. 4.17, and extending up to 40 nm
size, were found on large portions of the surface. The intact TEB molecule appears as a
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bright, triangular protrusion in the STM images, being somewhat brighter in the center
compared to its edges. The nanoporous appearance originates from the regular assembly
of TEB molecules into a six-membered hexagon with the nanopore at its center. For
the overlaid model in Fig. 4.17, the geometry of the TEB monomer was optimized via
gas-phase DFT calculations with the ORCA software [147] and placed on a hollow site
of the superimposed Ag(111) grid, as proposed by Kepčija et al. [139]. Importantly, the
unit cell shown in white in Fig. 4.17 with respect to the silver grid has dimensions of
|s1| = |s2| = (1.31± 0.03) nm, with an enclosed angle of (119.8± 0.5)°, and corresponds
to a real-space matrix of (

4 1
−5 4

)
, (4.20)

coinciding with the LEED-derived real-space matrix of Eq. (4.8). As gathered from the
previous LEED analysis, the TEB self-assembly exhibits mirror symmetry about the [1̄1̄2]
direction which could be verified by STM [139].

Figure 4.18 shows the O2-induced real-space modifications on a sample which was first
exposed for 2 min to TEB and then to∼900 L O2 at 200 K. Strikingly, in the large-scale STM
image of Fig. 4.18a ordered islands of a densely packed assembly in five symmetrically
equivalent domains can be found (indicating the presence of a sixth domain). Figure 4.18b
and c show a zoom-in into the same single symmetry domain, verified by the presence
of a recognizable defect (circled in black), at different bias voltages. At a bias of 1.5 V,
the molecules are imaged as rows of oval protrusions (purple), with their mirror images
with respect to [1̄1̄2] direction (white line) aligned in the two adjacent rows. Reducing
the voltage to 0.2 V leads to enhanced resolution, whereby each oval is observed to split
into two triangular contours facing each other at opposing corners, forming an outline
reminiscent of an hourglass. Interestingly, the mirror symmetric character observed for
the ovals at higher bias voltage is not evident at lower bias voltage as elucidated by the
white ellipses. Instead, clear intensity modulations characterize neighboring hourglass
shapes, such that a potential unit cell in Fig. 4.18b must span at least three adjacent rows to
be complete. Surprisingly, this gives rise to a considerably larger unit cell than predicted
by the previous LEED analysis, although the STM experiments were performed on a
sample showcasing a diffraction pattern similar to Fig. 4.15d, e, thus ensuring imaging of
the correct phase. Figure 4.19a shows this unit cell superimposed on the STM image. The
unit cell vector s1 is rotated by (11.0± 1.0)° with respect to the close-packed silver [11̄0]
directions and has a length of |s1| = (2.52± 0.05) nm, whereas |s2| = (1.04± 0.05) nm
and is oriented at an angle of (78.5± 1.0)° compared to s1. These dimensions of the
superlattice vectors are close (deviation of less than 5%) to a commensurate superstructure,
and since no indication of a Moiré pattern was observed, we assume commensurability.
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(a)

(b)

I
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IV
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(b)
1.5 V

(c)
0.2 V

Fig. 4.18: (a) Large-scale STM image of an oxygen-exposed TEB/Ag(111) sample. (b) Zoom-in
into a single domain at UB = 1.50 V, I = 0.05 nA. (c) Same location as in (b) but at a lower
voltage of UB = 0.20 V and I = 0.10 nA. Close-packed directions are indicated by the white lines.

The respective commensurate real-space matrix is given by(
8 2
−2 4

)
(4.21)

and its simulated LEED pattern is shown in Fig. 4.19b together with the experimental
pattern. While the simulated LEED image, in principle, recreates some of the prominent
hexagonal features present in the actual measurement, the proposed real-space matrix
(4.21) predicts the occurrence of a hexagonal set of diffraction spots around the (0,0)
reflection and the intense (

√
3 ×
√

3)R30° spots, which cannot be observed - even at lower
primary electron energy (cf. 4.15d). Consequently, a smaller unit cell was tested as shown
in Fig. 4.19d, not adhering to the apparent mirror symmetry of the real-space assembly.
The corresponding superlattice vectors were found to be |s1| = (1.42± 0.05) nm and
|s2| = (1.01± 0.05) nm; with s1 rotated by (31.3± 1.0)° with respect to the silver substrate
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(d)(c)
0.2 V1.5 nm

(a)
0.2 V

(b)
1.5 nm

Fig. 4.19: (a) Small-scale STM image of a single domain of O2-exposed TEB (UB = 0.20 V, I =
0.10 nA). A tentative unit cell is superimposed. (b) Commensurate LEED pattern simulated (left)
from the STM-derived superstructure with vectors s1 and s2, compared with the experimental
LEED pattern (right). (c) Same STM scan as (a) but with an alternative unit cell. (d) Simulated
and experimental LEED images deduced from the unit cell in (c).

and an angle ∠(s1, s2) = (58.6± 1.0)°. Assuming again commensurability, we find a
superstructure with matrix (

3 3
−2 4

)
, (4.22)

which is actually one of the proposed, LEED-derived matrices and consolidates the prior
LEED analysis (compare Fig. 4.15d-f with 4.19c, d). While the lattice vectors s1, s2 of the
larger unit cell in Fig. 4.19a match better with the STM measurements, its counterpart
in 4.19c explains the real-space arrangement reasonably well and can reconcile LEED
and STM experiments. Noteworthy, as outlined in Fig. 4.19b, the larger unit cell only
displays the substrate-mediated threefold rotational symmetry. On the other hand, the
large-scale STM images (Fig. 4.18a) clearly indicated the presence of six distinct domains,
essentially ruling out the hypothesized larger unit cell, and corroborating the sixfold
symmetry of the alternative unit cell Figure 4.19c, d. Furthermore, we can also exclude
imaging of a random phase conformation, since the surface was only covered in patches
as shown in Fig. 4.18a which also yielded the correct LEED and XPS signatures. It is also
to be noted that covalent homocoupling of the TEB percursor only occurs when exposing
a silver surface at 330 K to high TEB fluxes, leading to a yet different assembly [40]. In
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summary, O2-treated, deprotonated TEB molecules are highly probable to assemble into
the proposed (

3 3
−2 4

)
(4.23)

superstructure. On another note, a molecular model of the local ordering was difficult
to achieve. The triangular protrusions found in the oxygen-exposed TEB assembly in
Fig. 4.19c are much smaller than in a pristine TEB assembly of Figure 4.17. While this may,
in fact, be an alternative manifestation of the deprotonation reaction, essentially, the two
triangles facing each other along one corner to form the hourglass contour require the TEB
monomers to almost overlap. The situation is depicted in Fig. 4.20a: In the tentative model,

(a) (b) (c)

Fig. 4.20: (a) Molecular model of the oxygen-treated TEB conformation superimposed on an STM
image. (b) STM measurement of the local ordering of the pristine TEB phase. (c) Comparison of the
deprotonated (left) and pristine (right) TEB assemblies to highlight the size difference of the purple
protrusions. Scanning conditions: (a) UB = 0.20 V, I = 0.10 nA, (b) UB = −0.25 V, I = 0.10 nA.
The molecular models were obtained via gas-phase DFT calculations with B3LYP/def2-SVP [147].

each hourglass shaped protrusion is made of two deprotonated TEB molecules, yielding
a packing of two molecules per unit cell (as in the case of pristine TEB). For comparison,
the molecular model of pristine TEB molecules is shown in Fig. 4.20b. The rationale for
superimposing two deprotonated TEB monomers on the hourglass shape is explained
in the following. First, note the apparent size difference of the purple protrusions for a
deprotonated (left) and pristine (right) TEB assembly in Fig. 4.20c. Specifically, the indi-
vidual triangular protrusions on the left have an area of only ∼44% of the corresponding
triangular signatures on the right. On the other hand, the entire hourglass shape formed
by the oxygen-exposed TEB arrangement displays strong directional asymmetry and is
much bigger than pristine TEB monomers, implying that it is unlikely to represent a single
three-fold symmetric molecule. Secondly, deprotonated terminal alkynes - acetylides -
were demonstrated to interact via ionic hydrogen bonding, i.e. the deprotonated acetylide
groups interact with the hydrogen atoms on the TEB benzene ring [150]. In the proposed
model, the ionic hydrogen bonding interaction C – H···π – δ is maximized compared to
other models. As indicated above, the reduction of the apparent size may be related to the
deprotonation: For the ExtTEB and diethynylanthracene precursor on a Cu(111) surface,
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upon deprotonation the acetylide functional groups bend towards the surface, affording
a smaller apparent size. Obviously, this can not be sufficiently captured by the molecular
model of the deprotonated TEB molecule in Fig. 4.20, since the latter is based on the gas
phase calculations.

In an intermediate preparation step, the deprotonated TEB assembly was allowed to
warm up to room temperature (293 K) before performing STM measurements. Figure 4.21

10 nm

Fig. 4.21: Large-scale (150 × 80 nm2) STM image of a O2-treated TEB sample that was allowed
to warm up to 293 K before STM analysis at 4.2 K (UB = −2.00 V, I = 0.10 nA).

displays a 150 × 80 nm2 large-area STM scan across a silver substrate step edge. The
terraces are covered mostly by islands of the different symmetry domains of deprotonated
TEB extending up to 40 nm. At the borders of the islands, irregular non-specific assem-
blies are found in addition to bright protrusions seemingly sitting on top. Interestingly,
several islands of the self-assembled pristine TEB monomer (yellow outlined area) can
be found, as well. They appear as out-of-plane wavy lines, formed by the adjacent top
and bottom portion of neighboring hexagons, as clarified in the high-resolution inset.
Finally, emerging islands of a yet unobserved open, porous structure are encircled in
purple. The purple encircled close-up, indeed, reveals a porous network consisting of
glide symmetric pores - akin to the case of the ExtTEB precursor. However, due to the
limited resolution, the nature of the bonding in the molecular structures forming the
pores cannot be known. Noteworthy, the STM scan in Fig. 4.21 corroborates the prior XPS
fitting (cf. Fig. 4.14), where the presence of unreacted TEB molecules was hypothesized to
rationalize the multi-component fit.

In a subsequent step, the same sample was annealed at 450 K. Here, a slightly higher
temperature than the usual 375 K was chosen for two reasons: First, as gauged from
Figures 4.18a and 4.21, the initial coverage was high; consequently, a stronger thermal
activation may facilitate desorption of unreacted TEB and thus provide space for the
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network to be formed (cf. 4.14d). Second, previous LEED experiments have demonstrated
the stability of the network up to at least 450 K, with degradation setting in only at about
500 K as inferred from the loss in diffraction spot intensity. Additionally, an STM study of
a similar brominated TEB precursor found a temperature stability of up to 470 K [172].
Figure 4.22 depicts STM images of three different sample spots of the annealed sample.

20 nm 20 nm

(a) (b)

(d)(c)
10 nm

Fig. 4.22: (a-c) STM topography at three different locations on an oxygen-exposed and sub-
sequently annealed TEB/Ag(111) sample. Scanning conditions for all images: I = 0.05 nA,
UB =1.50 V. (d) Line profile across the red line across the encircled pit of panel (c).

While remnants of the deprotonated phase appear in all three images, as outlined by
the regions with blue-colored boundaries, large portions of the silver surface are now
covered by an open, porous network, similar to the one observed in Fig. 4.21. Note,
the presence of coexisting phases after annealing comes as no surprise since additional
diffraction spots appeared also in the LEED experiment of Fig. 4.16e. On the other hand,
the STM images illustrate the detrimental effect of an initial excess coverage: While the
oxygen-treatment generally tends to shrink the unit cell compared to a pristine TEB
assembly, the formation of the porous network is eventually inhibited, since it requires
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substantially more space on the Ag(111) surface. Concomitantly, thermal activation up to
450 K introduces a considerable amount of topological defects [172] where an individual
pore may comprise either more or less than six individual TEB molecules. Though
a similar defective structure has been reported for a brominated TEB precursor [172],
it is unclear whether this is an intrinsic property of the TEB precursor (as compared
to the highly regular ExtTEB OMNs), or a consequence of the high starting coverage
and, hence, the presence of deprotonated TEB, hindering diffusion and potential self-
healing capabilities. Another interesting feature in Fig. 4.22c is the large, dark depression
(encircled) in the left lower corner, which displays an apparent depth of (2.2± 0.2) Å.
This feature is likely to be due to the area acting as a reservoir of Ag adatoms that are
incorporated into the OMN, as often observed in Ullmann-coupling reactions on a variety
of substrates [172–175]. Figure 4.23 shows a zoom-in into the porous assembly. Apart from
the hexagonal pore (white dashed square), several topological defects are discernible, i.e.
asymmetric pores consisting of five or seven TEB monomers not adhering to the threefold
symmetry of the molecule. The hexagonal pore features a corner-corner distance of
(1.22± 0.02) nm and an average side-to-side distance of (2.03± 0.07) nm. Figure 4.23b
bears gas-phase DFT-optimized (def2-SVP/B3LYP) [147] TEB monomers superimposed
on the hexagonal and heptagonal pores. Obviously, individual TEB molecules do not
extend enough to fully cover the dimension of the pore. Moreover, comparing Fig. 4.23a
and b, we discern bright protrusions connecting pairs of TEB monomers. Crucially, in
a study of the covalent homocoupling of TEB molecules, DFT calculations predicted a
prominent lobe between two adjoining TEB monomers in the case of organometallic
coupling, but not for covalent coupling [40]. The corresponding simulation is reproduced
in Fig. 4.23c. As a consequence, a DFT-optimized gas-phase structure of a Ag-bis-acetylide
bridge was modeled with Avogadro [176] and ORCA [147] (def2-SVP/BP86). Such an
organometallic dimer is superimposed on one side of a hexagonal pore in Fig. 4.23d. The
center-to-center distance, with the center defined as the center of the TEB benzene ring,
is 1.12 nm and thus in excellent agreement with the experimentally measured corner-
corner distance. On this basis, we conclude the formation of an organometallic hexagonal
pore, as observed for the ExtTEB precursor. To further compare the real-space STM
against the reciprocal-space LEED experiments, a real space unit cell is proposed in
Fig. 4.23d. The unit cell features superlattice vectors of |s1| = (1.98± 0.03) nm and
|s1| = (1.97± 0.03) nm enclosing an angle ∠(s1, s2) = (118.5± 1.0)° and rotated by
(32.2± 1.0)° with respect to the Ag(111) mesh. This results in an superstructure close to
the commensurate (

8 −4
−4 8

)
, (4.24)

which corresponds to the initially proposed (but later modified) (4
√

3 × 4
√

3)R30° LEED
structure. Notably, there is considerable variability in the aforementioned side-to-side
distance of the hexagonal pores varying between 1.96 nm and 2.16 nm. While these
deviations may be simply related to the presence of the topological defects exerting
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(a)

1 nm

(b)

(c) (d)

1 nm

1 nm

Fig. 4.23: (a) STM image of a sample area featuring hexagonal pores of different shape. The dashed
square highlights a hexagonal pore. (b) Superimposed model on a hexagonal and heptagonal pore,
assuming gas-phase DFT-optimized TEB molecules. (c) Simulation of an organometallic Ag-bis-
acetylide dimer adapted from Ref. [40]. (d) DFT-calculated Ag-bis-acetylide dimer superimposed
on one side of the hexagonal pore of (a, b); a potential unit cell is indicated in white. Scanning
conditions: UB = −0.10 V, I = 0.10 nA.

a stress on the pore, it could potentially signify a stretch of the unit cell - what is es-
sentially predicted by the LEED measurements. However, due to the poor regularity
and limited long-range order of the system in Fig. 4.23 the issue cannot be definitively
addressed.

Final remarks. In conclusion, we have collected compelling evidence that supports
the generality of the reaction between gaseous oxygen in the pressure range up to
2 · 10−6 mbar and adsorbed terminal alkynes on a Ag(111) substrate, ultimately leading to
the formation of OMNs upon moderate annealing. The reaction sequence is sketched in
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Fig. 4.24: Reaction scheme of the oxygen-mediated network formation for terminal alkynes adsorbed
on a Ag(111) surface. Carbon atoms of the molecule are shown in dark grey, with the hydrogen
indicated as small white spheres; the Ag surface atoms are shown as large white spheres and the
Ag adatoms of the Ag-bis-acetylide motif as light gray spheres.

Fig. 4.24. Specifically, the TEB molecule - a smaller analogue of ExtTEB - undergoes an
intermediate oxygen-induced phase transformation, before further adapting its configu-
ration upon thermal activation. Relying on prior experience with ExtTEB and available
literature, our XPS measurements demonstrate the formation of a deprotonated TEB
species when exposed to a flux of ∼6000 L of O2, and of organometallic Ag-bis-acetylide
linkages upon subsequent annealing at 375 K. LEED measurements were employed to
monitor the on-surface assemblies after the individual reaction steps, yielding regular,
distinct assemblies. In particular, annealing the deprotonated TEB molecules at moder-
ate temperatures yields a superstructure closely reminiscent of the (7

√
3 × 7

√
3)R30°

observed for the organometallic, porous ExtTEB networks. Although only few comple-
mentary STM measurements were possible so far,5 the presented data gave access into
the real-space topography, confirming the presence of three distinct self-assembled TEB
phases upon deposition, oxygen-treatment and annealing. A careful STM/LEED compar-
ison demonstrated the consistency of the results of these two complementary techniques
for the as-deposited and oxygen-treated arrangements. Importantly, the combination
of LEED and STM analyses allowed to evaluate the nominal surface coverage for the
TEB and compare them to ExtTEB molecules, showing in both cases an increase in the
local surface coverage upon O2-exposure and a clear drop following formation of the
porous network upon annealing (cf. Tab. 4.7). Additionally, tentative molecular models
superimposed on STM images of the annealed TEB samples provide strong support for
the Ag-bis-acetylide motif in the observed hexagonal porous network. This demonstra-

5 The STM experiments at SLS were performed during a synchrotron beamtime dedicated to the ExtTEB
molecule and, thus, were neither systematic, nor could the preparation conditions be fully optimized.
More exhaustive STM/STS analysis is planned at IoP, Beijing, in the near future.
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Coverage [ML]

System TEB ExtTEB

Pristine 0.096 0.041
Deprotonated 0.112 0.105
Network 0.036 0.014

Tab. 4.7: Nominal coverage of pristine, oxygen-exposed and subsequently annealed TEB/ExtTEB
calculated from their respective unit cell areas and the number of molecules in each unit cell
determined by STM. Note that the monolayer (ML) is referenced to the atomic surface density of
the Ag(111) surface.

tion of a general reaction scheme, offers a guideline for the on-surface engineering of
sophisticated organometallic nanoarchitectures containing application-relevant direct-
ing functional groups. A future pathway could exploit this reaction scheme to explore
bimolecular as well as bimetallic platforms.

4.5 Modification of Single-Layer Organometallic Networks: The
Role of Metals

In MOFs, the connecting metal centers play a crucial role in tuning the properties of
the resulting porous structures for exploitation in sensing [177], catalysis [178] and
renewable energy applications [179]. Similarly, for the highly regular, porous OMNs [129]
of Sec. 4.3, 4.4 one may envisage that the choice of the incorporated metal is crucial
to tailor distinct functionalities. However, the investigated reaction between terminal
alkynes and gas-phase molecular oxygen on a 200 K cooled Ag(111) substrate leads solely
to the formation of specific Ag-acetylide motifs. Moreover, a similar gas-mediate reaction
protocol could not be successfully applied on the close-packed Cu or Au(111) surfaces [78].
Consequently, the tailoring of the metal coordination centers of the surface-stabilized
OMN was explored in this thesis using a post-synthetic modification strategy. Specifically,
the incorporation of three metals - Ni, Cu and Bi - into the networks formed either by
TEB or ExtTEB precursors on the Ag(111) surface was investigated by means of LEED
and XPS experiments (cf. Fig. 4.25).

Nickel deposition. For the Ni metal, various reaction scenarios were tested, that is, the
metal was deposited on Ag(111) at different stages of the O2/terminal alkyne reaction
scheme. Figure 4.26 illustrates the effect of Ni deposition on a deprotonated, i.e. oxygen-
treated, layer of ExtTEB held at 200 K. The amount of deposited Ni was monitored via
a QCMB and adjusted to a coverage close to the Ag adatom surface density found in
the OMN on pristine Ag(111). The bottom spectrum of the C 1s core level in Fig. 4.26a
displays the characteristic low binding energy shoulder related to the deprotonation
reaction (cf. Fig. 4.4). Annealing to 300 K (middle) seems to slightly reduce the intensity
of such shoulder, whereas thermal treatment at 400 K (top) restores it. Furthermore, a
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Ni

Cu

Bi

Fig. 4.25: Sketch of showing the investigated combinations of metal atoms and terminal-alkyne
linkers. The dark grey spheres of the molecules correspond to carbon atoms, while the hydrogen
atoms are shown in white.

weak component at higher binding energy relative to the central spectral weight emerges.
Crucially, accompanying LEED images taken after the sublimation of Ni demonstrate the
absence of any long-range order, in striking contrast to the regular assembly found in
deprotonated ExtTEB previously shown in Fig. 4.5c. The annealing procedure does not
lead to an improvement, with no long-range order observed after heating to 400 K (top
LEED image). Fig. 4.26b monitors the temperature dependence of the C 1s chemical state
by means of TP-XPS for Ni deposited on a deprotonated ExtTEB layer at 80 K. The C 1s
line remains at the same binding energy in the range 100–700 K, before shifting to lower
binding energy above 700 K. No appreciable intensity reduction is observed up to 700 K,
signaling that no molecular desorption occurs. A similar TP-XPS reference experiment
on the ExtTEB/Ag(111) system (Fig. 4.26c) revealed that the molecular decomposition
induces a broadening of the lineshape as well as a binding energy shift above 700 K,
accompanied by a loss of intensity. Conversely, it is the absence of any temperature-
induced changes in Fig. 4.26b in the 100–700 K range that is unexpected. In fact, the
O2-exposed ExtTEB on Ag(111) actually displays a shift back towards higher binding
energy upon thermal activation and formation of the highly regular network, which
cannot be observed here. Interestingly, the temperature-dependent scan of the Ni 2p3/2

region of Fig. 4.26d shows only a subtle shift away from metallic Ni (852.6 eV [146, 180]),
towards lower binding, energy below 600 K. Typically, Ni and other metals display higher
binding energies upon coordination due to increased Coulomb attraction, as routinely
evidenced for their respective oxides [146, 180, 181] or metal complexes [182–184]. In
contrast, a low binding energy shift might imply an electron accepting character of the Ni
metal, which could, in turn, rationalize the high binding energy shoulder observed in the
C 1s core level after annealing (Figs. 4.26a (top) and 4.26b). On the other hand, progressive
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Fig. 4.26: (a) C 1s core-level evolution for Ni metal deposited on an oxygen-treated ExtTEB
layer at a substrate temperature of 200 K (bottom). The corresponding spectra for the same
sample annealed at 300 K (middle) and 400 K (top) are shown. On the right, LEED patterns
(primary electron energy: 40 eV) monitoring the long-range order upon deposition and annealing
are depicted. The red circles and lines outline the Ag(111) diffraction spots and the < 1̄1̄2 >
symmetry directions, respectively. (b) TP-XPS scan for the C 1s core level following Ni deposition
at 80 K on a deprotonated ExtTEB layer. (c) Control experiment of the thermal evolution of
deprotonated ExtTEB. In (d) the Ni 2p3/2 region is shown for the same sample as in (b).

alloying above 400 K of Ni with the Ag(111) surface layers at elevated temperature cannot
be excluded [185].

From the above described experiments, we infer a detrimental interaction of the Ni species
with the deprotonated acetylide radicals, which hampers the regular reorganization of the
deprotonated ExtTEB molecules into an ordered OMN. Therefore, in another attempt to
prompt the network formation, the Ni metal was deposited on pristine ExtTEB assembly
at 90 K, that is prior to the O2 treatment. Figure 4.27a depicts the C 1s, O 1s and Ni 2p
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Fig. 4.27: (a) XP spectra of the C 1s, Ni 2p and O 1s core-level regions for (I) pristine ExtTEB,
(II) Ni addition, (III) oxygen exposure at 90 K, (IV, V) annealing at 300 K and 400 K. The black
curve in the Ni 2p core level is a reference of metallic Ni on the Ag(111) substrate. (b) Schematic
of the deposition order: (I) ExtTEB, (II) Ni and (III) O2. (c) TP-XPS measurement of the C 1s
core level after the sequence depicted in (b). (d) LEED pattern after O2 treatment and annealing to
400 K (V).

core-level regions for the sequence of preparation steps (sketched pictorially in Fig. 4.27b),
corresponding to (I) ExtTEB deposition, (II) the addition of Ni at 90 K, (III) O2 exposure at
90 K, (IV) post-annealing to 300 K, and (V) 400 K.6 For the Ni 2p region, the black spectrum
at the top depicts the binding energy reference of a disordered, metallic Ni film deposited
on the Ag(111) substrate. Crucially, upon Ni deposition (II) a low binding energy shoulder
arises in C 1s region at ∼283.5 eV, while the adsorbed Ni appears at 852.8 eV - close to
its metallic state at 852.6 eV. Moreover, a very weak O 1s line is observed at 532.7 eV,
ascribed to water adsorption at liquid nitrogen temperatures. The oxygen exposure (III)
causes a pronounced low binding energy shoulder in the C 1s core level, as well as a
high binding energy component in the Ni 2p core level, especially visible for the Ni 2p3/2

line. Similarly to the situation for the molecular oxygen treatment of pristine ExtTEB at
90 K, a broad peak emerges in the O 1s region (cf. Fig. 4.9). Thermal annealing to 300 K
(IV) considerably reduces the FWHM of the O 1s peak, leaving a single component at
530.5 eV; correspondingly, the spectral weight of the Ni 2p3/2 core level shifts to 853.8 eV.

6 It should be remarked, that the high binding energy tail of the Ni 2p region overlaps with the onset of the
silver related Auger MNV transition for Mg Kα radiation. Similarly, the O 1s core level overlaps with the
weak Ni LMM Auger line.
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In contrast, the low binding energy shoulder in the C 1s line shifts to higher binding
energy, conveying to the peak an overall broader appearance than for pristine ExtTEB,
but without a clear shoulder component. Further annealing to 400 K (V) has negligible
influence on the C 1s, whereas the Ni 2p spectrum appears more similar to the situation
prior to any annealing. In the O 1s core level, finally, only a low-intensity component at
530.7 eV remains. Although the chemical evolution is complex, several key elements are
discernible. The appearance of a low binding energy shoulder in the C 1s core level upon
Ni deposition at low temperatures indicates interaction between the ExtTEB molecules
and the codeposited Ni. Specifically, binding energy components in the C 1s region at
around ∼283.5 eV are routinely observed for the organometallic intermediates in Ull-
mann coupling reactions [186–188]. Additionally, the strong interaction of codeposited Ni
adatoms with organic molecules was recently demonstrated in the hydrogen abstraction
by hexaaminotriphenylene [189] (note, however, that in our case, no hydrogen desorption
could be observed in TPD experiments following low-temperature Ni deposition). Fur-
thermore, small binding energy shifts in metal core levels, as observed here in the Ni 2p3/2

may, in principle, indicate oxidation state changes [190], corroborating the assumption
of significant interaction between ExtTEB and Ni. Subsequently, the Ni/ExtTEB system
interacts competitively with gaseous O2 at low temperatures: The increasing intensity
of the C 1s shoulder could signal a deprotonation reaction, while the more asymmetric
lineshape of the Ni core level is readily interpreted as a consequence of oxide formation
which contributes photoelectron intensity around 853.7 eV [146]. Likewise, the photoelec-
tron peak in the oxygen core-level region indicates the presence of distinct oxygen species
(also compare with Fig. 4.9), possibly with concomitant appearance of atomic, molecular,
oxygenaceous and metal-oxide species. The further evolution of the Ni and O core levels
induced upon thermal treatment indicate the presence of Ni in its +II oxidation state,
typically located at 853.8 eV [181], while the O 1s line displays a binding energy typical
for oxides. However, this species seems thermally unstable, since the annealing step to
400 K quenches the O 1s oxide peak and reverts back the Ni 2p binding energy position.
Figure 4.27c summarizes the complex temperature dependence in a TP-XPS experiment
of the C 1s core level for a sample prepared as indicated by the sequence in Fig. 4.27b.
Similar to Fig. 4.27a, between 100–300 K the main spectral weight of the carbon appears at
284.5 eV due to the Ni and O induced low binding energy component, before shifting to
284.7 eV around 400 K and to low BE upon molecular decomposition at high temperature.
The LEED image in Fig. 4.27d taken after the last spectrum of 4.27a still signals the ap-
parent lack of long-range order. Several modifications of the presented experiment such
as dosing O2 at 200 K and varying the Ni coverage and substrate temperature during
Ni deposition were tested unsuccessfully, i.e. they all resulted in LEED images with no
long-range order.

Another set of Ni-related experiments, involved the metal adsorption on a partially
formed OMN, to explore the possibility that the more reactive Ni atoms replace the Ag
adatoms in the Ag-acetylide bridges. To this end, Ni was deposited onto a submonolayer
of ExtTEB that was initially exposed to ∼6000 L of O2 gas and then annealed to 300 K to
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form the OMN (cf. LEED pattern of Fig. 4.28c). The procedure is schematically depicted
in Fig. 4.28a. Figure 4.28b reports the XP spectra of the C 1s and Ni 2p core levels for
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Fig. 4.28: (a) Pictorial sketch of the sample preparation sequence. ExtTEB is deposited on the
Ag(111) surface, subsequently exposed to ∼6000 L of molecular O2 gas, and finally annealed at
300 K, leading to (I) partial OMN formation. Then, (II) Ni is deposited on the partially-formed
OMN at 300 K, (III) followed by annealing at 400 K. (b) XP spectra of the C 1s and Ni 2p core
levels for (I) the partially-formed alkynyl-Ag-alkynyl OMN, (II) coadsorption of Ni at 300 K,
and (III) subsequent annealing to 400 K. (c-e) LEED patterns reflecting the different degree of
long-range order during the reaction steps I, II and III.

the (I) partially formed ExtTEB network, (II) subsequent adsorption of the Ni metal at
300 K, and (III) a final annealing at 400 K. In the carbon region, initially, the well-known
signature indicative of the Ag-bridged organometallic porous network is observed (see
also Fig. 4.4a). No changes can be perceived upon Ni evaporation onto this sample, i.e.
neither the peak position nor the low binding energy component related to the acetylide-
metal-acetylide bridges are affected. On the other hand, heating the sample to 400 K
quenches the intensity of such low binding energy shoulder dramatically. Judging from
the binding energy positions, the Ni metal on the surface adsorbs and remains in a mostly
metallic state with the Ni 2p3/2 located about 852.6 eV. To aid the interpretation of the
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XPS experiments, corresponding LEED images were taken after each individual step of
the sample preparation. Figure 4.28c shows the diffraction pattern of a partially-formed
network at primary electron energy of 15 eV.7 Figure 4.28d indicates a clear worsening of
the order after Ni deposition at 300 K. Specifically, the intensity of the diffraction strongly
decreases, although the superstructure periodicity is still observed. Annealing at 400 K,
however, completely disrupts the long-range order, evidenced by the sole presence of a
circular halo in Fig. 4.28e. Noteworthy, the experiment demonstrates the predictive power
of the XPS signature: The quenching of the C 1s low binding energy shoulder in Fig. 4.28b
correlates with the loss of the network structure in Fig. 4.28e.

In conclusion, successful modification of the OMN with Ni metal could not be achieved
for a variety of sample preparation schemes, such as prior Ni decoration, Ni deposition
on the already deprotonated ExtTEB or even on the partially formed Ag-bridged network.
In all cases, the absence of the long-range order was evidenced in LEED experiments and
correlates with the loss of the low binding energy component in the C 1s core-level region,
while the Ni metal remains in a metallic-like state or is oxidized upon O2 treatment.
Comparing Ag and Ni metals, the former is much more flexible in the possible adaptable
oxidation states, formally including +I, +II and +III configurations, while the latter mainly
allows +II oxidation beside the metallic state. Thus, a speculative reason for the failed Ni
incorporation may be this preference for the +II oxidation state, which is not achieved
in the alkynyl-metal-alkynyl coordination of the OMN (where Ag is predicted to be
in a +I state by DFT). In any case, it appears that the stronger interaction with the
ExtTEB molecules afforded by Ni, compared to Ag, does not aid the stabilization of the
organometallic bonding.

Copper deposition. Based on the above considerations, the more “flexible” Cu metal,
which can potentially provide + I and + II oxidation states, was investigated regarding its
affinity to participate in the network formation. In a first set of experiments, the Ag(111)
substrate was decorated with Cu atoms prior to ExtTEB deposition. Figure 4.29a, b shows
the C 1s and Cu 2p3/2 core levels upon (I) copper decoration of the Ag(111) substrate,
(II) sublimation of ExtTEB, (III) exposure to 6000 L of O2 gas, and (IV) annealing at 450 K.
Generally, the XP spectra of the carbon region, evolve in a similar manner as the pristine
ExtTEB/Ag(111) system in Fig. 4.4. Upon ExtTEB addition at 200 K, a single, broad peak
emerges, followed by the appearance of a low binding energy component upon oxygen
treatment. The thermal activation induces an overall decrease in the signal intensity, but
preserves the latter feature. As to copper, it is found in its metallic state on the Ag(111)
substrate, evidenced by the binding energy of 932.6 eV for the Cu 2p3/2 peak [181, 191].
Notably, no binding energy shift occurs upon ExtTEB sublimation or oxygen exposure.
Only upon annealing, a significant binding energy shift of ∆ = +0.6 eV to 933.2 eV is
detected. Thus, inspection of the C 1s and Cu 2p3/2 core levels suggests no interaction
of Cu atoms (or clusters) with the pristine or deprotonated ExtTEB prior to annealing,

7 It should be noted that the employed submonolayer coverage was slightly too high, leading to a coexistence
of the network and macrocyclic phase.
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Fig. 4.29: (a) Sequence of XPS measurements of the C 1s core level upon (I) Cu deposition, (II)
ExtTEB deposition, (III) O2 exposure at 200 K, and (IV) thermal treatment at 450 K. (b) The
Cu 2p3/2 core level for the same set of experiments as in (a). (c) TP-XPS experiment of the
Cu 2p3/2 region of a sample prepared up to step III above. The linear heating ramp was 0.1 K/s,
amounting to a temperature resolution of 7–8 K. Characteristic LEED images of the different
annealing steps taken at 35 eV of primary electron energy are reported on the side.

though it must be noted that the Cu+I oxidation state has a similar binding energy as
the metallic Cu0 in XPS [181, 191] and therefore a conclusive statement requires addi-
tional proof. The TP-XPS experiment in Fig. 4.29c was performed on a Cu decorated
and subsequently deprotonated ExtTEB sample, to monitor the Cu thermal evolution.
Clearly, in the range 100–275 K the copper core level remains unaffected by the thermal
treatment, i.e. no binding energy shifts are observed. However, starting at around 300 K,
the Cu noticeably shifts to higher binding energy, stopping at an energy of ∼933.2 eV at
450 K. On a separate but similarly prepared sample, the evolution of the long-range order
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was investigated by taking LEED images at 100, 300, 375 and 450 K. The LEED patterns
recorded at 100 and 300 K in Fig. 4.29c simply correspond to the deprotonated ExtTEB
arrangement, previously observed in Fig. 4.5b. Thermal treatment at 375 K leads to a coex-
istence of deprotonated and network diffraction patterns, whereas upon heating to 450 K,
the resulting diffraction pattern can be described by the (7

√
3 × 7

√
3)R30° superstructure

observed for the corresponding ExtTEB OMN.
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Fig. 4.30: (a), (b) XPS measurements of the C 1s and Cu 2p3/2 core levels after deposition of copper
on deprotonated ExtTEB at 200 K and subsequent annealing steps at 375 K and 450 K. The black
curves (bottom) constitute references for pristine and deprotonated ExtTEB (C 1s) and metallic
copper (Cu 2p3/2). (c) TP-XPS experiment of Cu added at 200 K on top of the deprotonated
ExtTEB layer. The applied heating ramp was 0.1 K/s, leading to a temperature resolution of 7–8 K.
(d) LEED images taken upon deposition of Cu atoms on the submonolayer deprotonated ExtTEB
assembly, annealing at 300 K (middle) and 450 K (bottom).

In a complementary experiment (similar to the Ni-related experiment), Cu was subli-
mated onto a submonolayer deprotonated ExtTEB assembly. Figures 4.30a, b display
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C 1s and Cu 2p3/2 XP spectra for Cu adsorbed on deprotonated ExtTEB at 200 K and
subsequent annealing steps at 300 and 450 K. In the C 1s region, the effect of the Cu
coadsorption, i.e. the adjustments in the line shape between the black reference and the
first grey curve, is negligible. Similarly, annealing at elevated temperatures preserves
the lineshape. As to the Cu 2p3/2 region, the as-deposited (first gray curve at the bot-
tom) and subsequently annealed metal displays a similar binding energy of ∼933.2 eV
throughout the progression. Interestingly, this corresponds to the same binding energy
that is only observed after annealing the pre-decorated Cu/ExtTEB system to 450 K
(Fig. 4.29b). The absence of binding energy shifts in the Cu 2p3/2 core level is also verified
in the TP-XPS experiment shown in Fig. 4.30c. Moreover, despite subtle differences in
the quality of the patterns, the long-range order ultimately results in the previously
observed (7

√
3 × 7

√
3)R30° superstructure, as depicted in the temperature evolution of

Fig. 4.30d.

In addition to a higher temperature of formation (450 K vs. 375 K), the stability of the
(7
√

3 × 7
√

3)R30° LEED pattern seems enhanced for Cu codeposited ExtTEB assemblies.
The temperature-induced transition from the diffraction pattern in Fig. 4.31a to that in
Fig. 4.31b introduces hexagonal overlayer diffraction spots, indicative of the (7

√
3 ×

7
√

3)R30° assembly, while still preserving spots from the deprotonated phase. Only
annealing at 450 K or even 500 K (as shown in Fig. 4.31c) fully converts the ExtTEB
arrangement into the network-associated superstructure. Thermal treatment to 600 K,
however, induces a severe degradation of the regular assembly, evidenced by weaker
and broader diffraction spots [192]. Further heating to 650 K leads to a complete loss of
diffraction pattern, at a temperature almost 100 K higher than for the alkynyl-Ag-alkynyl
OMN without Cu.

(a) (b) (c) (d)

Fig. 4.31: LEED pattern evolution of Cu codeposited on deprotonated ExtTEB, (a) directly after
deposition, after heating (b) at 375 K, (c) 500 K and (d) 600 K. All images were recorded at 20 eV
primary electron energy.

To exclude diffusion of copper into the bulk as primary driving force for the observed
Cu 2p3/2 core-level shifts, a comparable amount of Cu was deposited on the clean Ag(111)
surface and subsequently annealed at 500 K while monitoring the photoelectron inten-
sity in surface sensitive geometry. The resulting spectra taken at 300, 450 and 500 K are
depicted in Fig. 4.32. To determine the binding energy position with sufficient precision,
curve-fitting analysis was performed. Notably, the Cu 2p3/2 region is dominated by the
high binding energy tail of the Ag MVV Auger. Therefore, a spline was fitted to a clean
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Fig. 4.32: Cu 2p3/2 XP spectra of copper deposited on the clean Ag(111) surface, after (bottom)
adsorption at 300 K, (middle) annealing at 450 K, and (top) 500 K. The initial amount of copper
was comparable to that in Fig. 4.29 and Fig. 4.30.

Preparation Cu 2p3/2 Binding Energy [eV]

300 K 932.66
400 K 932.63
500 K 932.63

Tab. 4.8: Temperature dependence of the Cu 2p3/2 binding energy. No appreciable changes are
observed within the precision of the measurements (± 0.05 eV).

Ag spectrum of the Cu 2p3/2 binding energy region and adjusted to the measurements
containing Cu. While the intensity of the copper peak diminishes for increasing tem-
peratures, suggesting some diffusion into the bulk, the tabulated binding energy values
(Tab. 4.8) do not shift towards higher binding energy. Thus, although a diffusion-related
effect may not be fully excluded, certainly it is not the origin of the binding energy
shift. Therefore this finding corroborates the interpretation of the chemical shift as a
consequence of thermally induced Cu-ExtTEB interaction.

Finally, the Cu modification scheme was also applied to the smaller TEB precursor. In
Fig. 4.33, in particular, Cu was added onto a deprotonated TEB assembly. Fig. 4.33a shows
the spectral signatures in the C 1s and Cu 2p3/2 core-level regions. The peak in the C 1s
core level can be subdivided into two components of equal intensity, corresponding to the
TEB molecule upon metal-acetylide bridge formation as observed for the TEB alkynyl-
Ag-alkynyl network in Fig. 4.14a. Akin to the Cu/ExtTEB codeposition, the Cu 2p3/2

peak also shifts to a binding energy value of 933.2 eV compared to the 932.6 eV value
of metallic Cu. The LEED patterns at the bottom of Fig. 4.33a compare the diffraction
patterns of an alkynyl-Ag-alkynyl network (black) with Cu codeposited samples (orange).
Notably, it appears that the triplets ascribed to the(

8 −4
−4 9

)
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Fig. 4.33: (a) XPS measurements of the C 1s and Cu 2p3/2 core levels for Cu added on top of a
deprotonated TEB assembly, subsequently annealed at 450 K to induce network formation (grey
curves). References are shown for a pristine TEB network (C 1s) and metallic Cu on Ag(111)
(Cu 2p3/2) as black curves. The corresponding LEED patterns are reported at the bottom, taken at
a primary electron energy of 35 eV. The zero- and first-order diffraction spots are encircled in red
and the < 1̄1̄2 > directions are marked by red lines. (b) LEED evolution for a Cu deposition on
deprotonated TEB at 200 K annealed in steps up to 500 K.

superstructure matrix (see discussion of the long-range order in Sec. 4.4) of the pristine
TEB OMN are suppressed when adding Cu during the network formation process. Specif-
ically, while the spots encircled in purple in the two LEED patterns of Fig. 4.33a appear
equally sharp for both preparation methods, the network in presence of Cu shows single
spots, highlighted by white circles, which appear as split triplets in the pristine TEB
network. Figure 4.33b shows a series of LEED patterns that clarify the temperature depen-
dence of the Cu/TEB system. After Cu addition, the diffraction spots appear somewhat
broadened but get sharper at each annealing step up to 500 K, and, importantly, do not
indicate the presence of three rotational domains.

To conclude, based on the data collected on both ExtTEB and TEB, it seems likely that
the Cu metal allows higher flexibility than Ni and overall is more promising for the
post-synthetic incorporation in the terminal-alkyne-derived organometallic networks.
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The observation of the LEED pattern associated with the ordered porous OMN for differ-
ent copper-conditioning preparation schemes and for the two different terminal alkyne
precursors strongly suggests successful network functionalization. This conclusion is
corroborated by the observed chemical shift in XPS, typically associated with copper
coordination [34, 193–195], and by the increased temperature for network formation
and the enhanced temperature stability. All in all, these evidences strongly support the
conclusion of copper being incorporated into the OMNs, although a definitive proof may
only be achieved by local imaging in STM experiments (planned), as well as by quantita-
tive structural determination via normal-incidence X-ray standing waves (NIXSW) (also
planned).

Bismuth deposition. Within the scope of this thesis, a project that targets the incorpo-
ration of a large Z element was supervised and some of the key findings are presented
here. Bismuth was selected as an exemplary case, and for a more detailed treatment the
reader is referred to the master thesis of P. Vezzoni Vicente [196]. With the prediction
and discovery of topological insulators, there has been an increased interest in high-Z
elements, specifically Bi, because of their large atomic spin-orbit coupling [197, 198]. In
particular, embedding Bi atoms into an alkynyl-metal-alkynyl matrix forming a highly
regular, organometallic polymer with Kagome structural elements could afford a regular
2-D array of metal centers, and facilitate the formation of novel, topological states [5].
Consequently, in addition to the previously investigated transition metals Cu and Ni, the
insertion of Bi on a number of TEB precursor configurations was explored. For Bi, the
formation of a surface alloy Ag2Bi on the Ag(111) is well-known and can be verified in
LEED experiments [199, 200]. Consequently, we first tested the formation of the alkynyl-
metal-alkynyl network on this same Bi surface alloy. Figure 4.34a displays the LEED
pattern of the Ag2Bi alloy, clearly showing a (

√
3 ×
√

3)R30° overlayer that is formed
already after deposition at 300 K. The adsorption of TEB molecules on the alloy at 200 K
leads to the formation of the previously reported diffraction pattern for the molecular
self-assembly of TEB/Ag(111) (Fig. 4.15a, b). Note the overlap of the molecular overlayer
diffraction pattern with the (

√
3 ×

√
3)R30° structure formed by the surface alloy, as

depicted by the yellow, orange and green circles around the intense Bragg spots. The
exposure to ∼6000 L O2 strongly suppresses the intensity of all molecule related diffrac-
tion spots, such that only the (

√
3 ×
√

3)R30° periodicity remains visible (Fig. 4.34). In
particular, the reported structure for the deprotonated TEB/Ag(111) system of Fig. 4.15d,
e is not discernible. However, annealing at 400 K still seems to induce some network
formation, as evidenced by the hexagonal structure emanating around the (0,0) reflection,
but the quality is strongly degraded. Strikingly, the Bi 4 f core level region displays no
perceptible binding energy shifts as for the Cu case. Instead, a fitting with an asymmetric
Voigt function revealed an identical Bi 4 f7/2 binding energy of 156.6 eV for the pristine
surface alloy and the surface alloy which underwent the network formation protocol with
the TEB compound.

Based on the above findings, to possibly prompt changes in the Bi chemical state, another
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Fig. 4.34: (a) LEED pattern of the Ag2Bi surface alloy on Ag(111) and (b) corresponding diffraction
pattern following TEB adsorption at 200 K. (c) Experimental LEED pattern after O2 exposure
(∼6000 L) and (d) annealing at 400 K. The red circles indicate the zero- and first order diffraction
spots of the silver substrate, and the lines show the < 1̄1̄2 > directions; green circles highlight the
alloy (

√
3 ×
√

3)R30° superstructure, orange circles in (b) are related to the TEB molecule and
the purple circles in (d) to the OMN. All images were taken at a primary electron energy of 40 eV.
(e) XPS measurement of the Bi 4 f region (a) for the surface alloy and (d) after applying the TEB
reaction protocol. The latter is sketched pictorially in the inset (middle panel).

set of experiments was performed in which Bi metal was evaporated onto oxygen-exposed
TEB assemblies at either 200 or 300 K. As demonstrated in Fig. 4.35a, b new diffraction
patterns emerge from this different preparation scheme. Strikingly, however, the new
assemblies are much less stable than the pristine or Cu-modified TEB arrangements.
In fact, annealing at 350 K leads to visibly fainter spots and further heating to 400 K
completely lifts the long-range order, leaving only a faint circular halo. Such behavior
was observed for the pristine or Cu-modified only upon heating in excess to 500 K.
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(a)

+

(b)

Fig. 4.35: (a) Bi deposition onto deprotonated TEB at 200 K and subsequent annealing up to 400 K.
(b) Same situation as in (a) but with Bi deposition performed at 300 K. All LEED patterns were
recorded at 30 eV primary electron energy.

Conclusive remarks. In summary, the potential modification of metal-acetylide linked
OMNs formed via the gas-mediated reaction of O2 with terminal alkyne precursors was
investigated aiming at the insertion of new functional metal centers. Crucially, LEED and
XPS measurements demonstrated no capability of Ni metal atoms to participate in the
formation of ordered networks. At no stage of the gas-mediated reaction protocol could
the addition of this transition metal be accompanied by the appearance of an ordered
superstructure in the LEED measurements. On the contrary, Ni was shown to have
detrimental effects on the intact terminal alkyne precursor and even destroys a partially
formed network upon coadsorption and subsequent thermally activated diffusion. More
promisingly, Cu could be successfully incorporated as gauged by the persistence of the
characteristic network LEED pattern and the occurrence of distinct chemical shifts in the
Cu 2p3/2 XPS, suggestive of organometallic bonds. Particularly, coadsorbed Cu interacts
more weakly than Ni with the intact terminal alkyne molecules, leaving them intact as
monitored by the C 1s XPS fingerprint. Only upon O2 gas treatment and formation of the
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deprotonated radicals does copper interact appreciably with the TEB and ExtTEB precur-
sors. Moreover, Cu addition raises the network formation temperature, i.e. temperatures
close to 375 K are no longer sufficient to observe a pure, single-phase network diffraction
pattern. Concomitantly, the thermal stability of the OMN is increased, with a degradation
of the LEED pattern only starting around 600 K. Interestingly, Cu insertion into the TEB
assembly seems to adjust the superstructure periodicity(

8 −4
−4 9

)
→
(

8 −4
−4 8

)
, (4.25)

which may be tentatively related to a different strain in the OMN. Finally, adding the Bi
semimetal yet leads to another set of observations. Network formation on the semimetal
may still be possible, although with worse quality as gauged by LEED. Moreover, adding
Bi on the oxygen-exposed TEB leads to entirely new, but less temperature stable confor-
mations which will need more thorough real-space investigations by STM. Although
evidence has been collected for the incorporation of metals in the OMNs, further mea-
surements are necessary. STM/STS measurements may be especially helpful to clarify
the changes of the local ordering, as caused by Ni and Bi, whereas insight into the
electronic structure may help reveal any differences between well-established the alkynyl-
Ag-alkynyl network and a potential alkynyl-Cu-alkynyl network. NIXSW experiments
may beneficially complement the real-space imaging and provide quantitative insight
into the location and adsorption site of the metal centers.
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4.6 Electronic Band Formation and Characterization of a
Single-Layer Kagome Organometallic Polymer

This chapter includes and expands on content that is in preparation to be published as

I. Piquero-Zulaica, F. Haag, W. Hu, J. Küchle, F. Allegretti, Z. M. Abd El-Fattah, L. Chen,
K. Wu, S. Klyatskaya, M. Ruben, M. Muntwiler, W. Auwärter, A. P. Seitsonen, J. V. Barth
& Y. Zhang. Electronic Band Formation and Characterization in a Single-Layer Kagome
Organometallic Polymer, In Preparation. 2021,

STM/STS measurements were performed by
W. Hu, L. Chen, K. Wu, Y. Zhang

The molecule was synthesized by
S. Klyatskaya and M. Ruben

DFT calculations were performed by
A. P. Seitsonen

Electronic plane wave calculations were performed by
Z. M. Abd El-Fattah

In the experiments described in Sec. 4.3, the requirements for the formation of highly crys-
talline, defect-free extended polymers were met [202–205]. These are (i) rigid molecular
building blocks, (ii) pre-ordered monomer assembly prior to the reaction, (iii) reversible
and robust bonds in the polymers with the potential for a self-repair mechanism, (iv)
ability to grow across steps, (v) high reaction selectivity and low amount of defects.
By use of the gas-mediated reaction protocol, we have been able to form a highly crys-
talline, micrometer-sized Kagome 2-D polymeric network of unprecedented quality on
the Ag(111) surface [78]. Importantly, the demonstrated long-range ordered network
with low defect density and Kagome lattice topology is held together by Ag-bis-acetylide
bonds ( – C ––– C – Ag – C ––– C – ) that are predicted to exhibit covalent character [78, 175]. This
aspect renders the Kagome 2-D polymeric network especially interesting for the explo-
ration of its electronic structure, potentially offering topological electronic properties such
as Dirac cone dispersion and topologically protected edge states. To assess this possibility,
mesoscopic scale space-averaging ARPES measurements were performed on the ExtTEB
OMN at the PEARL beamline of SLS. To this end, the ExtTEB network was grown on
pristine Ag(111), which, coincidentally, offers the advantage of energetically low lying
d-bands (−3.5 eV). Prior to the ARPES measurements, the ExtTEB network’s quality was
evaluated via LEED and XPS characterization, so as to ensure the crystallinity and correct
coverage that enable the study of the valence band region of the network. Fig. 4.36a
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(a) (d)

(b)

(c) (e)

Fig. 4.36: ARPES band structure (binding energy EB vs ky) corresponding to (a) pristine Ag(111),
(b) a thin ExtTEB multilayer and (c) the ExtTEB organometallic network measured along the
[11̄0] substrate direction (Γ̄− K̄) with a photon energy of 62 eV. (d) EDCs at ky = 1.35 Å−1.
The emergence of discrete molecular orbitals for intact ExtTEB molecules and their transition to
valence band states VB1 (with a ∼0.8 eV bandwidth) and VB2 upon formation of the 2-D OMN
is observed. (e) Same band structure as in (c) but taken with a photon energy of 100 eV. While the
Ag-sp bands change with the photon energy, the bands stemming from the organometallic network
do not, evidencing their 2-D nature. The ARPES measurements in (a) and (b) were performed at
295 K, while (c) was measured at ∼60 K.

depicts the ARPES band structure E(ky), corresponding to the dispersion relation parallel
to the [11̄0] - or Γ−K - substrate direction, mapped at a photon energy of 62 eV for a clean
Ag(111) sample. At the Γ point, close to the Fermi energy (EB = 0 eV) the Shockley surface
state (SSS) of Ag(111) is observed [206]. Additionally, the intense, parabolically-shaped
intensity profile stems from the projected bulk bands of d character, whereas the weaker
features crossing the Fermi level close to the K point (∼1.4 Å−1) originate from highly
dispersive sp-bands. A thin multilayer of ExtTEB molecules, as assessed by XPS, was
deposited on the Ag(111) crystal to obtain a fingerprint of the highest occupied molecular
orbital (HOMO) signature. As shown in Fig. 4.36b, the localized HOMO and HOMO-1
states appear as nondispersive bands with maximum intensity at 1.5 Å−1 and a binding
energy (BE) of 2.8 eV and 3.5 eV, respectively. The non-dispersive character of the HOMO
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related features obviously excludes the formation of delocalized states for the multilayer
ExtTEB assembly [207–209]. Moreover, the SSS in Fig. 4.36b is quenched with respect to
Fig.4.36a, a direct consequence of the molecular adsorption. Fig. 4.36c outlines the band
structure of a close-to-saturation Kagome 2-D polymeric network. The molecular orbitals
of the molecularly adsorbed ExtTEB in Fig. 4.36b transform into less well-defined valence
band (VB) states coupling via the alkynyl-Ag linkage. Interestingly, the identified VB1

state has a substantial bandwidth (∼0.8 eV), which implies delocalized electronic states
owing to the hybridization between molecular π orbitals and Ag d states [175]. Concomi-
tantly, the enhanced intensity observed at higher binding energies may be assigned to the
lower-lying VB2 state. Note that the silver d-bands are not dramatically altered upon the
formation of the network.

Fig. 4.36d clarifies the formation of the new VB states by comparing the energy distribution
curves (EDCs) extracted along the blue lines of Fig. 4.36a-c (ky = 1.35 Å

−1
) for the Ag(111)

crystal, molecular and network ExtTEB, respectively. For molecular ExtTEB, the HOMO
and HOMO-1 peaks indicated in grey are clearly distinguishable from the onset of the d-
bands (purple). Upon formation of the ExtTEB network, broader features corresponding
to VB1 and VB2 develop, indicative of a band structure. In addition to its bandwidth
of ∼0.8 eV, VB1 has an onset closer to the Fermi level than the HOMO level. Most
likely, this shift stems from the formation of a delocalized electronic Kagome band
structure, although work function variations as a consequence of the different coverages
cannot be entirely discarded [210, 211]. Combining these results with complementary STS
measurements (performed by W. Hu, L. Chen, K. Wu, Y. Zhang), the Kagome-like network
features a semiconducting bandgap of 2.7 eV, compared to the molecular HOMO-LUMO
gap of∼4.0 eV [201]. The reduction of the bandgap upon the formation of a 2-D lattice is a
typical fingerprint of the formation of a conjugated 2-D polymer [211–213]. A closer look at
VB1 reveals intensity modulations, suggesting the entanglement of different bands inside.
As explained in Sec. 2.3, a truly 2-D lattice has no k⊥-dependence. Consequently, while
adjusting the photon energy, and thus its k-vector, should strongly impact the bulk states
of the Ag substrate, no such effect is expected for a 2-D layer. Thus, to verify the nature of
the VB1 and VB2 states in the organometallic network, photon-energy-dependent ARPES
measurements were performed (Fig. 4.36e). A photon energy of 100 eV was chosen to
suppress the projection of the silver bulk bands around the Γ point, in turn facilitating the
observation of the VB states. Indeed, the binding energy position of VB1 and VB2 displays
no photon energy dependence, as a consequence of their 2-D character [214]. Conversely,
the highly dispersive bands do change their energy and momentum with photon energy,
confirming that they must originate from the 3-D states of the bulk Ag crystal. They
correspond to sp-band umklapps that result from folding the sp-bands into the Kagome
2-D OMN superlattice [215, 216]. Notably, in Fig. 4.36c a small but measurable dispersion
of VB1 can be deduced, matching well the bandwidth of ∼0.8 eV in Fig. 4.36d and thus
validating the conclusion of band formation.

In summary, the ARPES data could demonstrate the formation of electronic bands
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associated with the organometallic ExtTEB network, with the semiconducting
character of the 2-D OMN being supported by complementary STS measure-
ments.

4.7 Conclusions and Outlook

Employing a vast toolbox of surface science techniques, specifically LEED, TPD, STM,
XPS, TP-XPS and ARPES, we investigated the potential of a novel gas-mediated on-
surface reaction protocol to form highly regular organometallic polymeric networks on a
Ag(111) single-crystal substrate [78]. As a first step, the gas-mediated reaction scheme
between O2 gas and a terminal alkyne precursor - ExtTEB - adsorbed at 200 K on a Ag(111)
substrate was demonstrated. In particular, complementary STM and XPS measurements
elucidated the O2 induced deprotonation of the deposited ExtTEB molecules in absence
of coadsorbed oxygen species. Upon annealing the Ag(111) template at 375 K, the for-
mation of a highly regular network consisting of hexagonal pores was observed in STM
experiments. Strikingly, the dimensions of the pores show that an organometallic alkynyl-
Ag-alkynyl linkage is established as the characteristic structural motif. The large-scale
ordered assembly was further validated by LEED measurements. The overall reaction
scheme can be summarized as

R−−−−−H(ads) + O2(g) ↓ −−−−→Ag(111)
R−−−−−•(ads)

R−−−−−•(ads) + R−C−−−−−•(ads) ∆−−−−→
Ag(111)

R−C−−−−−Ag−−−−−C−R(ads)

where • denotes the formation of an adsorbed, deprotonated organic radi-
cal.

Generally, it could be shown that the sequential steps leading to network formation can
be reliably monitored by LEED, i.e. the terminal alkyne precursors assemble in distinct
ordered architectures upon molecular adsorption [139], oxygen exposure and network
formation, allowing fast investigation of the OMNs prior to dedicated, more exhaustive
STM experiments.

The importance of the exact combination of oxygen gas with adsorbed terminal alkynes
on the Ag(111) face was confirmed in experiments testing (unsuccessfully) alternative
gases to induce the deprotonation reaction. Indeed, CO [78], H2O and H2 gas were not
able to trigger the deprotonation of the ExtTEB molecules as gauged by XPS and LEED.
Moreover, O2 treatment at 100 K strongly modified the Ag(111) surface and hints to a
disruptive role of the adsorbed oxygen, hindering the formation of regular structures
even after post-annealing at elevated temperatures.
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In a second set of experiments, the generality of the O2-mediated reaction by terminal
alkynes was assessed using the smaller, but equally three-fold symmetric TEB molecule
by means of LEED, STM and XPS measurements. The LEED experiments demonstrated
the self-assembly of pristine TEB molecules at 200 K into a previously observed struc-
ture [139] as well as the structural rearrangement induced by O2-gas exposure at the same
temperature. Annealing at 375 K resulted in a diffraction pattern closely resembling a
(4
√

3 × 4
√

3)R30° overlayer - similar to the ExtTEB orgnometallic network albeit with
smaller periodicity. In-depth analysis of high-resolution LEED experiments revealed
a stretching of the (4

√
3 × 4

√
3)R30° structure by a single silver lattice constant. Pre-

liminary STM measurements corroborated the established LEED findings, providing
some evidence for the formation of an organometallic polymer network, although its
regularity could not be optimized. Specifically, an STM signature reminiscent of the
theoretically predicted TEB Ag-bis-acetylide species of Ref. [40] was observed, whereby
covalent bonding could be excluded based on size arguments (Fig. 4.23). Moreover, the
XPS experiments showed the chemical state signature of the gas-mediated deprotonation
and of the organometallic motif.

Ni

Cu

Bi

Fig. 4.37: Schematic summary of the attempts to trigger extrinsic metal incorporation into TEB
or ExtTEB organometallic networks.

The ability to functionalize the organometallic polymeric networks via metal insertion
was assessed for three different metals, Ni, Bi and Cu, by LEED and XPS measurements,
with the results schematically summarized in Fig. 4.37. The Ni metal was added at several
different stages of the ExtTEB network formation process: prior to ExtTEB deposition,
after deprotonating the ExtTEB molecules and after partial network formation. In all
instances, the disruptive effect of Ni addition was verified, with no hints to the devel-
opment of a regular arrangement as monitored by LEED. While this points to a strong
interaction of the ExtTEB molecules with the Ni atoms, the Ni 2p core level did not exhibit
any clear chemical shifts related to a coordination-modified oxidation state. Instead,
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the coadsorbed Ni atoms remained in a metallic-like state as evidenced by the Ni 2p3/2

binding energy of 852.6 eV.

As to the Bi experiments, supervised as part of the present work, the results were some-
what more promising, however, the extraction of a detailed interaction pattern will require
further investigation in the near future. It appears that adding Bi adatoms either prior or
after the formation of the TEB OMN leaves the diffraction pattern mostly intact, albeit
reducing the intensity of LEED spots. Interestingly, Bi deposition on the deprotonated
TEB molecules triggered the formation of new ordered assemblies, as judged by LEED,
but of limited thermal stability. Akin to the Ni metal, in all preparation strategies, no
binding energy shifts could be observed in XPS measurements of the Bi 4 f core level.
While this hampers a clearcut interpretation of the results, the general evidence in this
case points to a weak Bi-TEB interaction.

Compared to Ni and Bi that do not modify their oxidation state, Cu proved to be the
most versatile species in these experiments: it could be added to either the TEB or ExtTEB
precursor at any stage of the gas-mediated reaction scheme, yet ultimately producing the
same LEED diffraction pattern as the pristine molecules. Notably, a Cu 2p3/2 binding en-
ergy shift of 0.5–0.6 eV to higher values was observed concomitantly with the emergence
of the OMN. Since bulk diffusion could be excluded as origin of such binding energy
shift, this finding could be taken as indication of incorporation of Cu atoms into the OMN.
Furthermore, the temperature onset at which the characteristic LEED superstructure
patterns could be observed increased measurably for both ExtTEB and TEB molecules,
whereby enhanced temperature stability was also found. For the TEB molecule in particu-
lar, adding Cu seems to partially alleviate the stretching of the TEB network, restoring a
(4
√

3 × 4
√

3)R30° periodicity.

Finally, synchrotron-based ARPES experiments were performed on the ExtTEB/Ag(111)
system, which revealed the evolution of localized molecular HOMO levels of condensed
ExtTEB into delocalized bands for the ExtTEB OMN. In addition to the emergence of a
dispersive band of 0.8 eV width, said band was found to shift closer to the Fermi level
compared to its molecular orbital and is tentatively ascribed to the electronic Kagome
band structure.

While further measurements, especially STM and STS experiments, are certainly necessary
to fully characterize the interaction of different metals with the terminal alkynes, our work
show the potential of the gas-mediated approach for terminal alkynes to engineer tailored
highly regular 2-D assemblies, endowed with specific metal centers that dictate the OMN
functionality. Both the metal modification approach and the electronic band structure
characterization and tailoring may open up a variety of intriguing research directions.
As an example, one could consider an N4 macrocyclic cavity, such as that of a porphyrin
functionalized with terminal alkyne groups (cf. Fig. 4.38). The reaction protocol could be
used to create a highly ordered porphyrin array held together by organometallic linkages,
where different metal centers can be accommodated in the macrocyclic cavity and the
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Fig. 4.38: Chemical structure of the 4,10,15,20 – tetra(4-ethynylphenyl)porphyrin.

linkage, respectively. This in turn would yield ordered bimetallic arrays with hitherto
unexplored electronic, chemical and magnetic properties and provide a platform to assess,
from a fundamental perspective, possible synergistic phenomena and cooperative effects
originating from the vicinity of metal centers in different chemical environments and
oxidation states.
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Chapter 5

Surface Studies of a Novel Macrocyclic
Biquinazoline Ligand

This chapter includes and expands on contents that was published in

F. Haag, P. S. Deimel, P. Knecht, L. Niederegger, K. Seufert, M. G. Cuxart, Y. Bao, A. C.
Papageorgiou, M. K. Muntwiler, W. Auwärter, C. R. Hess, J. V. Barth & F. Allegretti.
The Flexible On-Surface Self-Assembly of a Low-Symmetry Mabiq Ligand: An Uncon-
ventional Metal-Assisted Phase Transformation on Ag(111), J. Phys. Chem. C 125, 2021,
23178–23191. Copyright 2021 American Chemical Society

5.1 Introduction

Inspired by biologically relevant compounds that are found in the scaffolds of naturally
occurring metalloproteins and enzymes, synthetic tetrapyrrole macrocycles such as por-
phyrins, phthalocyanines and corroles can be purposely designed to perform essential
functions in a variety of fields, including catalysis [33], photocatalysis [218], chemical
sensing [219] and molecular magnetism [220]. These compounds are versatile building
blocks whose properties can be modified by the coordinated metal ions, and be further
tuned by endowing the molecular periphery with different functional groups. The chem-
istry of immobilized N4-macrocyclic compounds has attracted considerable attention
recently [30, 31, 221–226]. Surface anchoring offers practical application of these com-
plexes within artificial photosystems and can overcome some general disadvantages of
homogeneous systems, such as catalyst aggregation as well as solubility and stability
issues. Moreover, the interaction with the underlying surface often leads to altered or
enhanced reactivities of the catalysts [227–230]. Tetrapyrrole macrocycles are well-suited
systems for heterogenous functionalization, thanks to their ability to self-assemble into
highly ordered structures on solid surfaces [30, 31]. Consequently, novel, hierarchical
assemblies and nanostructures can be generated [231–236] with controlled properties and
tailored functionality [10, 237–243]. Here, the coordination of metal and non-metal ions to
the ligands can be achieved via post-synthetic modification on surfaces, the metals being
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incorporated either inside the macrocycle or in layered multidecker structures [244, 245].
These post-synthetic strategies usually involve codeposition of metal atoms with freebase,
non-metalated molecules as well as (so-called) self-metalation by the substrate [30, 244]
and offer a flexible way to tune the electronic properties, the reactivity and the selectivity
of the molecular tectons. As a result, the self-assembly of tetrapyrrole based complexes
on semiconductor or insulating surfaces [31, 246–249], serves as a patterning tool to
generate regular arrays of well-defined single-atom catalytic sites [250, 251]. Importantly,
it has been shown that surface-bound macrocycles are able to support rarely occurring
oxidation states such as Ni+I [184, 226], Ti+II [77] and Ti+III [252], and Si+III [81], which
may in turn enable a broader range of reactivities and novel applications. Most of the
work on adsorbed macrocyclic complexes has been performed in the past 15 years on
monometallic self-assembled architectures [30, 31]. The next, crucial step for increas-
ing the complexity and sophistication of heretogeneous systems is the surface-directed
synthesis and the self-assembly of bi- and multimetallic complexes and coordination
networks, which is expected to prompt advances in surface functionalization and enlarge
the range of achievable functional properties. Notably, multinuclear compounds can
promote cooperative multielectron processes [253, 254], enhance the selectivity compared
to monometallic analogues [255], and enable new reaction pathways through synergistic
effects [52, 256–258], for which a fundamental understanding at the submolecular level is
generally required.

E. Müller and coworkers argued that an extended molecular system with two metal
coordination sites to combine both a photosensitizer and a catalyst, may improve the
efficiency of photosynthetic processes compared to the single-site counterpart [54]. To this
purpose they designed and synthesized in 1988 a new macrocyclic biquinazoline ligand,
called Mabiq, which was intended to feature a corrin-type environment combined with a
peripheral diimine ( –– N – ) binding site (Fig. 5.1) [54]. In the metal-free (so-called freebase)
ligand, H–Mabiq, the macrocycle entailed a single acidic ( – NH – ) and three imine ( –– N – )
nitrogen species (Fig. 5.1), whereas a CoMabiq(CN)2 complex with a Co+III ion inside the
macrocycle was also synthesized [54]. The diimine site was designed to allow coordination
to Ru+II or Cu+I ions, potentially enabling photoactivation of the catalyst via metal-to-
ligand or metal-to-metal charge-transfer excitations.

With this in mind, we have now examined the surface immobilization and metalation
of the unique macrocyclic Mabiq molecule [54] (Fig. 5.1). Freebase H–Mabiq molecules
were synthesized at the TUM Chemistry Department by the group of Prof. Corinna
Hess, and the measurements were done as part of a close collaboration between that
group and the chair E20 at TUM Physics. Mabiq resembles some of the aforementioned
tetrapyrrole systems. However, in contrast, the molecule is unsymmetric due to the
diketiminate unit connected to the aromatic bipyrimidine group, and as explained above,
it provides two possible metal coordination sites. Only recently, the solution chemistry
of a series of mono- and bimetallic Mabiq complexes was developed by the Hess group.
Monometallic metal-Mabiq complexes (e.g., Fe, Co, Ni, Cu and Zn) with formal oxidation
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Fig. 5.1: Molecular structure of the freebase macrocyclic biquinazoline compound H – Mabiq
(C33H34N8). The two possible coordination sites for incorporation of metal ions upon deprotonation
of the central N – H are indicated by the blue- (macrocyclic site) and red-colored (peripheral
site) circles. The aromatic biquinazoline moiety (larger dashed box) with a bipyrimidine core is
highlighted on the left side, connected to the diketiminate (smaller dashed box) unit on the right
side.

states ranging from 0 to +III were isolated [55–59]. These studies demonstrated that
both mono- and bimetallic compounds are photoactive [59, 61]. Notably, the Co–Mabiq
complex acts as an electrocatalyst for H2 evolution [60], while the Ni – Mabiq compound
enables photocatalytic C – C bond formation [58, 61].

The adsorption of Mabiq molecules on well-defined solid supports has not yet been
explored. However, we envision that the unsymmetric Mabiq platform, with its two
metal coordination sites, can yield a richer 2-D coordination chemistry than the above-
mentioned tetrapyrrole complexes. Moreover, both the lower symmetry of the molecules
and the non-planarity associated with the peripheral methyl groups may provide new
patterns for the surface-to-molecule interactions that drive the adsorption, also giving
rise to altered intermolecular interactions that are crucial to guide the spontaneous self-
assembly into regular architectures. In addition, the external N – N chelating group of
the bipyrimidine unit could interact with the metal substrate and further effect devia-
tions from planarity. The H–Mabiq ligand itself is fluorescent and redox-active, both the
diketiminate and bipyrimidine units being capable of storing electrons [57]. Thus, Mabiq
functionalized surfaces could exhibit interesting photochemical and magnetic properties,
even in the absence of coordinated metal ions, in a similar vein as for the more common
freebase tetrapyrrole compounds [259–263]. In particular, the two distinct coordination
sites - which have differing metal binding affinities and geometry preferences - could
be exploited to achieve a regular pattern of different, neighboring coordination pockets
on surfaces. This, in turn, may offer a means to tune heterogeneous catalyst properties
through electrostatic and cooperative interactions. For this reason, in a first set of experi-
ments we have investigated the adsorption and stability of freebase H–Mabiq molecules
on the model Ag(111) single-crystal surface, to assess the strength of its interaction with
this metal substrate and the ability to self-assemble within a 2-D landscape. By using
a suite of complementary surface science tools, namely TPD, XPS, NEXAFS, STM and
LEED, we demonstrate the occurrence of two distinct, long-range ordered H–Mabiq
phases with characteristic packing motifs. These phases are stabilized at different sub-
strate temperatures with one being transformed irreversibly into the other by thermal
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annealing. Interestingly, we show that, unlike previous investigations of porphyrins and
phthalocyanines on coinage metal surfaces, the phase transformation is neither associ-
ated with a distinct coverage change nor caused by surface-assisted chemical reactions
that modify the chemical structure of H–Mabiq. Instead, the phase transformation is
associated with the peripheral incorporation of Ag adatoms, likely desorbed from the
step edges at elevated temperatures, via fourfold N – Ag coordination, leading to a rather
unique binding motif that is weaker than the typical N – Ag – N coordination, but still
strong enough to cause a drastic reorganization of the monolayer. This investigation is
now published in Ref. [217].

In a second series of still unpublished experiments, the in-situ metalation of the H–Mabiq
building blocks was studied by means of LEED, NEXAFS, STM, TPD, UPS and XPS.
Distinct, irreversible chemical and structural changes occurred upon depositing a stoichio-
metric amount of Co atoms (i.e. Co : Mabiq in a 1 : 1 ratio), indicating the complexation
of the central ion inside the macrocyclic cavity. Notably, the newly observed Co–Mabiq
arrangement is more stable than either of the two long-range ordered freebase H–Mabiq
assemblies. In contrast to the peripheral Ag adatom interaction in H–Mabiq, Co is pref-
erentially adsorbed in the central cavity. It is shown that H–Mabiq has a high affinity
towards Co metalation, as evidenced by a low metalation temperature, and shows a novel
electronic state, clearly related to the central Co ion.

By unraveling the self-assembly and the metalation of H–Mabiq and by achieving control
over the formation of highly ordered, 2-D surface-confined Mabiq architectures involving
metal incorporation, we prove the potential of Mabiq species for the future engineering
of sophisticated bimetallic arrays with atomic precision.

5.2 Experimental Methods

The experiments were performed in three different laboratories, of which two are lo-
cated at the Technical University of Munich (TUM, Garching, Germany) and the other at
the Swiss Light Source synchrotron facility (SLS, Villigen, Switzerland). The exper-
imental chambers are described in more detail in Secs. 3.1 (PSD Chamber for TPD,
XPS and LEED), 3.2 (LT-STM setup at TUM) and 3.3 (PEARL end-station), respec-
tively.

In all three laboratories, a clean Ag(111) surface was prepared by repeated cycles of
Ne+/Ar+ ion sputtering with 1.1 kV and 10–20 mA current at 300 K followed by annealing
at 725 K for 10 min. The cleanliness of the sample and the absence of contamination was
assessed by XPS and/or STM. H–Mabiq and 2H–TPP were sublimated from similar
setups comprising a quartz crucible heated at 525–540 K and 545–565 K, respectively,
inside a custom-built molecular beam evaporator.
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Before introduction into the UHV chamber, the molecular beam evaporator was baked at
435 K for at least 12 h. The H–Mabiq powder, synthesized at the Chemistry Department of
TUM following the procedures described in Ref. [55], was outgassed by slowly ramping
the crucible temperature up to the evaporation temperature and maintaining this final
temperature for 20–30 min. The commercially available 2 H – TPP powder was purchased
from Sigma Aldrich with a purity of ≥ 97%. The powder was outgassed in a similar
fashion as H–Mabiq, ramping the quartz crucible to the final evaporation temperature in
steps of 20 K. Co was evaporated from a custom-designed ribbon evaporator and the flux
was monitored via a QCMB.

The custom-designed PSD chamber was operated at a UHV base pressure of 2 · 10−10 mbar,
which could be further reduced to 3 · 10−11 mbar by using liquid nitrogen cooled traps.
The experimental setup contains facilities for sample cleaning and preparation, TPD, XPS
and LEED. During TPD, the sample temperature was monitored via a K-type thermocou-
ple attached to the side of the circularly-shaped Ag(111) single-crystal substrate (MaTecK
GmbH) of 1 cm diameter. The substrate could be cooled down to∼90 K by liquid-nitrogen
flow, and linear heating rates were controlled with a PID controller (Schlichting Physikalis-
che Instrumente HS 130). The TPD measurements were performed by positioning the
Ag(111) crystal under a QMS mounted inside a Feulner cap [264] made of copper, close
to a millimeter from the aperture of the latter. To further reduce the residual background
pressure, the Feulner cap allowed liquid-nitrogen cooling and housed a dedicated tita-
nium sublimation pump. The applied heating ramp was 2 K/s unless otherwise stated.
Distinct mass ranges were covered with different high-frequency electronics. Mote that
the TPD experiments were generally performed, unless otherwise stated, on freshly pre-
pared layers, to avoid artefacts from X-ray induced damage or sample aging. The XP
measurements were carried out with a SPECS Phoibos 100 CCD hemispherical analyzer
with a PCO pixelfly camera. For data acquisition, the SpecsLab2 software was used.
A conventional twin-anode X-ray source providing non-monochromatized Al and Mg
Kα radiation was used as excitation source. To improve signal intensity and reduce the
exposure time to the X-ray beam, XP spectra were recorded in large area lens mode, either
in normal emission or grazing emission geometry. Narrow-scan XP spectra were acquired
with 15 eV pass energy, while overview measurements were performed at 50 eV pass en-
ergy. The binding energy scale of the XP spectra was referenced to the substrate Ag 3d5/2

core-level line (368.27 eV [265]). Finally, the LEED measurements were performed using
a BDL800IRLMX-ISH apparatus by OCI Vacuum Microengineering Inc. with the sample
typically held at 90 K (if not stated otherwise). Since on the manipulator of the chamber
the Ag(111) crystal is tilted by 7° by construction, the zero-order spot of the diffraction
patterns was displaced from the electron gun projection in the recorded LEED images.
Reciprocal-space patterns for superstructure analysis were generated with the LEEDpat
simulator software [140].
The custom-designed STM facility at TUM comprises a sample preparation section
equipped with all necessary equipment for ion sputtering and annealing, organic thin
film deposition via organic molecular beam epitaxy (OMBE) and LEED analysis, which

105



5.2 Experimental Methods

is connected to a second chamber containing a LT-STM from CreaTec with cryostat. The
base pressure was 8 · 10−10 mbar in the preparation chamber and 6 · 10−11 mbar in the
cryostat. Samples were cleaned by repeated cycles of sputtering and annealing. After
film preparation, the sample was precooled and transferred to the LT-STM, where im-
ages were typically recorded in constant current mode at 6 K, using electrochemically
etched tungsten tips. All STM data were processed with the Gwyddion software (version
2.45) [142].
High-resolution XPS data with soft X-ray synchrotron radiation were acquired at the
PEARL beamline (bending magnet port X03DA) of the Swiss Light Source (cf. Sec. 3.3).
The XP spectra were recorded in normal emission geometry with photon energies of
1000 eV (overview), 550 eV (N 1s), 435 eV (C 1s) and 60 eV (valence band region). In addi-
tion, for the N 1s core level, the Ag 3d5/2 line was recorded at the same photon energy
to calibrate the binding energy scale, whereas for the C 1s and valence band spectra
the Fermi edge was used as reference. The photoelectron intensity was monitored by a
Scienta EW4000 hemispherical electron energy analyser with 2-D detection. All core-level
spectra were recorded at 10 eV pass energy. Notably, the long-range order and the local
structure of the same samples probed by XPS were also investigated (before and/or
after XPS) by LEED and STM, respectively. The LT-STM instrument from Omicron Nan-
otechnology GmbH was operated at 4.2 K and allowed an accurate assessment of the
relationship between surface topology and photoelectron spectroscopic signatures. The
high-resolution XPS data were fitted with the CasaXPS software (Casa Software Ltd., ver-
sion 2.3.23PR1.0) [143]. A so-called Lorentzian asymmetric (LA) lineshape was employed,
which is a numerical convolution of a Gaussian and a Lorentzian. Specifically, the chosen
lineshape LA(1.0, 250) corresponds to a symmetric Lorentzian with Gaussian contribution.
A Shirley background was subtracted for fitting the C 1s core level. For the N 1s spectra,
due to the more complex background shape arising from the overlapping Ag signal, a
spline was fitted through a clean spectrum and then applied to the relevant N 1s overlayer
data keeping adjustments of the spline shape to a minimum. The beamline setup also
allowed to perform near-edge X-ray absorption spectroscopy (NEXAFS) measurements at
the N K-edge. Here, the photon energy was scanned from 395 to 415 eV at three incidence
geometries: normal incidence (θ=90°), magic angle (θ=53°), and grazing incidence (θ=30°),
such that the polarization vector of the radiation was moved from the surface plane
to 60° out-of-plane. The photon absorption was monitored through the N KVV Auger
region operating the hemispherical electron energy analyzer in a constant kinetic energy
window. XPS spectra taken before and after each NEXAFS scan were used to verify that
no beam damage had occurred. In addition, NEXAFS measurements were performed on
multiple spots for consistency check. The resulting angle-dependent data were corrected
by normalization to the corresponding spectra of clean Ag(111) [112], and the resulting
NEXAFS profiles were further processed by setting the intensity of the flat region before
the first resonance to 0 and normalizing the edge jump to 1.

A related benchmark study relevant for this work was also performed by the group of Prof.
Corinna Hess (TUM chemistry) on Mabiq coordination compounds, specifically it was
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attempted to generate [Ni(Mabiq)]PF6 upon reaction of [Ni(Mabiq)] with AgPF6, yielding
a trimetallic Ni2Ag – Mabiq product which could be isolated from the resultant reaction
mixture. The latter complex was obtained upon slow evaporation of a concentrated
solution of the reaction product in dichloromethane, affording orange crystals suitable
for X-ray analysis. The crystallographic data were collected on an X-ray single crystal
diffractometer, equipped with a CCD detector (Bruker APEX II, κ-CCD), a rotating anode
(Bruker AXS, FR591) with Mo Kα radiation (λ = 0.710 73 Å) and MONTEL mirror optics
by using the APEX3 software package [266]. The crystal was picked from perfluorinated
ether and fixed on top of a Mitegen® microsampler and transferred to the diffractometer.
The measurement was carried out under a constant stream of cold nitrogen. A matrix
scan was used to determine the initial unit cell parameters. SAINT [267] as implemented
in the APEX3 suite was employed to merge and correct the reflections for Lorenz and
polarization effects, scan speed, and background. Absorption corrections containing
odd and even ordered spherical harmonics were performed using SADABS [268]. Space
group assignments were established using systematic absences, E statistics, and successful
refinement of the structures. Structures were solved using the intrinsic phasing method
(SHELXT), which also supported the correct assignment of the space groups, and were
refined against all data using SHELXLE in conjunction with SHELXL-2014 [269–271]. Hy-
drogen atoms were calculated to the ideal position and refined employing a riding model
with isotropic thermal parameters. Non-hydrogen atoms were refined with anisotropic
displacement parameters. The images of the crystal structure were generated using Mer-
cury [272]. Using Platon [273] Squeeze 174 electrons in a solvent accessible void of 606 Å3

were determined corresponding to 2.5 hexane molecules (175 electrons). Note that the
precise oxidation states of the metals could not be determined from the crystal structure
as the data did not allow for a distinction between phosphate, hydrogenphosphate, dihy-
drogenphosphate and phosphoric acid counterions in the structure. However, due to the
diamagnetic nature of the complex, as evidenced by nuclear magnetic resonance (NMR),
the oxidation states of the metals are tentatively assigned as +II for the two Ni ions, and
+I for the Ag ion. The extracted crystallographic data are now deposited in the Cambridge
Crystallographic Data Centre (CCDC) as CCDC 2095454.8

5.3 Flexible On-Surface Self-Assembly: Metal-Assisted Phase
Transformation in the Long-Range Ordering of the
Freebase Macrocyclic Biquinazoline Ligand on Ag(111)

Monolayer preparation. Saturated molecular films in the monolayer limit can be
routinely prepared following two different approaches. (1) Using a ”top-down“ strategy,
a multilayer-thick film is deposited at room temperature (RT) and subsequently annealed

8 These data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.
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to elevated temperatures in order to remove weakly adsorbed molecules beyond the first
layer. The threshold temperature for multilayer desorption can be determined with TPD
experiments; based on this information, the standard preparation can then be performed
keeping the substrate at suitably elevated temperature during molecular deposition.
Alternatively, (2) one can approach the monolayer coverage ”from the bottom up“. In
this case, molecules are deposited onto the Ag(111) substrate at RT in incremental sub-
monolayer amounts, such that it is possible to determine the exact deposition time needed
to achieve monolayer completion while preventing further adsorption of physisorbed
multilayers. Typically, the crossover between monolayer and second layer adsorption is
monitored by XPS. In this section, both approaches were employed to form saturated
H–Mabiq films and the results are compared.

(a) (b)

0.9 ML

1.5 ML

4.0 ML

10.0 ML

Fig. 5.2: (a) TPD spectra for the H–Mabiq fragment m/z = 67 at increasing initial molecular
coverage. From bottom to top, the curves correspond to initial H–Mabiq coverages of 0.9, 1.5,
4.0 and 10.0 ML, respectively, all deposited at RT. For the lowest exposure (bottom), approaching
single-layer coverage, only a weak, broad signal from 600 K onwards is observed. For larger
coverages, initially a sharp peak at ∼460 K arises, which subsequently saturates whereas an
additional desorption peak emerges at 420 K. The two peaks at 420 and 460 K are therefore
attributed to multilayer and second layer desorption, respectively. The TPD measurements were
performed with a heating rate of 2 K/s and have a temperature resolution of ±1.8 K. (b) TPD
spectrum of the parent ion (m/z = 542 ) for a H Mabiq multilayer (2 K/s , ±2.3 K resolution).

Multilayer desorption. The Ag(111) surface was initially kept at RT and exposed to a
flux of H–Mabiq molecules for increasing exposure times. Afterwards the sample was
placed in front of the mass spectrometer (Sec. 5.2) and the temperature increased linearly
while monitoring desorbing products. In Fig. 5.2a, coverage-dependent TPD measure-
ments are displayed for a mass-to-charge ratio m/z = 67. This product corresponds to
an H–Mabiq fragment created upon electron-impact ionization in the mass spectrometer,
as verified by the simultaneous occurrence of this fragment and the H–Mabiq parent ion
mass during multilayer desorption experiments. Such fragment is much more intense
than the parent ion and therefore is regarded here as representative of the intact molecule.
For an approximate monolayer coverage of H–Mabiq (. 1 ML, where 1 ML corresponds
to a surface fully covered with H–Mabiq molecules), namely below the onset of second
layer growth, we observe desorption only above 600 K (Fig. 5.2a, bottom curve). When
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the initial coverage is increased, however, a signal centered at 460 K appears (1.5 ML), fol-
lowed by an additional feature at 420 K (4.0 and 10.0 ML). While the intensity of the former
signal saturates, that of the latter grows with coverage and, in addition, it shows a steep
exponential-like increase above 400 K and a shift of the peak maximum to higher desorp-
tion temperature with higher coverage. These features indicate zero-order kinetics, which
is typical for the desorption of multilayers [274]. Conversely, the (saturating) desorption
peak at 460 K can ascribed to second layer desorption.

Figure 5.2b shows the parent-ion desorption of a multilayer film (the corresponding 2-D
TPD contour plot in the large mass range is shown in Fig. 5.3a). The multilayer and second
layer desorption signals described before are reproduced, confirming that the H–Mabiq
molecules desorb intact. However, there is no evidence of parent-ion desorption beyond
460 K. Consequently, the small m/z = 67 signal above 600 K (Fig. 5.2a, bottom curve) is
indicative of thermally activated decomposition of first layer molecules. This conclusion
is confirmed by the TPD data of the monolayer for fragments of m/z = 15, which show
an intense peak at 650 K (Fig. 5.3b) ascribed to the abstraction of CH3 groups from the
surface.

(a) (b)

Fig. 5.3: (a) Large-mass 2-D TPD spectrum ranging from m/z = 50 to 550 for an H–Mabiq
multilayer with the main fragment (m/z =67) and the parent ion (m/z =542) indicated as red,
dashed lines. Signal intensity is given in the color scale. (b) Thermally-induced decomposition of
an H–Mabiq monolayer signaled by desorption of fragments with m/z =15, mainly associated to
CH3 from the terminal groups at the molecule’s periphery. The monolayer was prepared with the
Ag(111) substrate held at 300 K. Heating rate in (a,b): 2 K/s.

Taken together, the TPD data show that H–Mabiq multilayers adsorbed at RT can be
easily removed by annealing above 460 K. A saturated monolayer can thus be prepared
by depositing the molecules on the Ag(111) substrate kept at 500 K (high temperature,
HT, preparation). Alternatively, by controlling the deposition flux and time, a mono-
layer can be deposited directly at 300 K (RT preparation), as for the bottom curve of
Fig. 5.2a.
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Long-range order in monolayer self-assembly: high temperature vs. room-
temperature stabilized structure. As the second step of our investigation, we char-
acterized the structural ordering of the monolayers obtained using the two distinct
preparation procedures outlined above. The LEED patterns give access to the long-range
order and symmetry of the molecular assemblies and reveal striking differences in the
monolayers prepared at 500 K (HT phase) and 300 K (RT phase). Interestingly, this behavior
is in contrast to one of the most extensively studied system among the freebase macroyclic
complexes, tetraphenylporphyrin (2 H – TPP) on Ag(111), for which no difference in the
ordering of the monolayer islands is observed upon deposition at RT or annealing of a
multilayer to temperatures up to 500 K [77, 221, 275, 276].

HT

RT
(a)

(b)

Fig. 5.4: LEED patterns of the H–Mabiq monolayers prepared at (a) 300 K (RT phase) and (b)
500 K (HT phase), respectively. The patterns were acquired at a primary electron energy of 10 eV
(left panel) and 30 eV (middle panel). Spots encircled in red correspond to the Ag(111) substrate.
Noticeable features are encircled in blue (a) and green (b), respectively, on the LEED images
and are also superimposed on the simulated reciprocal-space patterns shown on the right. The
simulated pattern in (a) corresponds to the overlayer matrix of Eq. (5.1), and the associated
rectangular unit cell is drawn. For the simulated pattern in (b), the overlayer matrix is given by
Eq. (5.2) and implies that six symmetry domains contribute to the experimental LEED patterns;
the corresponding oblique unit cell and its mirror image (dotted) are drawn.

Figure 5.4 depicts LEED images at primary electron energies of 10 and 30 eV, which
highlight the arrangement around the zero-order diffraction spot and the characteristic
unit cells in the reciprocal space. Both the RT (Fig. 5.4a) and HT (Fig. 5.4b) phases
exhibit complex LEED patterns with numerous diffraction spots, which indicate large
surface meshes as well as the presence of multiple symmetry domains. To assign the
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superstructures, the most noticeable and clearly recognizable motifs are circled (left
and middle panels) and superimposed on simulated reciprocal-space patterns (right
panels).

Diffraction patterns of a RT-deposited H–Mabiq overlayer close to 1 ML (as judged by XPS
data, not shown) are reported in Fig. 5.4a. At 10 eV primary electron energy, symmetric
triplets of spots are clearly distinguishable. Collections of triplets are usually indicative
of 120° rotational symmetry. They surround the zero-order diffraction spot and are in
turn enclosed in a distorted circular-like (or blunted hexagonal) arrangement of brighter
broad spots. At 30 eV electron energy the characteristic motif of the LEED pattern appears
changed. Specifically, a dense array of spots forming a ”wavy“ hexagon emerges, inside

Fig. 5.5: LEED patterns at three different primary electron energies (top) and simulated reciprocal-
space pattern (bottom) of the H–Mabiq RT phase of Fig. 5.4 deposited with the substrate kept at
300 K. Characteristic motifs observed are highlighted with circles of different colors in the LEED
patterns and superimposed onto the calculated reciprocal-space pattern, which is based on the
superstructure matrix of Eq. (5.1).

which triplets surrounding the zero-order spot are still discernible. The distorted circular
and hexagonal motifs, apparent at 10 and 30 eV with particularly pronounced intensity,
are superimposed on the simulated LEED pattern in Fig. 5.4a (right), generated by the
superstructure matrix (

8 0
−6 12

)
. (5.1)
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This matrix was found to best match the experimental patterns among many different
superstructures that were tested to correctly reproduce the data. Note that the spot
intensities are apparently enhanced for a single (out of three) rotational symmetry domain
in any two opposing sides of the “wavy” hexagon, and the buckling on the six sides arises
due to the gaining in intensity of single spots of another symmetry domain. Fig. 5.4a
(right) shows a rectangular unit cell generating this structure in reciprocal space, with the
LEED pattern resulting from the presence of three symmetry domains rotated by 120°. In
the real space, the unit cell vectors have lengths 2.31 nm (8 ×a with the fcc lattice constant
a = 0.29 nm parallel to the Ag(111) close-packed direction) and 3.00 nm, respectively.
Further support for the accurate reproduction of the principal characteristic motifs of the
experimental LEED patterns and the assignment of the superstructure matrix is provided
in Fig. 5.5.

For the HT phase (Fig. 5.4b) we observe an even more dense array of Bragg spots,
some of which have stronger intensity at specific electron energies and hence bestow
a characteristic appearance. Specifically, at 10 eV (left) a six-pointed star motif appears
to be dominant around the zero-order diffraction spot, whereas at 30 eV a hexagonal
structure surrounding the (0,0) reflection and displaying triangular collections of spots
at the corners becomes visible. Furthermore, at this energy similar triangular arrays
(green circles) are discernible in the vicinity of the first-order spots of Ag(111) (red circles),
signaling a commensurate superstructure. However, while the observed features are
generally compatible with the threefold symmetry of the Ag(111) surface, the star-like
motif at 10 eV implies the presence of an additional mirror symmetry leading to six
possible symmetry domains. An oblique unit cell and its mirror image with respect to
the [112̄] real-space direction reproduce well the observed LEED patterns (right image
in Fig. 5.4b, see also Fig. 5.6). The corresponding superstructure matrix of the H–Mabiq
monolayer is identified as (

9 0
−5 16

)
. (5.2)

This matrix implies that the shorter side of the real-space unit cell is along the [11̄0]
substrate direction and amounts to 2.60 nm, whereas the second unit cell vector forms an
angle of 77.78° with the other and has a length of 4.10 nm.

The previous analysis shows that two distinct, well-ordered phases are formed depending
on the substrate temperature. To get further insight into the role of the deposition
temperature, we monitored the evolution of the RT into the HT phase upon heating in a
LEED experiment. An H–Mabiq monolayer was deposited at 300 K and then annealed
stepwise at 400 K and 500 K. Strong changes were detected in the LEED patterns, as
shown in Fig. 5.7. In particular, after annealing at 400 K diffraction spots of both the RT
and HT phases were seen to be present, indicating the coexistence of separate domains
of both structures. However, after annealing at 500 K only the HT phase was distinctly
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Fig. 5.6: LEED patterns at various electron energies (top) and simulated reciprocal-space pattern
(bottom) for the H–Mabiq HT phase deposited at 500 K. Each electron primary energy shown here
reproduces a specific part of the overlayer superstructure particularly well, and corresponding
motifs are highlighted with colored circles. The superstructure matrix for the reciprocal-space
pattern is given by Eq. (5.2) relative to the (111) substrate mesh.

recognized, which demonstrates the complete conversion of the long-range order from
one structure into the other by thermal activation.

(a) (b)

400 K

(c)

500 K

Fig. 5.7: Temperature-dependent evolution of the H–Mabiq phase prepared at RT into the HT
phase, monitored by LEED at a primary electron energy of 20 eV. The 300 K deposited system
in (a) shows a LEED pattern analogous to the one in Fig. 5.4a. The initial coverage of H–Mabiq
was 0.8 ML (determined by XPS, not shown). The H–Mabiq overlayer was annealed in steps at
the indicated temperatures and then cooled down below 100 K before LEED acquisition. While
the complex LEED pattern of the 400 K (b) annealed overlayer contains elements of both the RT
and HT phases, at 500 K (c) a largely pure HT phase is found. The red lines mark two of the three
< 112̄ > symmetry directions of the Ag(111) substrate.
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1.5 nm

1.00 V

1.5 nm

0.05 V

1.5 nm

-0.10 V

1.5 nm

-1.00 V

0.50 V -2.00 V

(a) (b)

(c) (d) (e) (f)

10 nm40 nm

Fig. 5.8: (a) Large-scale STM image of the RT phase H–Mabiq/Ag(111) system taken at 4.2 K
(UB = 0.50 V, I = 0.10 nA). Large terraces of well-ordered arrays of molecules are imaged at
monolayer coverage. A domain of excess molecules on top of a monolayer island is also observed
(middle). (b) Zoom-in into an ordered molecular domain (UB = −2.00 V, I = 0.10 nA). (c-f) RT
phase appearance at various bias voltages (I = 0.05 nA; 5.0 ×5.0 nm2): (c) UB = 1.00 V, (d) UB =
0.05 V, (e) UB = −0.10 V, (f) UB = −1.00 V. Note that the four images are not taken from exactly
the same area of the sample.

Local ordering and molecular packing in self-assembled H–Mabiq mono-
layers. While the measured LEED patterns provide information about the size and the
symmetry of the H–Mabiq unit cell relative to the clean substrate surface, they do not
give information on the local ordering and the number of molecules in the unit cell. The
latter defines the basis associated to each site of the 2-D Bravais lattice identified by the
superstructure matrices in Eqs. 5.1 and 5.2. To access this information, we performed
detailed STM measurements using two different experimental setups (see Sec. 5.2 as well
as 3.2 and 3.3).

Large, regular domains, extending over distances of 150 nm or more, are observed for
the RT phase as exemplary shown in Fig. 5.8a, b. Images at enlarged magnification
are presented in Fig. 5.8c-f and Fig. 5.9a, where an almost rectangular unit cell can be
identified. The shorter unit vector (2.4 nm) is aligned along a Ag(111) close-packed row
and the longer one (2.9 nm) forms an angle of ∼92° with it. These findings are in very
good agreement with the LEED data, with the unit cell dimensions within ∼3% from the
LEED-determined values. In the unit cell of Fig. 5.9a one can recognize elongated dimeric
units, which we assign to pairs of molecules forming a two-lobe bent structure. Four
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dimers occupy the corners of the depicted unit cell with a similar feature in the center, but
at slightly different azimuthal orientation with respect to the long axis. Interestingly, due
to a strong bias dependence, the similarity in appearance of the corner and central features
is not maintained at all tunneling conditions (Fig. 5.8c-f).

A precise molecular model for the RT phase is complicated by the inability to clearly
identify the bipyrimidine and diketaminate moieties of an individual molecule. However,
a tentative assignment can be proposed, as shown in the overlaid model in Fig. 5.9a, which
is based on the lateral extension of each lobe (<1 nm) in the dimeric motifs (Fig. 5.9a) and
their comparison with the molecular dimensions (Fig. 5.9b). One could also speculate
that the bright protrusions of the RT phase stem from two neighboring upstanding CH3

groups (cf. also the HT phase below). Hence, the two-lobe bent structures are likely to
originate from two laterally displaced H–Mabiq molecules facing each other with their
diketaminate unit.

(a)

4 nm

(b)

Fig. 5.9: (a) STM topographic image of the H–Mabiq RT phase. A tentative model of the molecular
arrangement is overlaid to the STM image. (b) Dimensions of the H–Mabiq molecule determined
by crystallographic data of Ref. [54]. The molecular outline used in the model in (a) is shown at the
right. The proposed unit cell is indicated in blue, Ag(111) high symmetry directions are marked by
white lines. STM measuring parameters: (a) UB = 0.40 V, I = 0.13 nA.

For the HT phase, large domains of regular arrays of molecules are similarly observed, as
illustrated in Figs. 5.10a, b where a ”zigzag“ appearance is recognizable. In particular, the
close-up in Fig. 5.11a shows rows of bright four-lobed protrusions, which are preferentially
arranged in groups of three, with a slightly larger gap separating adjacent triplets. This is
further emphasized in Fig. 5.11a by the dashed ellipse. A pronounced bias dependence
is observed (Figs. 5.10d-g), whereby at higher bias the four lobes appear more clearly
resolved (Fig. 5.10d). Conversely, at lower (positive) sample bias the appearance of the
bright protrusions changes to two oval-shaped lobes of approximately equal intensity
(Fig. 5.10g). Depending on the bias, dimmer features extending laterally from the bright
protrusions can be resolved (Fig. 5.10f and 5.11a).
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Fig. 5.10: (a) Large-scale STM image of H–Mabiq/Ag(111), HT phase, at 4 K (UB = 1.00 V,
I = 0.13 nA), showing a large, regular molecular domain (from top to bottom) along with a
disordered island (top right part). (b) Zoom-in into an ordered molecular domain (UB = 1.05 V, I
= 0.13 nA). The zig-zag motif which is evident in (a) is highlighted at this smaller scale by the
black line. (c) Outline of the H–Mabiq molecule, derived from the molecular dimension. (d-g)
Bias-dependence of close-up topographic images with the unit cell and tentative model drawn
in (g) (STM measurement parameters: (d-f): 6.4 ×6.4 nm2, I = 0.13 nA; (g): 5.6 ×5.6 nm2, I =
0.20 nA; (d) UB = −1.50 V, (e) UB = 0.70 V, (f) UB = −0.70 V, (g) UB = 0.05 V). The molecular
outline used in (g) is the same as shown in (c).

Since the H–Mabiq molecule comprises out-of-plane CH3 groups, considerable steric
hindrance opposing a fully planar configuration is expected. Consequently, the bright
protrusions in STM may be naturally interpreted in terms of outwards pointing CH3

groups, the dimmer features being then associated with the rigid biquinazoline moi-
ety. Accordingly, the four-lobed protrusions (Fig. 5.11a) represent a pair of H–Mabiq
molecules. In fact, taking the molecular footprint of 0.95× 1.10 nm2 (Fig. 5.11b), a single
molecule is too small to be reconciled with the observed bright features in STM. The
resulting molecular model is proposed in Fig. 5.10g and Fig. 5.11a, superimposed on the
STM images. The oblique unit cell has dimensions of 2.6× 4.2 nm2 with an enclosed angle
of 79°, and the short side is aligned to the substrate close-packed directions. This structure
matches nicely the LEED results. The model clarifies that three pairs of molecules are
accommodated inside the unit cell, whereby the CH3 groups of H–Mabiq are proposed to
face each other head-to-head, forming symmetric dimer-like structures.
Comparing the RT and HT phases of H–Mabiq (Figs. 5.9a and 5.11a), we note that the RT
phase accommodates four H–Mabiq molecules per unit cell, while the HT phase contains
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4 nm

(a) (b)

Fig. 5.11: (a) STM image of the H–Mabiq HT phase monolayer. A tentative molecular model of
the local arrangement is overlaid to the STM image. (b) Dimensions of the H–Mabiq molecule
determined by crystallographic data of Ref. [54]. The molecular outline used in the models in (a) is
shown at the right. The proposed unit cell is indicated in green, Ag(111) high symmetry directions
are marked by white lines. STM measuring parameters: (a) and (b) UB = 0.05 V, I = 0.05 nA.

six molecules but in a larger primitive cell. Notably, the combination of the precisely
determined LEED unit cell with the basis determined by STM shows that the two phases
posses an identical surface density of 0.58 molecules/nm2. This shows that the evolution
of the RT phase into the HT phase does not correspond to a change in the local density
of the molecular packing and thus cannot be rationalized as a coverage-driven phase
transformation. Consistently, the data of Fig. 5.2a (bottom curve) show that no molecu-
lar desorption occurs in the temperature range 400–570 K when heating a RT-prepared
monolayer.

To get further insight into the nature of this peculiar phase transformation, we show
in Fig. 5.12a, b STM images with refined resolution. Here, we observe an additional,
recurring protrusion of weak intensity (encircled) in the space between the lobes that
we have ascribed to the biquinazoline moieties. As will be further discussed below, this
protrusion is likely to originate from a silver adatom coordinated in the cavity formed by
the biquinazoline units of two opposing H–Mabiq molecules. The ball-and-stick model
presented in Fig. 5.12b and overlaid on the STM image shows that this cavity provides
enough space for the accommodation of Ag adatoms inside. Indeed, the occurrence of
thermally triggered incorporation of Ag adatoms into supramolecular organic networks
has been recently reported [277–280]. In contrast, for the RT phase, while similarly large
cavities can be observed in the self-assembly (Fig. 5.9a and tentative ball-and-stick model
in Fig. 5.12c), no STM evidence of adatom incorporation was collected, regardless of the
employed bias voltage. Thus, considering the molecular models in Figs. 5.9a and 5.12c,
the cavities in the RT phase appear to be stabilized by phenyl-alkyl and phenyl-phenyl
interactions (although we cannot access their attractive or repulsive character) that are
exerted in addition to the molecule-substrate interaction.
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(a)

(b) (c)

1.0 nm

Fig. 5.12: (a) 13 ×13 nm2 STM image of the H–Mabiq HT phase on Ag(111), showing a large,
regular molecular domain with regular intensity in between H–Mabiq molecules as indicated by
the white, dashed circles. (b) High-resolution STM topographic image of the H–Mabiq/Ag(111)
HT phase with an overlaid ball-and-stick model. The white dotted circles highlight the recurring
feature between adjacent molecules assigned to Ag adatoms. (c) Ball-and-stick model overlaid on
an ordered domain of RT deposited H–Mabiq. STM measurement parameters: UB = −1.00 V, I =
0.13 nA (a), UB = 0.40 V, I = 0.08 nA (b) and UB = 0.03 V, 0.03 nA (c). Images were recorded
at 6 K (HT) and 4.2 K (RT), respectively. In the model, black, blue, and white spheres represent
carbon, nitrogen and hydrogen atoms, respectively. Orange spheres mark the possible position of
Ag adatoms. The Ag(111) close-packed directions are indicated by the white asterisks.

Insight into the chemical structure of adsorbed H–Mabiq by XPS. To probe
the chemical identity of the adsorbed molecules in both phases and verify the possible
role of chemical modifications in driving the structural transformation, we performed
high-resolution XPS measurements using soft X-ray synchrotron radiation. The two
relevant core levels, the C 1s and the N 1s core levels, are shown in Fig. 5.13 for both
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(a)

(b) (c)

Fig. 5.13: (a) C 1s and (b) the N 1s XP spectra for the HT phase (green shadowed, top panels)
and RT phase (blue shadowed, bottom panels) with the respective curve-fitting analysis. In (b)
the simplest two-component peak fitting is used for the N 1s core level of both phases, although
a distinct broadening must be applied to the HT phase. (c) Comparison of N 1s spectra of
the HT (green, orange) and RT (blue) phase using a three-component fitting for the HT phase.
Experimental spectra are plotted as scattered grey circles, the respective fitting curves as thick
black lines. Curve-fitted individual components are highlighted as shadowed areas in different
color scales. For interpretation of the line shape evolution, see text. Photon energy: (a) 435 eV;
(b,c) 550 eV.

phases. At a first inspection, only moderate changes of the line shapes and peak positions
are discernible in the spectra, the most notable one being a distinct broadening of the
N 1s core level of the HT phase relative to the RT phase (Fig. 5.13b). Conversely, the C 1s
core-level spectra (Fig. 5.13a) show a modest rearrangement of the spectral weight, with
a slight shift of the dominant component (the broad, composite line located at 284.8 eV
in the RT phase) to higher binding energy by ∼0.2 eV when going from the RT to the
HT phase. This is accompanied by a loss of resolution in the detailed line shape: At RT
two separate components are better distinguishable in the composite main line. A higher
binding energy shoulder around 287 eV appears in both spectra, which also shifts slightly
to higher energy in the HT phase.

The curve-fitting analysis of the C 1s spectra is shown in Fig. 5.13a, with the main results
listed in Tab. 5.1. A satisfactory fitting of the C 1s profiles could be achieved by using
four distinct components. These can be associated to the different chemical environments
of the 33 carbon atoms present in the molecular structure of H–Mabiq (Fig. 5.1). In
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particular, due to the higher electronegativity of nitrogen compared to carbon, the two
highest binding energy components can be naturally ascribed to the 6 and 4 C species with
two and one nitrogen neighbors, respectively. The remaining 23 atoms can be subdivided
into the 10 sp2 hybridized carbon atoms in the biquinazoline unit, and the 8 sp3 carbon
from the CH3 groups. Of the five remaining carbons, one is likely similar in binding
energy to the sp2 component (the C=C-C bridge of the corrin-type macrocycle), whereas
the 4 carbon atoms connected to the methyl groups can be expected to have a binding
energy similar to the sp3 component. For this reason and in order to minimize the risk of
a non-unique fitting, we have chosen not to introduce a separate fifth component in our
fitting analysis. Usually, the sp2 hybridization is considered to lead to lower XPS binding
energies than sp3 hybridization, with reported binding energy shifts ≤ 1 eV [281–283].
Therefore, we assign the first C 1s component at the lowest binding energy to the sp2

carbons and allowed the second, of mixed origin, sp3 component to assume slightly
larger FWHM than the other three components by up to 0.2 eV. The fitting resulting
from this semieducated fitting analysis is presented in Fig. 5.13a and relevant parameters
are listed in Tab. 5.1. For both phases, the relative intensities compare relatively well
with the expected ratios of (from low to high binding energy) 11 : 12 : 4 : 6, considering
that deviations due to different attenuation of the individual components as well as
substrate-related photoelectron diffraction effects may occur. While the analysis confirms
the moderate shift to higher binding energy values in the HT phase, the similarity of the
fitted curves rules out a distinct modification of the chemical structure. Specifically, no
cleavage of the C – CH3 bonds can be concluded from the data, in agreement with the
TPD experiments of Figs. 5.3 and 5.14a , where no desorption of m/z = 15 fragments was
observed upon heating the RT monolayer up to 550 K. Here, it is worthwhile to note that
the sensitivity of the TPD measurements to CH3 desorption could be demonstrated by
the occurrence of thermally activated desorption of methyl radicals following radiation
damage. This is proven in Fig. 5.14a for a RT monolayer previously exposed to beams of
X-rays and electrons. Importantly, a clear CH3 desorption peak centered at 650 K (Fig.5.3)
signals that the onset for H–Mabiq decomposition is at much higher temperature than
that used for the preparation of the HT phase.

As mentioned above, the N 1s core level (Fig. 5.13b), which exhibits a strong line below
399 eV and a much weaker component above 400 eV, displays a clear broadening in the
HT phase. This is accompanied by a binding energy shift in the opposite direction by
−0.2 eV compared to the C 1s evolution. While these opposite shifts in the C 1s and N 1s
lines could in principle be related to a modest modification of the electron distribution in
the adsorbed molecules, the clear line shape broadening of the N 1s core level suggests a
different interpretation, as we will be discuss below.

We first observe that the interpretation of the N 1s core level at RT is straightforward, based
on the analogy with previous work on adsorbed porphyrins and phthalocyanines [30, 244,
284, 285]. In particular, the two components at ∼400.5 and ∼398.7 eV can be assigned to
aminic ( – NH – ) and iminic ( –– N – ) nitrogen species, respectively, and are found in a 1 : 7
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Binding Energy [eV] Relative Intensities

RT phase HT phase RT phase HT phase
C 1s C 1s

– C –– C 284.8 285.0 13 11
H3C – C– /CH3 285.5 285.5 14 14
–– C – N/ – C –– N 286.0 286.0 4.0 4.0
N – C –– N/N – C – N 286.7 287.0 6 5

N 1s N 1s

Two peak fit
– NH – 400.6 400.4 1.0 1.0
–– N – 398.7 398.6 7 7

Three peak fit
– NH – 400.2 1.0
–– N – 398.6 5
N – Ag coord. 398.2 2

Tab. 5.1: Binding energy values and relative intensities of different XPS components, extracted
from the curve-fitting analysis that is presented in Fig. 5.13 for the C 1s and N 1s core-level spectra.
For the N 1s species, the results of two- and three-component fits are both shown (Fig. 5.13b
and c, respectively). The binding energy values obtained from the fitting are rounded to the first
decimal place, the relative intensities to the nearest integer. The C 1s (N 1s) intensity ratios were
normalized by arbitrarily fixing the intensity of the third (first) component to 4.0 (1.0), as imposed
by the H–Mabiq chemical structure.

ratio (cf. Tab. 5.1) as expected for intact H–Mabiq molecules. A similar two-component
fitting analysis can be performed for the N 1s spectrum of the HT phase, but a clear
additional broadening of 0.25 eV is required, as well as a shift to lower binding energy
of both components (Tab. 5.1). This analysis would yield a 1 : 7 area ratio of the aminic
to iminic components. Based on this evidence, a first important conclusion can be made
ruling out a surface-assisted deprotonation of the macrocyclic aminic nitrogen atom upon
heating, as is instead observed for freebase corrole molecules on the same Ag(111) surface,
for which initial deprotonation of a N – H macrocyclic species occurs at temperatures
between 300 and 400 K [224]. Notably, this conclusion is in good agreement with the fact
that no hydrogen desorption could be observed in supplementary TPD experiments upon
annealing of the RT monolayer to 500 K (see Fig. 5.14b).

When comparing the C 1s and N 1s fitting analyses of Fig. 5.13a, b, however, it is striking
that the FWHM values for the HT phase are only 0.1 eV larger than in the RT phase for
the C 1s core level but notably larger for the N 1s line, by 0.25 eV. This difference is
counterintuitive and may be indicative of the presence of an additional component in the
N 1s core level of the HT phase. Therefore, inspired by the high-resolution STM results
that suggest the silver-mediated dimer formation of two opposing H–Mabiq molecules,
this third component could be used to model the N – Ag interaction in a three-component
fitting as shown in Fig. 5.13c. Such refined analysis yields a binding energy of 398.2 eV
for the new component, and a relative intensity equal to 2/8 of the total N 1s intensity.

121



5.3 Flexible On-Surface Self-Assembly: Metal-Assisted Phase Transformation in the Long-Range Ordering of
the Freebase Macrocyclic Biquinazoline Ligand on Ag(111)

(a) (b)

Fig. 5.14: (a) Comparison of m/z = 15 desorption traces with and without radiation damage for
an H–Mabiq monolayer prepared at 300 K. (top) After prolonged beam exposure (∼30 min X-rays
and ∼30 min electron beam) a weak desorption feature corresponding to m/z = 15 is observed
above 450 K, most likely related to C – CH3 cleavage followed by desorption of the liberated methyl
groups. Thus, it is argued that radiation damage may cause a weakening of the C – CH3 bonds.
(bottom) Without beam exposure, the molecule remains intact when heating to 500 K, excluding
the loss of CH3 groups as possible cause for the RT to HT phase transformation. (b) H2 TPD
spectra for a monolayer and a thin multilayer of H–Mabiq deposited at 300 K. The signal in
the multilayer at 420 K is related to multilayer desorption and subsequent cracking in the mass
spectrometer (cf. Fig. 5.2). Starting from 600 K a strong signal related to CH3 release (see Fig. 5.3)
is observed for both coverages. Importantly, no hydrogen signal is detected for monolayer films
upon annealing between 300 and 500 K. Therefore, the RT to HT phase transformation is not
associated to deprotonation of the aminic N ( – NH – ) species of the macrocycle as concluded by
XPS.

Most importantly, the binding energy value is in excellent agreement with that reported
for the self-metalation of freebase phthalocyanine on Ag(110), which assigns a value of
398.3 eV to the N – Ag coordination [286]. The relative intensity (cf. Tab. 5.1) is also well
compatible with the STM interpretation above, supporting the conclusion that the two
peripheral N atoms of each of two neighboring molecules are coordinated to a Ag adatom.
More naturally, the FWHM of the two remaining N 1s components is now only 0.1 eV
larger than in the RT phase, and thus the previous inconsistency with the C 1s analysis is
removed.
In summary, the high-resolution XPS spectra of Fig. 5.13 supported by the TPD of Fig. 5.14
data lead us to conclude that no chemical modification of the molecular building blocks
is responsible for the RT to HT phase transformation, and both the RT and HT phases
are composed of intact H–Mabiq molecules, as implicitly assumed in the proposed STM
interpretation. However, the N 1s line shape change of the HT phase is fully compatible
with the proposed peripheral interaction with substrate metal adatoms accommodated
between neighboring biquinazoline units.
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Study of the macrocycle conformation by NEXAFS analysis. Polarization-
dependent NEXAFS is sensitive to the orientation of adsorbed molecules [111], and
therefore we recorded N K-edge spectra to identify possible changes in the macrocycle
conformation between the RT and HT phases. Figure 5.15a displays the evolution of
the absorption intensity as a function of the photon energy when varying the linear
X-ray polarization direction from largely perpendicular (30° tilted) to parallel to the
surface. Compared with previous work on adsorbed porphyrins [77, 287–290], phthalo-

(a) (b)

Fig. 5.15: (a) N K-edge NEXAFS spectra for the RT (blue curves) and HT (green curves) phases of
H–Mabiq/Ag(111) recorded with different linear polarization of the incident synchrotron radiation
relative to the surface normal. The incidence geometry of the X-rays (insets on the right) was varied
from grazing (top) to normal (bottom), corresponding to angles of the electric field to the surface
normal of 30°, 53° (magic angle), and 90°, respectively. (b) Angular-dependent intensity variation
of the nitrogen-derived partial yield intensity, compared to theoretical curves as a function of the
adsorption angle [111], enabling the determination of the average molecular orientation (see text).

cyanines [291] and corroles [292], which typically show a number of distinguishable
π∗ resonances below the ionization threshold, the spectral signature of the adsorbed
H–Mabiq is simpler. It consists of a single sharp resonance, whose asymmetric line shape
may comprise slightly different but unresolved contributions. This resonance can be
attributed to the N 1s→ π∗1 transition of the iminic nitrogen ( –– N – ) species [287] and
is located at 398.2 eV in the RT phase. In the HT phase, it shifts to a slightly higher
photon energy of 398.4 eV, without showing other appreciable changes. Beside the π∗

resonance, two broad spectral features at about 401 eV and 407 eV can also be discerned.
While the former remains of unclear origin (it could partly bear contributions of the π∗1
transition from the N 1s initial state associated to the aminic nitrogen, – NH – , as well
as transitions to higher unoccupied states), the latter has opposite angular dependence
relative to the π∗ resonance, and thus is most likely a shape resonance (σ∗). Notably,
the clear evolution of the sharp π∗ feature at about 398 eV from a maximum at near
to perpendicular polarization to almost quenched at polarization in the surface plane,
is indicative of a largely flat-lying orientation of the macrocycle on the surface, as is
often found for tetrapyrrolic macrocycles [244]. The mildly stronger residual intensity
of the resonance in the bottom spectrum of Fig. 5.15a for the RT phase (blue curve) may
signal a slightly more tilted configuration of the molecules upon adsorption at 300 K. The
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semiquantitative analysis illustrated in Fig. 5.15b, based on the angular dependence of
the resonance intensity, indeed yields an angle between the macrocycle plane and the
surface of (25± 10)° for the RT phase, which marginally reduces to (20± 10)° in the HT
phase. It is important to note, however, that this adsorption angle is an average value:
one cannot separate contributions of possible modifications due to a saddle-shape [293]
or other [294] deformation involving the four inner nitrogen atoms, a rigid tilt of the
entire macrocycle plane caused by lifting through the terminal methyl legs, or deviations
from planarity associated to the bipyrimidine group and/or its linking to the diketimi-
nate unit [54]. Nevertheless, the similar NEXAFS signatures and the comparable linear
dichroism substantiate a similar orientation of the intact building blocks in both the HT
and RT self-assembled layers, suggestive of a similar strength of the molecule-to-surface
coupling.

Rationale for the RT to HT phase transformation. The results that have been
presented above show that H–Mabiq molecules readily self-assemble on the Ag(111)
surface, organizing themselves into two well-ordered phases with different long-range
ordering and molecular packing, as proven by LEED and STM measurements. The STM
measurements indicate the regular pairing of H–Mabiq molecules into distinctly different
motifs for the two phases. In the RT phase the observed two-lobed protrusions suggest a
local arrangement in which two laterally displaced molecules face each other via their
diketiminate unit, resulting in a glide reflection symmetry around the axis of each elon-
gated protrusion (Fig. 5.9a). In other words, the molecules appear to form dimers with
chiral arrangement and the unit cells accommodates two dimers of opposite chirality, thus
featuring a racemic mixtures. Conversely, in the HT phase a face-to-face configuration
prevails (Fig. 5.11a), with two molecules directing the methyl groups attached to the
diketiminate moiety towards each other, leading to four-lobed symmetric protrusions in
STM. Most importantly for the following discussion, the dark areas between molecules
that are imaged as depressions in STM, are of different nature in the two phases. In the
HT phase they are formed by two adjacent biquinazoline units facing each other, and
thus could host a bridging Ag adatom in the center of the resulting cavity, as supported
by Fig. 5.12a, b. In contrast, the cavity of comparable size of the RT phase (Fig. 5.12c) does
not offer such possibility of accommodating Ag adatoms in bridging position between
two biquinazoline moieties of adjacent molecules. Indeed, the STM investigations show
no evidence of Ag adatom trapping at 300 K. Moreover, the RT phase can be reproducibly
converted into the HT phase, the latter being either obtained by 500 K annealing of the
RT phase (Fig. 5.7) or by directly depositing the molecule on the substrate held at 500 K.
As all STM and LEED measurements were performed at temperatures well below room
temperature (Sec. 5.2), implies that the observed phase transformation is irreversible.
In turn, this suggests that the HT phase is more stable and once formed, is maintained
until molecular decomposition sets in at ∼600 K (see the desorption of abstracted CH3

groups in Fig. 5.3b). The observation of different self-assembled phases formed by even
relatively simple organic building blocks is not uncommon given the to pronounced
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Fig. 5.16: LEED images (top panels) of H–Mabiq deposited at RT on Ag(111) at different coverages
up to monolayer completion. All LEED images were taken at a primary electron energy of 20 eV.
The coverage was determined by C 1s XPS (lower panels, data acquired with Mg Kα radiation)
and referred to the saturated monolayer of the HT phase (red curve). From left to right the coverage
thus varies between 0.34 and 1.04 of such a monolayer (note that with respect to the Ag(111)
surface density, the HT phase corresponds to a relative coverage of about 0.04). Already at a
coverage of 34% of the monolayer, a regular overlayer is formed, as signaled by the appearance of
diffraction spots in LEED. At increasing coverage, the spots become progressively sharper and
spot streaking is lifted, pointing to enhanced crystallinity. Notably, the characteristic RT phase
periodicity is observed at all coverages.

conformational flexibility of molecular modules resulting in frequent polymorphism
of organic crystals [295, 296]. In the monolayer regime, where the interaction with the
underlying solid substrate often plays a crucial role, the origin of phase evolution may
stem from different factors, such as chemical transformations (including deprotonation or
dehydrogenation reactions) [113, 213, 297–299], coverage and local density variations [136,
300–305] (due to the coverage-dependent competition between molecule-molecule and
molecule-surface interactions), changes in molecular orientation [306, 307], the occur-
rence of repulsive interactions [308], isomerism [309, 310] and electric field control [311].
However, in the present case, we have demonstrated by XPS and TPD analysis that the
chemical constitution of the molecular building block remains unaffected during the
H–Mabiq phase transformation. Moreover, the polarization-dependent NEXAFS data
show no drastic reorientation or conformational change of the molecules caused by the
phase transformation. Finally, the combination of LEED and STM analyses indicates
that the local molecular density is almost identical in both phases (consistently with no
evidence of H–Mabiq desorption in the considered temperature range) and therefore, the
temperature-driven phase transformation is not concentration controlled unlike numer-
ous examples of polymorphism at solid-liquid interfaces [28, 312–315]. In the RT phase,
attractive forces must guide the molecular self-assembly: in fact, the coverage-dependent
LEED study reported in Fig. 5.16 shows that at 300 K agglomeration into ordered islands
already occurs at surface coverages of ∼1/3 ML. In principle, it is possible that at RT
the self-assembly does not occur under equilibrium conditions and the RT phase is only
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kinetically stabilized [316]. However, we would expect a stronger binding motif to ap-
pear in the thermodynamically favored HT phase. Such a binding motif is not evident
in Fig. 5.11a, where the two H–Mabiq molecules forming the bright dimeric structures
seem to interact with each other by generally weak methyl-methyl interactions [317–
321]. Therefore, the rationale for the stabilization of the HT phase upon heating must lie
elsewhere.

Indeed, as pointed out in Fig. 5.12, it is the incorporation of silver adatoms in the 2-D
molecular network at HT, that naturally offers the driving force for the structural mod-
ification from the RT to the HT phase. While not all the recorded STM images reveal
the silver adatoms as clearly discernible features in the HT network (Figs. 5.10 and 5.11),
nevertheless, the evidence provided in Fig. 5.12a, b is indicative of a stabilizing N – Ag
interaction. Furthermore, it seems to be a general feature of the Ag adatoms that they are
elusive or poorly visible in STM imaging [277–280]. Nevertheless, several examples high-
light the adatom-induced formation of surface-confined metal-coordination networks, in
particular for nitrogen-containing pyridine derivatives [322–327]. Remarkably, in recent
synthetic studies in solution by our groups (Sec. 5.2), the formation of trimetallic Mabiq
dimers linked via a central silver atom bridging two adjoining biquinazoline moieties
was observed (Fig. 5.17). This finding provides decisive evidence for the affinity of the

Ag

Fig. 5.17: X-ray diffraction-based model (side view) of a trimetallic Mabiq dimer with a bridging
Ag atom. Ellipsoids are shown with 50% probability. Counterions have been omitted for clarity.

peripheral H–Mabiq site for Ag coordination, and for the ability of this metal to bridge
between two Mabiq units. However, in the trimetallic crystal structure of Fig. 5.17 the
N – Ag distance amounts to 2.3 Å, which is up to 0.6 Å lower than the average projected
distance of 2.9 Å in the model in Fig. 5.12b. This signals a weaker bonding caused by
the enhanced steric hindrance associated with the limited orientational freedom in the
surface-confined assembly. The latter most likely hinders the optimal tilting of adjacent
H–Mabiq molecules which would be necessary to minimize the N – Ag bond distance.
Specifically, the steric repulsion between the protruding benzene rings of the biquina-
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zoline unit limits the contraction of the nitrogen-containing cavity formed between two
adjacent molecules. While the resulting N – Ag interaction cannot be considered a proper
coordination bond (typical bond lengths 2.1–2.6 Å), it is assigned to a weak attractive
N···Ag interaction (between 2.8–3.3 Å) that is still found to play an important role in the
stabilization of crystals of coordination polymers [328–331]. It is also worth noting that
the identification of a characteristic low binding energy component in the analysis of
the XPS spectrum of Fig. 5.13 strongly supports the conclusion of silver incorporation in
the HT phase. It also shows that the N···Ag interaction is sufficiently strong to perturb
electronically the peripheral nitrogen atoms of H–Mabiq, leading to a binding energy
which is strikingly similar to N – Ag coordination [286]. Importantly, recalling that XPS
is a spatially averaging technique, this evidence rules out the possibility that the STM
images resolving the adatoms only reflect some random or coincidental trapping of Ag in
the cavities formed by neighboring H–Mabiq molecules. Namely, the Ag incorporation is
fully distinctive of the HT phase packing.
In conclusion, the combination of STM and XPS provides convincing evidence for the
role of bridging Ag adatoms in stabilizing the regular assembly in the HT phase. In this
context, it appears likely that the elevated temperature necessary to trigger the phase
transformation originates from the need to achieve a sufficient density of Ag adatoms
liberated from step edges on the surface.

Detrimental effect of oxygen exposure. Motivated by the oxygen-mediated chem-
ical modification of terminal alkyne precursors described in Sec. 4.3 and 4.4, and by
reports of oxygen-aided (on-surface) reactions [332–336], we explored the chemical-state
evolution of self-assembled H–Mabiq upon oxygen exposure. Here, XPS was used to
give insight into chemical changes via the relevant C 1s, N 1s and O 1s core levels,
while LEED allowed to monitor possible rearrangements of the ordered H–Mabiq self-
assembly.

Figure 5.18 demonstrates the effect of O2 flux on the HT phase of H–Mabiq. The sub-
strate was held at 200 K during O2 exposure. In XPS, Fig. 5.18a-c, we observe a strong
shift of the spectral weight towards lower binding energy in the C 1s (indicated by the
black line) and N 1s core level by about −0.5 eV upon dosing O2 gas. Concomitantly,
a weak peak arises at 529.6 eV in the O 1s region, signaling oxygen adsorption on the
surface. Annealing the sample up to 500 K seems to restore a chemical state akin to
pristine H–Mabiq, i.e. the binding energy shift is reversed and the O 1s peak vanishes
again.

To get deeper information on the oxygen-induced chemical changes, curve-fitting was
performed. As before, the C 1s core level was fitted with four components to account
for the specific chemical environments of the 33 carbon atoms present in the H–Mabiq
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Fig. 5.18: XP spectra of the (a) C 1s, (b) N 1s, and (c) O 1s core levels of a pristine H–Mabiq HT
phase monolayer on Ag(111) (bottom), after exposure to a flux of ∼9000 L O2 at 200 K (middle),
and after subsequent heating to 500 K. The XPS measurements were performed in LA lens mode
using Al Kα radiation. (d) LEED image of the HT phase of H–Mabiq. (e) LEED after exposure
to 9000 L O2, showing the detrimental effect on the diffraction spot intensities. (f) LEED pattern
demonstrating that further annealing at 500 K completely destroys the long-range order. All
LEED patterns were recorded at an electron primary energy of 15 eV. (g) TPD traces of an
oxygen-exposed (black) and pristine (gray) H–Mabiq phase on Ag(111). Heating rate: 2 K/s.

compound; similarly, the nitrogen peak was fitted with three components9 (cf. Sec. 5.3).

9 The plasmon silver background associated with the Ag 3d core level is more pronounced when using Al Kα

radiation, compared to synchrotron radiation measurement. Thus, the background subtraction introduces
much more variability in the fitting analysis. To perform a reasonable fitting analysis, a clean spectrum of
the N 1s core level was used as a starting point for the background subtraction. Additionally, peak fitting
constraints, such as approximate binding energy values and relative population, were adopted, based on
the high-resolution synchrotron XPS experiments.
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HT phase O2 exposed 500 K annealing

BE [eV]
Rel.

Intensity
BE [eV]

Rel.
Intensity

BE [eV]
Rel.

Intensity

C 1s
– C –– C 284.9 11 284.8 11 284.7 11
H3C – C – /CH3 285.4 12 284.7 12 285.3 12
–– C – N/ – C –– N 285.8 4.0 285.6 4.0 285.6 4.0
N – C –– N/N – C – N 286.6 6 286.3 6 286.5 6

N 1s
– NH – 400.3 1.0 399.9 1.0 400.1 1.0
–– N – 398.7 5 398.3 5 398.6 5
N – Ag coord. 398.2 2 397.8 2 398.1 2

Tab. 5.2: XPS binding energy values and relative intensities for pristine, oxygen-exposed and
subsequently annealed H–Mabiq HT phase on Ag(111), extracted from the curve-fitting analysis.
The binding energy values obtained from the fitting are rounded to the first decimal place, the
relative intensities to the nearest integer. The C 1s (N 1s) intensity ratios were normalized by
arbitrarily fixing the intensity of the third (first) component to 4.0 (1.0), as inferred from the
H–Mabiq chemical structure.

The constrained C 1s core-level fit again yields four components in a 11 : 12 : 4 : 6 ratio,
corresponding to sp2, sp3, C – N and N – C – N carbon species, respectively (individual
binding energies are listed in Tab. 5.2). Interestingly, while visual inspection suggests a
shift of the entire, convoluted peak when exposing the H–Mabiq monolayer to oxygen,
the fitting reveals only a small binding energy shift (0.1–0.2 eV) for most core levels,
except for the sp3-related carbon peak, which shifts by ∼0.7 eV to lower values. In
the case of nitrogen, conversely, all three peak components are affected by a similar
shift of 0.4 eV to lower binding energy. Additionally, an O 1s peak arises at 529.6 eV.
Nevertheless, upon annealing at 500 K the original situation before O2 exposure is largely
restored (cf. Tab. 5.2). Although XPS suggests reversibility of the chemical state upon
thermal treatment, however, this is not true for the long-range order of the H–Mabiq
molecule, as evidenced in the LEED images of Fig. 5.18d-f. Initially, the oxygen exposure
decreases the diffraction spot intensity but interestingly, the few still (poorly) visible spots
in Fig. 5.18e remain as sharp as in a pristine H–Mabiq layer, i.e. no broadening of the
diffraction spots can be discerned. Nevertheless, the 500 K annealing completely removes
any traces of long-range order, evidenced by the absence of a LEED diffraction pattern
(Fig. 5.18f).

The interaction of oxygen with self-assembled H–Mabiq appears quite complex, but
several well-founded conclusions can be drawn. First, it appears that the oxygen expo-
sure at 200 K modifies the electronic structure of the entire molecule, as suggested by
the synchronous core-level shift of the carbon and nitrogen species. In particular, the
binding energy shift to lower energy either indicates electron accepting character of the
H–Mabiq macrocycle or a stronger interaction with the substrate [136]. Secondly, the
O 1s photoelectron peak at 529.6 eV rules out any chemical reaction of type C – O or N – O,
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since oxygenated organic compounds are typically found at a higher binding energy
around 531 eV [337] (e.g. compare with the oxygen/ExtTEB coadsorption in Fig. 4.9).
On the other hand, adsorbed oxygen O(ads) in UHV conditions is found on silver at
around 528.2 eV [160, 161, 338]. Surprisingly, a matching binding energy can be found
for metal-oxo porphyrins and phthalocyanines, specifically TiOTPP [77] and TiOPc [339],
where the oxygen is bonded to a centrally coordinated metal atom and facing away from
the substrate. Thus, a tentative assignment of the O 1s line position may be a Ag – O bond
formed between adsorbing oxygen from the gas phase and the Ag adatom accommodated
in the cavity fromed by the biquinazoline moieties of two adjacent H–Mabiq molecules.
Conveniently, the area ratio between nitrogen and oxygen is 16 : 1, or expressed in terms
of H–Mabiq molecules 2 : 1, implying the presence of one oxygen atom for every silver-
bridged H–Mabiq dimer. Moreover, if a Ag – O bond forms between oxygen and a Ag
adatom, a surface “trans-effect” [135, 236] may further pull up the Ag adatom from the
surface, possibly modifying also the interaction with the H–Mabiq. In principle, a strong
silver-oxygen interaction should also be visible in the Ag 3d core level as an additional
spectral component. Such a feature is not observed in XPS, but it must be noted, that the
concentration of the Ag – O species would be rather dilute compared to the overwhelming
Ag(111) substrate signal. Alternatively, the O 1s binding energy values, as well as the
binding energy shifts in the molecular fingerprint observed in XPS, could be explained by
subsurface migration of oxygen and resulting modifications of the substrate [340]. Still, the
transition from pristine to oxygen-exposed H–Mabiq monitored via LEED may favor oxy-
gen adsorption on the surface over subsurface migration. As mentioned above, while the
diffraction pattern worsens overall upon oxygen dosage, the remaining diffraction spots
do not show any broadening. Usually, a loss of long-range order and crystallinity leads to
broader spots [308] (see also Fig. 5.16), suggesting this is not happening when adsorbing
oxygen on H–Mabiq/Ag(111). Conversely, if the oxygen adsorbes in a plane “above” the
H–Mabiq self-assembly, it may attenuate the electron intensity elastically scattered from
H–Mabiq, giving rise to an attenuated (feebler) LEED image. All this reasoning remains
speculative, however, and further evidence in the form of STM or XPD measurements is
necessary for a more definitive assignment.

Subsequent annealing of the O2/H–Mabiq system seems to restore the chemical state of
the pristine HT phase, as suggested by XPS measurements. Specifically, the complete
removal of oxygen from the surface and the binding energy shifts back to higher energy
in the C 1s and N 1s regions support this interpretation. However, the LEED image in
Fig. 5.18f taken after the annealing procedure shows no molecular long-range order; a
ring-like halo is perceptible at most, indicating a diffraction signal stemming from many
symmetry domains with only local ordering [192, 341]. Importantly, the loss of long-range
order in LEED concomitant to the removal of oxygen from the surface in XPS, strongly
hints at a reaction between oxygen and H–Mabiq before desorption.10 Therefore, a TPD

10 An alternative but unlikely interpretation is again subsurface migration of oxygen, leading to a loss in
long-range order of the H–Mabiq film by modification of the substrate. Since the oxygen signal is weak,
diffusion below the first substrate layer may weaken the O 1s peak, effectively quenching it.
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experiment was performed on the oxygen-exposed (black curves) and pristine HT phase
(grey curves) H–Mabiq films adsorbed on Ag(111). Figure 5.18g depicts the desorption
behavior of fragments with different mass-to-charge ratio, notably 15 amu, related to the
abstraction of terminal CH3 groups, and 67 amu for molecular desorption. Interestingly,
the signal intensity of the mass-to-charge ratios is strongly reduced for the oxygen-
exposed H–Mabiq layer compared to the pristine HT phase. Moreover, in both systems the
desorption of molecular (or atomic) oxygen is not discernible as monitored by m/z = 32.
Instead, we observe unique desorption traces for the O2/H–Mabiq preparation at mass-to-
charge ratios 28 and 45. In particular, the species with m/z = 45 desorbs at 350 K, while
the m/z = 28 trace features a weak peak at 420 K and a stronger signal around 660 K.
Foremost, the TPD experiment excludes a simple interaction of oxygen with H–Mabiq,
that is followed by associative desorption upon thermal activation. Otherwise, molecular
oxygen at m/z = 32 should have been observed during desorption. Strikingly, the oxygen
exposure alters the decomposition of the molecule (compare also with Figs. 5.2 and 5.3):
The much weaker m/z = 15 intensity after O2-exposure signals either an oxygen-modified
decomposition pathway releasing less CH3 groups, and/or a chemical interaction of the
CH3 groups with oxygen and thus a different desorption product. The latter hypothesis
seems reasonable considering the unprecedented desorption of m/z = 45. According to
the NIST database [96], intact dimethyl ether (DME, H3C – O – CH3, 46 amu) has its main
desorption signal at 45 amu [342] with a smaller signal at 46 amu (which is left out here for
clarity); thus, it is a potential candidate to explain the m/z = 45 desorption signal and the
chemical reaction taking place. Moreover, a partial reaction of the terminal CH3 groups
to form DME also justifies the observed decrease in the signal intensity o m/z = 15. In
conclusion, guided by the LEED, TPD and XPS experiments, a reasonable interpretation
of the annealing step for an oxygen-exposed H–Mabiq layer may be the partial formation,
followed by desorption, of DME, which leads to a progressive disordering of the HT
phase.

Summary. We have investigated the self-assembly of a macrocyclic biquinazoline ligand,
the freebase H–Mabiq molecule, on the prototypical coinage metal surface Ag(111). Our
experimental results show the formation of two well-ordered 2-D phases, one stabilized at
300 K and the other at 500 K, and both extending over distances in excess of 200 nm. Both
phases correspond to a ”closed“ monolayer, can be obtained in single-phase form, and are
constituted by intact molecules with a similar packing density of 0.58 molecules/nm2 but
distinctly different dimeric motifs. Strikingly, the temperature-induced transformation
from the RT phase into the HT phase is not driven by chemical transformations or molec-
ular reorientation, nor is it associated with a change of the molecular coverage. Instead,
STM and XPS indicate that the RT phase evolves into the more stable HT phase upon
accommodation of Ag adatoms between biquinazoline moieties of adjacent molecules
via attractive N···Ag interactions. As the molecular structure of H–Mabiq offers a central
site for coordination of an additional metal ion, our study demonstrates the potential
of Mabiq species for the creation of highly ordered bimetallic arrays on surfaces. In
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particular, the thermodynamic control over the self-assembly and the formation of 2-D
Mabiq-based architectures opens up a viable route to tailor extended organic networks
with coordinatively unsaturated metal ions in different environments and oxidation states,
holding promise for catalytic and photocatalytic applications. In this context, our studies
thus underpin future work to incorporate multiple metal centers within surface-confined
molecular networks with atomic precision. Finally, we have shown the unexpected
reactivity of adsorbed H–Mabiq with O2, which is of interest for the fundamental under-
standing and the prediction of the surface-anchoring behavior of this novel system in
more reactive environments than UHV.

5.4 Cobalt Metalation of H–Mabiq on Ag(111)

To further assess the potential of H–Mabiq for the atomically precise engineering of
bimetallic networks, the Ag adatom stabilized HT phase of the previous section was
exposed to a pure flux of Co atoms. Metal evaporation is a common scheme for the
in-situ metalation of tetrapyrrole macrocycles, e.g. porphyrins and phthalocyanines [244].
Moreover, solution chemistry experiments have recently demonstrated the existence
of monometallic [57] and bimetallic [56] Co–Mabiq species, suggesting the possible
adaptability of the Co metal for our purposes.

Cobalt Metalation. In the past, XPS experiments on the N 1s core level have been
frequently employed to study the metal ion coordination in the central cavity of tetrapyr-
role macrocycles [30, 31, 81, 244, 252, 343–345]. This class of molecules is comprised
of iminic ( –– N – ) and aminic ( – NH – ) nitrogen species in the macrocycle cavity, which
can be distinguished in XPS due to its chemical-state specificity. Typically, for freebase
compounds this results in XP spectra featuring two well-resolved peaks. Conversely, the
metal-coordinated nitrogen species emerges as a distinct peak at a binding energy located
between the iminic and aminic nitrogen species [30, 244]. To investigate the interaction
of Co with the silver-bridged HT phase of H–Mabiq on Ag(111), XPS experiments were
thus performed on the N 1s and Co 2p core level after depositing varying amounts of Co
metal. As shown before (Sec. 5.3), for H–Mabiq the N 1s spectrum comprises a dominant
iminic nitrogen peak [30, 244, 346], while the single aminic nitrogen appears as a weak
but distinct shoulder at higher binding energy.

Figure 5.19 shows the N 1s (a) and Co 2p3/2 (b) XP spectra of a pristine H–Mabiq mono-
layer (bottom), exposed to the Co flux for 30 s, 60 s and 85 s, corresponding to coverages
of (0.021± 0.005) ML, (0.042± 0.005) ML and (0.073± 0.005) ML, respectively as gauged
via QCMB. Here, a monolayer (ML) is now defined with respect to the silver surface atom
density, the H–Mabiq saturation coverage corresponding to ∼0.042 ML. Mild annealing
to 400 K was applied after metal deposition, to facilitate Co diffusion. For the pristine
H–Mabiq XP spectrum, the spectral weight is centered at 398.7 eV with a clear shoulder
around ∼400.1 eV. Exposure to (0.021± 0.005) ML of Co induces a noticeable broadening
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(a) (b)
0.6 eV

67%

95%

100%

+ Co

=N--NH-

0%

Fig. 5.19: (a) XP spectra of the N 1s core level for pristine HT phase H–Mabiq and after deposi-
tion of (0.021± 0.005), (0.042± 0.005), (0.073± 0.005) ML of Co (the percentage of metal per
H–Mabiq molecule increases from bottom to top). The curve fitting of the pristine H–Mabiq N 1s
spectrum is guided by previous synchrotron radiation XPS results. Components attributed to pris-
tine H–Mabiq are shown in green, whereas orange shadowing identifies the new metalated species.
The binding energy positions of aminic – NH – and iminic –– N – nitrogen species are indicated
by black lines. The inelastic electron background was subtracted, and the peak components are
vertically stacked for clarity. (b) Corresponding Co 2p3/2 XP spectra. The vertical solid black line
denotes the binding energy reference of metallic Co [180]. All spectra were taken with Mg Kα

radiation, GE geometry, LA lens mode and 15 eV pass energy.

of the peak, entailing only a moderate shift of the main spectral weight. When depositing
(0.042± 0.005) ML of Co, i.e. a metal coverage corresponding to the H–Mabiq saturation
coverage, a more pronounced peak shift is discernible. Upon further Co exposure, the
N 1s core level lacks notable changes. For a more quantitative assessment of the metala-
tion, a curve-fitting analysis of the N 1s core level was performed: Components inherent
to pristine H–Mabiq are shown in green, and metalation-related peaks are indicated in
orange. The peak fitting in the bottom spectrum of Fig. 5.19a is guided by the prior syn-
chrotron radiation XPS experiments described in Sec. 5.3. The dominant peak component
located at 398.7 eV corresponds to the iminic nitrogen species, whereas the low (398.3 eV)
and high (400.1 eV) binding energy peaks are indicative of the N···Ag and – NH – species,
respectively. To model the peak broadening after the 30 s Co dose, we introduce two
new components in a ∼1 : 1 ratio at 398.8 eV and 399.6 eV. While we can interpret the
former binding energy value to belong to an iminic nitrogen species, the latter is likely
related to a metal-coordinated nitrogen species in the central cavity, since its binding
energy is located between the aminic and iminic nitrogen, as is typically reported for
other tetrapyrroles [244]. Therefore, by means of the peak fitting, we can ascribe the line
shape broadening to the simultaneous presence of H–Mabiq and Co–Mabiq species on
the surface. Further metalation effectively quenches all three H–Mabiq associated peaks,
leaving only the two orange peaks in a 1 : 1 ratio. Importantly, this ratio demonstrates
the specific central cavity coordination of Co to form Co–Mabiq (as indicated in the ball
model in Fig. 5.19), rather than the bimetallic conformation, especially when taking into
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consideration that the (0.073± 0.005) ML Co dose nominally represents an excess metal
coverage with respect to the H–Mabiq saturation coverage. The Co 2p3/2 core-level spec-
tra in Fig. 5.19b corroborate our previous findings. For the first two Co metal depositions,
(0.021± 0.005) and (0.042± 0.005) ML, a single peak arises at 778.7 eV, roughly ∼0.6 eV
higher in binding energy than the metallic Co peak found at 778.1 eV [180] (indicated
by the vertical solid black line). A similar binding energy has been found for nitrogen-
coordinated Co species in cobalt(II) octaethylporphyrin on Ag(111) [347] and cobalt(II)
phthalocyanine on Ag(111) [348] and MnO [349]. Generally, the oxidation state of metal
centers in transition metal tetrapyrroles adsorbed on metal substrates tends to shift to-
wards a neutral oxidation state, due to pronounced molecule-to-substrate interaction [30,
345, 350–352]. Depositing (0.073± 0.005) ML of Co ultimately results in a broadening of
the Co 2p3/2 peak towards lower binding energy, signifying the presence of metallic Co
at 778.1 eV. In turn, this evidence of a metallic Co species suggests that no further metal
coordination takes place, after metalation of the central cavity has lead to Co–Mabiq
formation.

Additional insight into the electronic structure of Co metalated Mabiq can be obtained
by comparing NEXAFS spectra scanned across the N K-edge region for metalated and
pristine Mabiq films. The experiments on self-assembled H–Mabiq presented in Sec. 5.3
have revealed a single sharp resonance located at 398.4 eV in the π∗ pre-edge region,
which we have attributed to the N 1s→ π∗1 transition of the iminic nitrogen. Figure 5.20
displays the normalized absorption intensity of H–Mabiq (green) and Co–Mabiq (orange)
as a function of the photon energy for three distinct glancing angles θ. The formation of
Co–Mabiq was monitored via XPS and LEED (detailed below) experiments. Both Mabiq
compounds display a similar angular dependence of the sharp π∗ feature at about 398 eV,
evolving from a maximum at near to perpendicular polarization to almost quenched at
polarization in the surface plane. As noted, this is indicative of a largely flat-lying orienta-
tion of the macrocycle on the surface [111]. However, the π∗ pre-edge region of Co–Mabiq
is more complex than the H–Mabiq signature. Specifically, three well-separated peaks can
now be resolved at 398.3, 399.5 and 401.4 eV, with the component at 399.5 eV featuring a
complex shape. Similar to H–Mabiq, the resonance at 398.3 eV can be readily interpreted
as a N 1s → π∗1 transition, i.e. of the N atoms in the meso-bridged positions. Interest-
ingly, the intensity of this π∗1(−−N−) resonance in Co–Mabiq is reduced compared to
H–Mabiq, but not completely quenched. This is also observed for metal phthalocyanines,
for which the meso-bridged nitrogen is not directly involved in the metalation and its
signal remains relatively unaffected [291].11 Concomitantly, numerous studies concerning
the in-situ metalation of porphyrins find a new resonance that arises upon metalation,
concomitant to the quenching of the π∗1(−−N−) and π∗1(−NH−) contributions [77, 284,
287, 353, 354]. Likewise, we can interpret the new peak at 399.5 eV as the N 1s → π∗1
transitions of the four equivalent, central –– N – coord (N – Co) species in the macrocycle

11 Note that, since the XPS binding energy of the meso-bridged N species is shifted to higher values by
∼0.1 eV, whereas the NEXAFS resonance moves to slightly lower energy, this supports the composite
nature of the H–Mabiq spectral features combining contributions of the inequivalent N atoms of the
molecule.
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Fig. 5.20: N K-edge NEXAFS spectra of HT phase H–Mabiq (green) and Co–Mabiq (orange),
taken at three different angles of the incident photon beam relative to the surface plane (glancing
angle), and thus of the linear X-ray polarization with respect to the surface plane (as indicated by
the inset). The angles between the electric field and the surface normal were 30°, 53° and 90° (top
to bottom). The formation of Co–Mabiq was monitored by means of XPS and LEED experiments.
The relative Co coverage was estimated to be ∼0.9 per Mabiq molecule.

cavity.12 The small shoulder just above 400 eV, . 2 eV above the N 1s → π∗1 of iminic
nitrogen, presumably stems from the transition to the π∗1 state of a residual – NH – species
as gauged from the energy difference, as well as similar energy splittings observed in
porphyrins [287]. This would imply a small amount of non-metalated H–Mabiq on the
surface. Finally, the clear resonance at 401.4 eV may be a π∗2 partly bearing contributions
from the –– N – and –– N – coord nitrogen species. All in all, the NEXAFS measurements
strongly support the XPS measurements, indicating the formation of a Co–Mabiq species
upon Co metalation.

In addition, we investigated the metalation temperature, to monitor how readily the Co
atoms are incorporated into the central cavity. To this end, XPS and TPD experiments
were performed upon submonolayer deposition of Co on self-assembled H–Mabiq films.
The Co submonolayer coverage dose was chosen on purpose, in order to avoid potential
complications due to competing Co agglomeration and cluster formation. Figure 5.21a
and 5.21b depict the N 1s and Co 2p3/2 core levels for the saturated H–Mabiq assembly
(bottom), after deposition of (0.010± 0.005) ML of cobalt at 100 K (middle), and annealing
to 400 K (top). Interestingly, even at 100 K a more pronounced high binding energy shoul-
der can be discerned in the N 1s spectrum, which is a consequence of coexisting pristine
and metalated Mabiq species on the Ag(111) surface (cf. Fig. 5.19). Surprisingly, annealing

12 This conclusion agrees with the XPS interpretation.
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(a) (b) (c)

Fig. 5.21: (a, b) XP spectra of the N 1s and Co 2p3/2 core levels for self-assembled H–Mabiq
(bottom), a submonolayer Co dose at 100 K (middle) and the latter after annealing to 400 K
(top). All spectra were taken with Mg Kα radiation, GE geometry, LA lens mode and 15 eV
pass energy. (c) TPD experiment monitoring the mass-to-charge ratio m/z = 1 of a cobalt
submonolayer deposition on self-assembled H–Mabiq (grey). The reference experiment for self-
assembled H–Mabiq is shown in black.

to 400 K has close to no effect on the N 1s lineshape - in contrast to the thermally activated
metalation in porphyrins [30, 244, 343, 353]. The thermal treatment has a somewhat
more pronounced effect on the Co 2p3/2 core level, reducing the peak width compared
to the as-deposited Co peak. This may imply a slightly less well-defined adsorption of
the Co particles at 100 K. Figure 5.21c displays complementary TPD experiments in the
temperature range from 100–500 K of the mass-to-charge ratio m/z = 1 of self-assembled
H–Mabiq (black, reference experiment) and a Co submonolayer dosed on self-assembled
H–Mabiq (grey). Clearly, a small but discernible peak in the temperature range from
150–200 K in the TPD spectrum indicates some hydrogen desorption. Since this peak is
absent in the control experiment (black line), the hydrogen release can be understood as
the consequence of Co low-temperature insertion into the central cavity [355]. The low
thermal barrier for metalation also explains, why annealing to 400 K has only modest
effects compared to the XP spectra of the as-deposited system: The H–Mabiq film is
already partially metalated upon Co exposure, as the kinetic energy of impinging Co
particles is sufficient to overcome the metalation barrier, even tough the sample is slightly
below the metalation temperature. Note also that recombinative H2 desorption from the
Ag(111) occurs between 160–200 K and is strongly coverage-dependent [356], therefore it
is likely that the metalation already starts at the Co deposition temperature. Thus, the
temperature-dependent findings from XPS and TPD suggest a high affinity towards metal
incorporation into the macrocyclic cavity of H–Mabiq.

Long-range order of Co-exposed H–Mabiq. LEED experiments giving access to
the long-range ordering and surface unit cell of the metal-exposed H–Mabiq assembly
were performed for a similar Co deposition sequence as the XPS experiments of Fig. 5.19.
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Fig. 5.22: (a-d) LEED images of pristine and Co-exposed H–Mabiq, originally in the HT phase.
The deposited amount of Co increases from (b) to (d), amounting to Co : H–Mabiq ratios of ∼0.5 :
1, 1 : 1 and 2 : 1, respectively. The pristine H–Mabiq and Co–Mabiq ball models are shown with
the carbon, cobalt, hydrogen and nitrogen represented as grey, orange, white and blue spheres. All
images were taken at a primary electron energy of 20 eV.

They enable to assess possible metal-induced rearrangements in the self-assembly. The
results of this metalation sequence are shown in Fig. 5.22, with panel (a) showing a
pristine H–Mabiq self-assembled layer (HT phase) for reference. Even when depositing
Co in approximately a half of a saturated H–Mabiq monolayer, strong modifications
occur in the long-range ordering, changing from Fig. 5.22a to b, and the LEED pattern
becomes much more complex, displaying more diffraction spots. Notably, the star-shaped
feature around the (0,0) reflection transforms into a circular ring with numerous spots,
indicating the coexistence of different long-range ordered phases. Indeed, increasing the
Co coverage to a 1 : 1 ratio results in a distinctly new pattern, bearing no resemblance
to that of the H–Mabiq HT phase. Since a control XPS experiment showed an N 1s core-
level spectrum identical to Fig. 5.19a (top), we assign this pattern to represent a distinct
Co–Mabiq self-assembly. Finally, depositing Co in excess of a 1 : 1 ratio, i.e. adding Co
even after the Co–Mabiq formation, induces a severe degradation of the LEED pattern,
evidenced by weak and diffuse diffraction spots only found close to the zero-order
reflection.

To unravel the unit cell of the Co–Mabiq assembly, better resolved LEED images were
taken at several primary electron energies, emphasizing distinct motifs of diffraction spots.
Figure 5.23a-c shows three LEED images taken at 20, 25 and 50 eV, with recognizable
diffraction spot collections highlighted in orange. In Fig. 5.23a, an assembly of twelve
diffraction spots, grouped in six pairs (black circle) around the substrate zero-order spot
(encircled in red) is clearly recognizable. Close inspection is necessary to realize that
the pairs are triplets of diffraction spots, with the third spot of each triplet being of
much weaker intensity. A diffraction spot arrangement of triplets typically indicates
120° rotational, three-fold symmetry, as expected from the silver substrate symmetry.
Additionally, an outer hexagon (black lines) of diffraction triplets is discernible, with two
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Fig. 5.23: LEED images of the new Co–Mabiq self-assembly taken at (a) 20, (b) 25 and (c)
50 eV. Characteristic motifs are highlighted with orange circles. (d) Simulated LEED pattern
superimposed with the orange circle motifs found in the experimental patterns.

of them forming each side of the hexagon. Pronounced diffraction spots are found close
to the intersections of the hexagon’s sides, while less intense spots are located at their
central positions. At 25 eV electron primary energy (Fig. 5.23b) it becomes apparent that
these more pronounced spots are located at the center of a star motif (black) formed by
groups of six triplets, whereas the weaker spots (highlighted as dashed orange circles
in Fig. 5.23b) connect adjacent “stars”. Finally, the LEED pattern at 50 eV indicate a
commensurate overstructure due to the presence of triplets as well as the hexagonal
structure also around the first-order substrate diffraction spots. The superstructure
matrix (

10 −2
−2 10

)
(5.3)

given in the “acute angle representation” nicely reproduces the aforementioned diffrac-
tion spot collections and is shown in Fig. 5.23d with the poignant motifs superimposed in
orange. Crucially, the superstructure matrix Eq. (5.3) entails a three-fold, 120° rotational
symmetry of the reciprocal-space unit cell, as shown in the magnified inset in the dashed
black circle of Fig. 5.23d. From the superstructure matrix, the real-space unit cell dimen-
sions can be derived to be |s1| = |s2| = 2.649 nm, enclosing an angle of ∠(s1, s2) = 81.79°.
The angle between the superstructure vector s1 and the < 11̄0 > close-packed directions
amounts to −10.89°.
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Local order of the Co–Mabiq assembly. The emergence of a completely new unit
cell upon metalation pointed out by our LEED measurements begs the question, whether
the dimeric silver-bridged motif found for the H–Mabiq HT phase is still present in the
new Co–Mabiq arrangement. Since the previous XPS experiments strongly indicated Co
metalation of the central macrocycle moiety, supplementary STM measurements were
performed to gain insight into the local order and the molecular packing. Figure 5.24a
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Fig. 5.24: (a) STM image of a partially metalated H–Mabiq HT phase assembly. At the top, the
pristine HT phase is visible, while a completely new phase is observed at the bottom (UB = 1.00 V,
I = 0.20 nA). (b) STM topographic image of a fully metalated H–Mabiq layer (as gauged by
LEED and XPS). The surface is completely covered by the motif previously found on the partially
metalated H–Mabiq layer, showcasing characteristic shuriken-shaped depressions indicated in
white in the inset. The inset also indicates the primitive unit cell and the corresponding vectors.
(UB = 1.00 V, I = 0.20 nA). (c) 2-D FFT of the area in (b). (d) Bias dependence of the Co–Mabiq
assembly. The same location is imaged at bias voltages of UB = 0.95 V (top left), 0.55 V (top right),
−0.55 V (bottom left) and −0.95 V (bottom right); I = 0.10 nA in all images. (e) Ball model of
Co–Mabiq with carbon, cobalt, hydrogen and nitrogen depicted as grey, orange, white and blue
spheres, respectively. The dimensions of the molecule are taken from the crystallographic data in
Ref. [56]. An outline of the molecule is given at the bottom. (f) High-resolution STM image of the
Co–Mabiq assembly. Compared to non-metalated Mabiq (white outline), Co–Mabiq (orange) has
a prominent protrusion in the center. (UB = −1.45 V, I = 0.16 nA). The < 11̄0 > high-symmetry
directions are indicated by the white asterisk.

depicts a characteristic area of a partially metalated Mabiq sample (as gauged from a LEED
pattern similar to that of Fig. 5.22b). Specifically, the sample was covered predominantly
with the HT phase H–Mabiq self-assembly (top area), but additionally, patches of a novel
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phase could be found (bottom area). For an increased Co coverage, yielding the previously
described, novel LEED pattern, the Ag(111) surface was completely covered by the same
structure found in the bottom part of Fig. 5.24a. This clarifies that the new-found self-
assembly is, indeed, related to the Co deposition and Co–Mabiq formation, and not to the
formation of defective molecular arrays. Figure 5.24b shows a single-phase domain of the
Co–Mabiq assembly. Evidently, it self-assembles into a highly regular structure, featuring
recognizable four-bladed shuriken-shaped depressions around which the molecules are
arranged. Notably, a unit cell hosting one of these characteristic shapes can be proposed
(inset Fig. 5.24b). This repeating cell features side lengths |s1| = (2.74± 0.10) nm and
|s2| = (2.76± 0.10) nm, enclosing an angle of (80.4± 1.0)°. With respect to the silver
substrate high-symmetry < 11̄0 > directions, the vector s1 is rotated by (−11.1± 1.0)°.
Noteworthy, these dimensions match extremely well with the real-space unit cell derived
from the prior LEED results. The FFT of the Co–Mabiq island presented in Fig. 5.24c
demonstrates the agreement impressively, essentially representing one of the rotational
domains shown in the inset of Fig. 5.23d. To unravel the molecular packing, we acquired
small-scale topographic STM images of the same Co–Mabiq island at varying biases to
achieve better, submolecular resolution. Fig. 5.24d depicts a sample of these images
for bias voltages of 0.95, 0.55, −0.55 and −0.95 V (top left to bottom right), respectively.
At the highest positive bias, the shuriken-shaped depressions are still discernible with
the molecule(s) projected as six bright protrusions connected to superjacent groups via
additional pairs of protrusions. Decreasing the voltage to 0.55 V induces pronounced
alterations to the molecular appearance. Now, it seems as if pairs of bright protrusions
were forming a single molecule. For the H–Mabiq self-assembly (Sec. 5.3), we have shown
that bright pairs of protrusions may be interpreted as the flexible, protruding CH3 groups
of the macrocyclic biquinazoline ligand. Following this assignment, the molecules appear
in a staggered arrangement, forming a bent dimer structure, both in the vertical and
horizontal direction. Applying a slightly negative bias (−0.55 V) does not change the
previously observed features, however dimmer protrusions extending outwards from
the dominant bright protrusions, reminiscent of the biquinazoline (Fig. 5.1) unit, become
visible, justifying the assignment that the bright protrusion represent CH3 groups. When
tuning the bias to −0.95 V, another single bright protrusion appears in addition to the
CH3 groups. Since this new protrusion is located in the center of the Mabiq molecules,
we tentatively assign it to a Co atom, in line with the XPS results. Importantly, due to
the enhanced submolecular resolution, we can assign four molecules to the proposed
unit cell, resulting in a molecular coverage of 0.58 nm−2 - the same coverage found for
the self-assembled H–Mabiq. Figure 5.24e displays a ball model of Co–Mabiq together
with its dimensions, as taken from crystallographic data in Ref. [56] and measured with
the Mercury software [272, 357], and a sketch of the molecular outline. This outline is
superimposed onto the high-resolution topographic STM image of the Co–Mabiq/Ag(111)
system in Fig. 5.24f. Here, the terminal CH3 groups can be better distinguished, forming
four separate bright protrusions instead of the usual two, while the biquinazoline unit still
appears as a slightly dimmer protrusion. A few pristine H–Mabiq molecules can be found
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in Fig. 5.24f, as indicated by the white outline. Importantly, they are missing the central
protrusion, which is distinctly discernible for all the other molecules, as exemplarily
shown in the molecules highlighted with the orange outline, thus corroborating our initial
Co–Mabiq assignment.

More on the electronic structure of Co–Mabiq. The electronic structure of a
saturated, single layer of Co–Mabiq, already studied by XPS, was further investigated
by UPS at a photon energy of h̄ω = 60 eV. In his comprehensive review, Gottfried [30]
summarized a plethora of surface-adsorbed metalated tetrapyrrolic macrocycles, and
their respective electronic structure properties. Noteworthy, for d transition metals the
central ion tends to disclose an occupied electronic state close to the Fermi level, typically
∼1 eV below.
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Fig. 5.25: (a) UPS energy distribution curve of the valence band region of pristine H–Mabiq
(green, bottom) and Co–Mabiq (orange, top) , taken with a photon energy h̄ω = 60 eV. (b) STM
images acquired with the indicated bias voltages at I = 0.1 nA. Image size 4 ×4 nm2. The white
circle outlines the Co metal center.

Figure 5.25a shows the UP spectra of a self-assembled layer of HT phase H–Mabiq (green)
and a saturated Co–Mabiq thin film (orange). For the H–Mabiq layer, two molecular states
located at ∼3.0 eV and 2.3 eV below the Fermi level are clearly discernible. Potentially, a
very weak third state can be found at around 1.0 eV. Co insertion effectively quenches
the molecular state at 2.3 eV, whereas a strong, broad feature is observed at ∼1.0 eV.
Moreover, the molecular level at ∼3.0 eV remains unaltered. Therefore, we conclude
that Co metalation induces a distinct, d-derived electronic state [347]. This conclusion is
further supported by voltage-dependent STM measurements of the same sample location
presented in Fig. 5.25b. When going from positive to negative bias voltages, the central
protrusion (white circle), previously assigned to the central Co atom of Co–Mabiq, is only
distinctly noticeable between −550 mV and −1250 mV. This bias range corresponds to tun-
neling from occupied states of the sample and largely coincides with the binding energies
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at which the novel, metalation-induced state is apparent in the UP spectra. Importantly,
only the central protrusion Co shows a considerable bias dependence, emphasizing that
the pertaining electronic state observed in the Co–Mabiq UP spectrum is directly related
to the complexed Co ion interacting with the substrate [350]. Seemingly, such state is not
distributed along the molecular backbone.

Concluding remarks. We have studied the in-situ Co metalation of the macrocyclic
biquinazoline ligand on the model Ag(111) substrate surface. In XPS, we observed
distinct modifications in the chemical structure upon metal exposure, indicative of the
complexation of the metal ion in the central macrocyclic cavity. Similarly, in the NEXAFS
spectra of the metal-exposed Mabiq a new π∗1 transition is observed, not belonging to
aminic, or iminic meso-bridged nitrogen, but rather to an unoccupied state related to a
metal-coordinated nitrogen species. Furthermore, the H–Mabiq molecules show a high
affinity towards metalation, requiring temperatures well below 300 K to undergo metala-
tion. Interestingly, the metalated Mabiq species exhibit a distinctly different long-range
order, which is eventually lost when overexposing the surface with metal adatoms. STM
experiments have shown that the metal-induced rearrangement leads to a saturated,
single-phase monolayer displaying a distinct, recurring four-bladed shuriken motif with
four molecules in each unit cell. Combined LEED and STM measurements revealed a pack-
ing density of 0.58 molecules/nm2, identical to the density of self-assembled H–Mabiq.
Moreover, real-space imaging demonstrates the presence of a new central protrusion in
the metalated self-assembly. This central protrusion can be linked to a new electronic
state, manifested in the valence band spectra of Co–Mabiq. Finally, it is worth noting that
the initial H–Mabiq self-assembly has no influence on the Co–Mabiq arrangement, i.e. we
found that starting from either one of the previously reported phases (RT or HT) results in
the same electron diffraction pattern for the Co–Mabiq. This implies that the Co–Mabiq
phase is energetically favorable, even over the thermodynamically stable H–Mabiq HT
phase, lifting the silver-bridged dimeric motif. The present study and the report of a new
Co–Mabiq phase demonstrates the potential for in-situ modification of the macrocyclic
biquinazoline ligand, but also shows that more work is necessary to achieve the formation
of an atomically precise, surface-confined bimetallic network based on Mabiq building
blocks.

142



5.5 On-Surface Synthesis of Th–TPP and Th(TPP)2

5.5 On-Surface Synthesis of Th–TPP and Th(TPP)2

This chapter includes and otherwise expands on content that has been published in

E. Rheinfrank, M. Pörtner, M. del Carmen Nuñez Beyerle, F. Haag, P. S. Deimel, F.
Allegretti, K. Seufert, J. V. Barth, M.-L. Bocquet, P. Feulner & W. Auwärter. Actinide
Coordination Chemistry on Surfaces: Synthesis, Manipulation, and Properties of Thorium
Bis(porphyrinato) Complexes, J. Am. Chem. Soc. 143, 2021, 14581–14591. Copyright 2021
American Chemical Society

STM measurements were performed by
E. Rheinfrank, M. Pörtner and K. Seufert

TPD and XPS studies presented in this chapter were performed by
M. d. C. Nuñez Beyerle, F. Haag and P. Feulner

DFT modeling was performed by
M.-L. Bocquet

Actinides, or heavy metals, offer unique coordination numbers and oxidation states due
to the presence of 5 f valence orbitals. Consequently, incorporating these compounds in
molecular arrays may result in unprecedented functional properties of materials, relevant
to fundamental studies and practical applications, such as single molecule magnets [53,
359, 360] on the one hand, and catalysis [361, 362] or metal organic frameworks for nuclear
waste management [363–366] on the other hand. Th and U N4-macrocycle complexes
have been established in solution chemistry for decades [367–369]. However, studies on
the on-surface assembly and coordination chemistry on model surfaces under controlled
UHV conditions have remained sparse. In this context, we tackled here the study of
the in-situ Th metalation of the well-studied 5,10,15,20 – tetraphenylporphyrin (2 H – TPP,
cf. Fig. 5.26) on the model Ag(111) surface by means of LEED, TPD and XPS, extending
the catalog of existing metalation protocols of porphyrin derivatives [30, 31, 77, 81, 184,
221, 226, 244, 252, 284, 370, 371]. Specifically, TPD and XPS experiments illustrate a clear
central-cavity-coordination signature upon Th metalation, even though the size of Th
does not simply allow planar insertion inside the macrocycle. Concomitantly, LEED
measurements verify that the long-range order remains unaffected upon metal coordina-
tion. In addition, we provide evidence for the formation of bis(porphyrinatio)thorium
complexes on the Ag(111) surface [358]. Ultimately, after demonstrating the in-situ Th
metalation of the 2 H – TPP species as a proof of principle, future experiments are planned,
which aim at the insertion of Th into the H–Mabiq self-assemblies of the previous sec-
tions. Here, the multinuclear character of the molecular platform may prove beneficial
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Fig. 5.26: Ball model of the 5,10,15,20 – tetraphenylporphyrin (C44H30N4) molecule. Carbon,
hydrogen and nitrogen are displayed in grey, white and blue, respectively. The freebase molecule is
characterized by two pyrrolic (aminic) N – H species in the central cavity.

to induce cooperative and synergistic effects in the chemical, electronic and magnetic
behavior [359].

Multilayer desorption and formation of saturated 2 H – TPP layers. To repro-
ducibly prepare a saturated monolayer of 2H–TPP on the Ag(111) surface, a multilayer of
molecules is routinely condensed on the latter at 300 K (or below). Subsequently, excess
molecules beyond the first interfacial layer are removed by annealing at about 500 K [284,
371]. Fig. 5.27a displays TPD spectra of the mass-to-charge ratio m/z = 614 for increasing
2 H – TPP film thicknesses, corresponding to roughly 2 (grey curve), < 3 (black curve) and
7 (blue curve) porphyrin layers, respectively. For the lowest coverage, a sharp desorption
feature around ∼480 K is discernible, labeled as (I). When moderately increasing the
initial 2 H – TPP coverage (black curve), only a minor growth of the desorption peak is
observed; instead, a low-temperature shoulder arises. The desorption spectrum of a
thicker multilayer film (blue curve) reveals that this shoulder develops into an intense
separate peak (II) located at∼460 K. In all three spectra, moreover, a small and broad high-
temperature desorption feature (III) is evident at ∼570 K. In the literature, e.g. Ref. [371],
the peaks (I) and (II) usually appear as a single peak, which is assigned to multilayer
desorption of the intact 2 H – TPP parent ion, since it is not observed for (sub)monolayer
2 H – TPP coverages and displays zero-order desorption behavior, as typically observed in
multilayers [274]. This discrepancy to our measurement can be explained as follows. The
two discernible peaks can both be described by a zero-order desorption behavior, i.e. the
temperature of maximum desorption increases with increasing coverages, followed by a
sharp drop in intensity. But while peak (I) saturates, peak (II) does not, which results in
an overlap of the two peaks at correspondingly high 2 H – TPP coverage, forming a single
peak. Zaglmayr et al. [84] found that 2 H – TPP grows in layer-by-layer mode throughout
the first few layer, before switching to 3-D island growth. Consequently, we tentatively
assign peak (I) to stem from the former 2 H – TPP assembly, and peak (II) to originate from
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Fig. 5.27: (a) TPD spectra of the mass-to-charge ratio m/z = 614, corresponding to the 2H–TPP
parent ion, for three different coverages, corresponding to 2 (grey), < 3 (black) and 7 molecular
layers, as gauged by XPS. The linear heating rate was 0.5 K/s in all cases. (b) LEED patterns
of a saturated 2H–TPP film formed by thermally removing a multilayer at 475 K. The employed
primary electron energies are indicated. The silver zero- and first-order Bragg spots are denoted by
red circles and the < 1̄1̄2 > high-symmetry directions by red lines.

the latter. The common desorption feature (III) is ascribed to minor 2 H – TPP desorption
from the monolayer. In previous studies, Wiengarten et al. observed that the phenyl rings
in the 2 H – TPP periphery undergo a cyclodehydrogenation reaction [42], subsequently
leading to a “flattening” of said phenyl rings accompanied by desorption of molecular
hydrogen.13 These “flattened” molecules not only bind more strongly to the Ag(111)
surface, but also occupy more space on the surface, in turn requiring the desorption of
intact 2 H – TPP species for the “flattening” process itself to take place. Indeed, TPD exper-
iments on 2 H – TPP (and a variety of related metalloporphyrins) [372] have demonstrated
that in addition to the molecular hydrogen desorption, related carbon signals are also
also observed in the mass spectrometer, at temperatures slightly below the hydrogen
desorption temperature. We interpret this carbon signal to originate from the fragmenta-
tion of 2 H – TPP during electron-impact ionization, corroborating the assignment of peak
(III).

In Fig. 5.27b the LEED patterns of a saturated monolayer of 2 H – TPP, prepared by
annealing a multilayer at 475 K for 5 min, are depicted for two different primary electron

13 The “flattening” is associated to ring closure, whereby a C – C bond between a phenyl ring and a neighbor-
ing pyrrole ring is established.
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energies.14. The reciprocal-space periodicity can be described by the superstructure
matrix (

5.5 1.5
1.5 5.5

)
, (5.4)

originally proposed by Zaglmayr et al. [84]. Importantly, at 60 eV primary electron energy,
triangular assemblies of diffraction spots are discernible (circled in black), arising from
double diffraction, which is characteristic for the 2 H – TPP monolayer assembly. The
superstructure matrix Eq. (5.4) implies an almost square unit cell with side lengths
|s1| = |s2| = 1.423 nm, enclosing an angle ∠(s1, s2) = 89.4°, which has indeed been
observed in STM for freebase and metalated TPP species [42, 136, 221, 276, 284, 371].
Notably, an identical diffraction pattern is obtained when directly depositing 2 H – TPP
layers on the Ag(111) surface held at 475 K, although in such cases prolonged deposition
times are necessary to compensate for the reduced sticking of 2 H – TPP at elevated
temperatures.

Interaction of a 2 H – TPP monolayer with Th. In order to explore the interaction
of the central 2 H – TPP macrocyclic cavity with Th atoms, a saturated monolayer of
2 H – TPP was exposed to an atomic beam of Th under UHV conditions [358, 373]. Fig-
ure 5.28 shows the XP spectra of the N 1s and Th 4 f core levels for a saturated layer
that is exposed to increasing amounts of Th (from bottom to top). The N 1s curve-fitting
analysis reveals that a saturated freebase monolayer is comprised of two characteristic,
well-separated components, the aminic ( – NH – ) and iminic ( –– N – ) nitrogen. As de-
manded by the molecular model in Fig. 5.28, both species appear in a 1 : 1 ratio, featuring
binding energies of 400.1 (aminic) and 398.3 eV (iminic), respectively (cf. Tab. 5.3 and the
vertical lines in Fig. 5.28a), which are commonly reported for 2 H – TPP adsorbed on the
Ag(111) surface [284, 343, 370, 374]. Following exposure to 0.06 ML Th and annealing at
500 K (1 ML is here referenced to the surface atom density of Ag(111) and the 2 H – TPP
coverage corresponds to ∼0.04 ML [84]), the lineshape of the N 1s core level becomes
asymmetric and an additional peak must be included in the fitting. This new peak can
be naturally assigned to a doubly deprotonated TPP species interacting with the Th
atom. In fact, the presence of a single component in the modified porphyrin implies
the deprotonation of the aminic nitrogen species, such that the four central nitrogen
atoms interact symmetrically with Th becoming chemically equivalent, and thus they all
contribute to the signal intensity at about 398.9 eV. The latter binding energy falls in the
typical binding energy range of metalated porphyrins [244]. However, two facts should
be noted: First, the amount of Th on the surface (as determined with the QCMB) far
exceeds the saturated monolayer coverage [373] of 2 H – TPP/Ag(111) of ∼0.04 ML [84],
yet only ∼33 % of the TPP species are metalated, indicating that Th initially condenses on

14 We ensured in TPD and XPS measurements that annealing at 475 K would consistently result in the
formation of a saturated monolayer, by comparing it to 2 H – TPP layers annealed at 500 K The lower
preparation temperature was chosen to avoid any potential alteration to the molecule - e.g. “flattening” -
even though this was unlikely below 550 K.
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(a) (b)

Fig. 5.28: XP spectra of (a) the N 1s and (b) the Th 4 f core levels for a sequence of increasing Th
coverages (as indicated by the schematic in the middle). The dashed vertical lines in (a) indicate the
binding energy positions of the aminic and iminic nitrogen. The specific Th coverage with respect
to the Ag(111) surface atom density is indicated in (a), as well as the degree of metalation. Note,
a saturated layer of 2H–TPP corresponds to a coverage of ∼0.04 ML [84]. A spline background
was subtracted in the N 1s core-level spectra and the peaks were offset for clarity. All spectra were
recorded in grazing emission, MA lens mode and at 15 eV pass energy.

the surface and only interacts with the porphyrin molecule upon surface diffusion [355].
Secondly, thermal treatment at 500 K greatly enhances the intensity of the N 1s component
at 398.9 eV, which is in line with the previous interpretation. In fact, to achieve an equal
degree of metalation as for the 0.06 ML sample in Fig. 5.28a without annealing, the Th
exposure had to exceed 0.33 ML (Fig. 5.28a top curve). Following exposure to 0.11 ML
of elemental Th, approximately 67 % of the adsorbed TPP molecules are deprotonated.
At a Th coverage of 0.33 ML, the central Th-related peak dominates the XP spectrum,
indicating deprotonation in excess of 85 % of all TPP molecules. As shown for various
metalloporphyrins [42, 136, 372, 375] and verified by LEED measurements (Fig. 5.29),
the interacting Th has no effect on the long-range order and periodicity of the 2H–TPP
assembly. The N 1s data clearly prove that Th interacts strongly with the 2 H – TPP
molecules, causing deprotonation of the inner cavity and presumably N – Th coordination.
This process is usually termed as metalation and is common to many metal ions [244],
leading to the latter being accommodated inside the macrocycle pocket. However, for
lanthanides and actinides the ionic radii tend to be much larger than for typical transition
metals, thus the metal ion does not fit well inside the macrocycle. For Th, as previously
shown for Ce [376] with a similar ionic radius, it is thus expected that the metalation
leads to the coordination center residing much below or above the macrocycle plane
(> 1 Å [244]). While this phenomenon can still be called “metalation”, given the N – H
cleavage mentioned above, the resulting complex is highly distorted from the usual met-
alloporphyrin conformation, as pictorially shown in the schematic of Fig. 5.28 (middle).
Ultimately, this can even lead to the formation of double-decker complexes as detailed
below.
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Fig. 5.29: LEED images of 2 H – TPP before (left) and after dosing 0.11 ML of Th (right). The
high-symmetry < 1̄1̄2 > directions and the Ag(111) diffraction spots are indicated by red lines
and circles, respectively.

N 1s Binding Energy [eV]

Th coverage [ML] – NH – –– N – – N – coord

400.1 398.2
0.07 400.2 398.3 398.9
0.11 400.1 398.3 398.9
0.33 400.0 398.2 399.0

Tab. 5.3: Binding energy table of the N 1s core level for a progressively increasing Th metalation
of a saturated 2 H – TPP assembly.

The Th 4 f spectra following Th deposition are depicted in Fig.5.28b. Here, the most
remarkable feature is the symmetric lineshape of the 4 f spin-orbit doublet. For metallic
Th films, a strongly asymmetric lineshape is well-established for the 4 f core level [377–
380], which was eventually attributed to a final-state effect where the photo hole is either
screened by an electron in the 5 f or the 6d orbital. Specifically, each Th 4 f doublet consists
of two components: A sharp “main” line arising from 5 f screening, and a broad shoulder
as a consequence of 6d screening [373, 379]. However, when Th is coordinated the
occupation of the 5 f orbital becomes inaccessible, effectively quenching the 5 f -screened
contribution, and leaving a single, now sharp 6d-screened peak [381]. Consequently, the
sharp lineshape of the Th 4 f peaks in Fig.5.28b, is a clear sign of the Th-to-TPP interaction
leading to the coordination of Th into the TPP macrocyclic complex. Moreover, in Th
metal the 5 f -screened component of the Th 4 f7/2 is typically located at 333.1 eV [377],
while Fig. 5.28b shows a binding energy of∼335.0 eV, usually reported for the dominantly
6d-screened Th 4 f peaks in Th+IVO2 [373, 381].

In addition to the characteristic spectral fingerprint of the N 1s core level, the metalation of
2 H – TPP can also be monitored by TPD. Specifically, in addition to the cyclodehydrogena-
tion reaction which leads to the release of molecular hydrogen at elevated temperatures
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(the exact temperature depending on the substrate) [42, 372], the metalation of the central
cavity is accompanied by the deprotonation of the aminic nitrogen, in turn yielding des-
orption of molecular hydrogen. Experiments on Cu(111) using deuterated TPP molecules,
2 H – TPP molecules where the hydrogen on the central aminic nitrogen atoms is replaced
by deuterium to form 2D-TPP, could unambiguously discriminate the desorption signals
stemming from metalation (D2 release at m/z = 4) and cyclodehydrogenation [222]. In

x5

Fig. 5.30: TPD spectra for mass-to-charge ratios m/z = 2 and m/z = 12 of pristine
2H–TPP/Ag(111) (black curves) and a 2H–TPP monolayer exposed to Th at 300 K. The m/z =
12 trace is multiplied by a factor 5, to enhance the detected signal. The sketch in the dashed box
illustrates Th-induced dehydrogenation of the aminic nitrogen in the macrocyclic cavity, whereby
the N – Th linking is expected to be strongly out-of-plane (highlighted by oblique connection lines).

Fig. 5.30, the TPD spectra of mass-to-charge ratios m/z = 2 (H2) and m/z = 12 (C) are
shown for a saturated monolayer of 2H–TPP (black curves) and a 2H–TPP monolayer
exposed to ∼0.12 ML of elemental Th at 300 K (grey curves). For the pristine 2H–TPP
assembly, the TPD spectrum of H2 is dominated by a strong desorption peak occurring
at ∼600 K, followed by a steadily increasing desorption signal between 700–800 K. The
former peak is attributed to partial dehydrogenation due to the ring closing reaction
between pyrrole and phenyl rings [42, 221], while the latter represents the onset of full
dehydrogenation of the remaining molecular species [382]. The corresponding TPD trace
of carbon also reveals desorption, peaking at a somewhat lower temperature of ∼580 K.
As explained above, the detection of carbon is associated to the cracking of TPP in the
mass spectrometer, indicative of 2 H – TPP desorption prior to the cyclodehydrogenation
reaction [372, 382]. Following Th exposure, the m/z = 2 TPD spectrum in Fig. 5.30 (grey
curve) undergoes pronounced changes. A new, broad peak appears centered at 460 K,
signaling the Th metalation [222, 382] of the TPP molecules, as pictorially displayed
in the dashed box. Interestingly, the “flattening” process is clearly affected by the Th
exposure, the related peak broadening considerably and shifting to a higher temperature
of 650 K, as is observed for other metalloporphyrins [372]. At the same time, the peak
in the m/z = 12 TPD spectrum is completely quenched, showing no sign of carbon -
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and thus of TPP - desorption. These last two findings can be tentatively explained by
a stronger interaction of the Th–TPP complex with the substrate, due to strong metal
center-substrate interaction [136]. In other words, the Th-Ag(111) interaction must hinder
molecular desorption; since a saturated layer was originally available one may speculate
that the ability to coordinate Th below or above the macrocycle plane could reduce the
coverage constraints imposed by the conformational adaption during the “flattening”
process. However, it must be noted that the Th coverage of 0.12 ML (three times the
amount of a saturated 2 H – TPP layer) only leads to ∼67 % metalation rate (cf. Fig. 5.28a),
such that unreacted 2 H – TPP and Th, respectively, can also severely modify the reaction
dynamics. Nevertheless, the metalation can be unambiguously identified in TPD as a
thermally activated process, also justifying why excess coverages of Th are necessary for
metalation at 300 K as mentioned above.

On-surface synthesis of Th(TPP)2 sandwich compounds. Next, the on-surface
synthesis of Th(TPP)2 complexes was attempted, in a similar vein as the insertion [375,
376] and double decker formation [383–385] of several lanthanides, such as Ce, Gd and Tb.
Figure 5.31a illustrates two possible procedures for the preparation of Th(TPP)2 layers.

(a) (b)

A
A

B

C

A

B

C

Ar = 1.12

Ar = 2.17

Ar = 2.67

Method C

Method B

Fig. 5.31: (a) Schematic illustration of two alternative Th(TPP)2 preparation procedures, either
(middle, B) starting from a saturated Th–TPP layer (bottom, A) and adding pristine 2H–TPP on
top of it followed by annealing at 475 K, or (top, C) depositing multilayers of 2 H – TPP and Th
which are subsequently annealed at 475 K. The Ag(111) surface is represented by the light grey
spheres, Th is depicted as yellow spheres, and the 2 H – TPP as the double wedge. (b) XP spectra of
the C 1s and N 1s core levels for the two distinct Th(TPP)2 preparation procedures (B, C) depicted
in (a). In the C 1s spectra, the peak areas (arbitrary units) are indicated. All spectra were recorded
in grazing emission, MA lens mode and at 15 eV pass energy. The raw data were normalized to
the high kinetic energy background.

In method B (Fig. 5.31a middle panel), a saturated layer of 2 H – TPP on the Ag(111) (A,
bottom panel) surface is exposed to an atomic beam of Th at 300 K, followed by 500 K an-
nealing to promote surface diffusion and formation of Th–TPP (bottom). Then, 2 H – TPP
is deposited onto the obtained, surface-anchored Th–TPP layer at 300 K, whereby anneal-
ing at 475 K is used to remove 2 H – TPP in excess to the second layer. Indeed, an almost
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exact doubling of the integrated C 1s core-level intensity is observed when comparing
the original Th–TPP layer and the Th(TPP)2 system, as shown in Fig. 5.31b. Notably, a
single peak is observed in the N 1s core level at 398.8 eV, demonstrating that the addi-
tional 2 H – TPP is also Th-coordinated. Were this not the case, additional binding energy
signatures attributed to the aminic and iminic nitrogen species of pristine 2H–TPP would
be present. It is also worth pointing out, that the success of this recipe is quite remarkable
in its own right, since annealing at 475 K of pristine 2H–TPP multilayer leads to the
desorption of 2 H – TPP in excess of the first layer, forming a saturated 2 H – TPP layer.
An obvious interpretation of this result is the enhanced binding of the second 2 H – TPP
layer due to the Th coordination. Moreover, this preparation scheme can be successfully
applied even when the first adsorbed layer of 2 H – TPP is not fully metalated with Th
(Fig. 5.32).

Fig. 5.32: C 1s and N 1s XP spectra of a fully metalated TPP monolayer on Ag(111) (bottom),
compared to a partially Th metalated TPP monolayer, which was exposed to an additional flux of
2 H – TPP after metalation. The presence of two additional components in the top curve for the
N 1s core level is due to the non-metalated species: double deckers form only on top of metalated
species as pictorially explained in the cartoon.

Alternatively as per method C (top panel, Fig. 5.31), Th(TPP)2 molecules can be prepared
on the Ag(111) surface by successively depositing 2 H – TPP and Th (0.54 ML) multilayers
at 300 K (or below for improved sticking), followed by annealing at 475 K. Figure 5.31b
shows again a single nitrogen peak at 398.9 eV in the N 1s core level (although the peak
is somewhat broader than for the other preparation procedure), indicating coordina-
tion of all remaining 2 H – TPP molecules. The normalized C 1s peak area of the thus
prepared double deckers amounts to more than a doubling compared to saturated the
Th–TPP/Ag(111) layer. Since the N 1s core level suggests full coordination and the ini-
tial Th coverage was high, we assign the excess carbon signal to the formation of triple
deckers, as was previously observed to happen for a similar preparation scheme of Ce
multideckers [383].

For both preparations, no modifications of the long-range order and periodicity were
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observed in LEED, as previously verified for Ce(TPP)2 layers [358, 375, 383] in STM
experiments. However, as shown in Fig. 5.33, the LEED pattern was less well-defined
and Bragg spots would vanish quicker upon electron beam exposure, indicating a more
fragile double decker layer.

2H-TPP

Fig. 5.33: LEED pattern of a saturated Th–TPP layer on Ag(111) (left) and after adding 2 H – TPP
to form Th(TPP)2 double deckers.

To complement these indirect signatures of the Th(TPP)2 formation, TPD experiments
were performed with the purpose of observing the parent ion mass-to-chrage ratio of
the double decker (m/z = 1456). Unfortunately, direct evidence could not be found in
these experiments. Figure 5.34a compares the desorption spectra of two mass-to-charge
ratios (corresponding to the 2H–TPP parent ion and a fragment [96]) for a 2H–TPP bilayer
(black curves), a saturated Th–TPP layer (grey curves), and a Th(TPP)2 layer (yellow
curves), as gauged from the corresponding C 1s core-level intensity. The bilayer displays
the typical desorption behavior of 2 H – TPP multilayers, which was discussed above,
featuring a sharp peak from the second layer desorption at 480 K and a broad feature due
to the “flattening” at ∼570 K. For Th–TPP, no desorption of either the parent ion or the
fragment is observed, corroborating the assumption of a strong Th-Ag(111) interaction
as mentioned above. Conversely, in the sequentially prepared Th(TPP)2 layer, a distinct
desorption signal arises at 510 K for both the fragment and the parent ion. We attribute
the release of intact 2 H – TPP to the desorption of residual, non-coordinated 2 H – TPP
molecules. Interestingly, a weak and broad peak structure can be discerned at about
650 K for the fragment m/z = 307, whereas the parent ion signal (m/z = 614) seems
to be rather flat in that region. Thus, this behavior suggests that the mass-to-charge
ratio of m/z = 307 is not a cracking product of 2 H – TPP in the mass spectrometer
(otherwise m/z = 614 should be observed, as well), but rather a fragment originating
from the surface. In turn, this implies the breaking of the Th(TPP)2 sandwiches on the
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Fig. 5.34: (a) TPD spectra for two mass-to-charge ratios, corresponding to the parent ion (m/z
= 614, bottom curves) and a fragment m/z = 307, top curves) of the 2 H – TPP molecule. Different
colors correspond to different preparations, i.e. a 2 H – TPP bilayer (black curves), a saturated
Th–TPP layer (grey curves) and a Th(TPP)2 layer (yellow curves). The latter curves were
multiplied by a factor of four to render the desorption features more easily visible. (b) XP spectra
of a saturated 2 H – TPP layer (for reference), a Th(TPP)2 layer and the latter after annealing at
790 K. The sample preparations are displayed schematically on the right, with individual Th atoms
shown as yellow spheres, 2 H – TPP as a grey double wedge and “flattened” TPP as the solid grey
rectangles. The Ag(111) surface is represented by light grey spheres. All XP spectra were taken
in grazing emission, MA lens mode and 15 eV pass energy. At the bottom, corresponding LEED
patterns taken at the indicated primary electron energy are shown.

Ag(111) surface. Indeed, LEED and XPS measurements depicted in Fig. 5.34b, which
were performed after the TPD experiment, show a noticeable drop of signal intensity
upon heating the saturated Th(TPP)2 layer to 790 K, accompanied by a complete loss of
the long-range order.

A few remarks are noteworthy regarding the results of Fig. 5.34: (a) the desorption
noted above of the m/z = 307 fragment occurs in a similar temperature window as
the “flattening” reaction of Th metalated TPP. (b) The peak shift to lower binding en-
ergy in the C 1s core level is strong evidence for partial dehydrogenation, similar to
2 H – TPP/Cu(111) [382], as also is the loss of long-range order (c), which has been re-
ported for planarized Ru-TPP derivatives [136]. Combining this evidence, it appears
likely that a “flattening” of the surface-anchored Th–TPP in the Th(TPP)2 layer leads
progressively to disruption and cracking of the TPP species coordinated on top, which
is ultimately observed in the TPD experiment. This suggests that the Th(TPP)2 layer is
too strongly bound to the surface to desorb intact, thus not affording parent ion desorp-
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tion [373]. Note, however, that Th(TPP)2 double deckers decoupled from the metal sub-
strate were successfully prepared on the hexagonal boron nitride (h-BN) layer on Cu(111),
during this work [358]. In this case, desorption of Th(TPP)2 was observed in TPD, due to
the much weaker interaction at the interface [358, 386]

Concluding remarks. To conclude, we have successfully demonstrated the on-surface
synthesis of an actinide-TPP compound by exposing a well-defined layer of condensed
2 H – TPP molecules on the Ag(111) surface to an elemental beam of Th, extending the
existing stock of porphyrin on-surface metalation protocols. Specifically, employing
XPS the Th-induced chemical transformation of the two distinct nitrogen species in the
tetrapyrollic central cavity of 2 H – TPP into a single N – Th species could be monitored.
Notably, for the complete metalation of a closed 2 H – TPP monolayer, an excess Th
coverage is necessary, a well-established fact observed also for non-metal porphyrins [81].
This implies that Th metal primarily adsorbs on the surface and metalation occurs upon
surface diffusion. The latter was experimentally demonstrated in TPD, where H2 release
is observed around 460 K upon metalation. Moreover, the same TPD experiment also
revealed a strong effect of the Th coordination on the “flattening” process, shifting the
associated cyclodehydrogenation reaction to higher temperatures by ∼50 K compared to
the pristine 2H–TPP monolayer. As found for variety of other metal ions, the coordination
of Th did not affect the long-range order and periodicity of the underlying TPP registry in
LEED measurements. As Th is expected to be too large to fit inside the TPP cavity, STM
measurements are necessary to identify the position of the metal, i.e. above or below the
macrocycle’s plane.

After establishing a routine for the reproducible preparation of Th–TPP, the formation
of Th(TPP)2 double deckers was pursued, where the central metal ion is additionally
coordinated from above and sandwiched between two porphyrin ligands. To this end,
two different approaches were tested: (i) formation of a saturated Th–TPP on the Ag(111)
surface and subsequent exposure to a flux of molecular 2 H – TPP with the substrate
held at 475 K; (ii) sequential deposition of 2 H – TPP and Th multilayers, followed by
annealing at 475 K. Both routes resulted in C 1s and N 1s XP signatures evidencing
the exclusive presence of coordinated N – Th species, with higher carbon coverages
than observed for the saturated Th–TPP layer, thus strongly suggesting the formation
of Th(TPP)2. As expected from STM measurements on similarly prepared Ce(TPP)2

layers [383], no changes could be discerned in the periodicity of the assembly. On
the other hand, electron beam damage effects on these sandwich layers were much
more pronounced than for Th–TPP, suggesting fragile species. TPD experiments on
Th(TPP)2 layers on the Ag(111) surface revealed a strong interaction of the Th ions with
the substrate, since no intact desorption of Th(TPP)2 molecules could be detected. Instead,
TPP fragments desorbing from the surface at ∼650 K indicate the likely cracking of the
top-coordinated TPP molecule, concomitantly to the “flattening” of the surface-anchored
Th–TPP.
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Although the above evidence is mostly indirect, complementary real-space imaging
by STM later corroborated the presence of Th(TPP)2 (and even Th2(TPP)3) species
on the Ag(111) surface [358]. Thus, we have established a versatile and repro-
ducible preparation scheme for actinide-containing compounds on the Ag(111) sub-
strate.

5.6 Summary and Conclusions

By combining a plethora of UHV surface science techniques, we have investigated the
adsorption, self-assembly and metalation of two macrocyclic molecules, showing the po-
tential to form well-defined molecular platforms with atomically precise metal insertion
sites. Specifically, the surface-anchoring and the self-assembly of the yet unexplored free-
base macrocyclic biquinazoline ligand - H–Mabiq - on the model coinage-metal surface
Ag(111) was explored by means of LEED, XPS, STM, TPD and NEXAFS. H–Mabiq is com-
prised of a biquinazoline moiety on one side of the macrocycle cavity, and a dikitiminate
unit on the other side, leading to two possible coordination sites. Prolonged H–Mabiq
deposition at 300 K leads to the formation of H–Mabiq multilayers, which desorb above
450 K, as shown by TPD measurements. Consequently, saturated H–Mabiq monolayers
can be reproducibly prepared on the Ag(111) surface by either annealing above 475 K
after H–Mabiq condensation or by directly depositing H–Mabiq at elevated temperatures,
yielding a well-defined, ordered phase with complex diffraction pattern in LEED (HT
phase). Interestingly, depositing H–Mabiq at 300 K without exceeding the monolayer cov-
erage causes a different LEED pattern to emerge, signaling a distinct long-range order and
surface periodicity (RT phase). However, annealing such RT phase at 500 K transforms
this assembly irreversibly into the previous HT phase.

By careful analysis aided by LEED simulation software, the RT and HT phase superstruc-
ture matrices could be shown to correspond to(

8 0
−6 12

)
and

(
9 0
−5 16

)
, (5.5)

respectively. These notations imply a three-fold rotational symmetry in the RT phase and
an additional mirror symmetry for the HT phase.

In STM imaging, the RT and HT assemblies are found to form well-ordered islands that
extend up to 200 nm in size. Although both phases feature distinct periodicities and
different unit cells, the molecular packing is almost identical with 0.58 molecules/nm2

- a consequence of the four molecules per unit cell in the RT phase compared to six
in the HT phase. While both phases appear to arrange into dimeric motifs, the exact
nature of these motifs is different. In the RT self-assembly individual dimers are formed
by a staggered, mirrored pair of H–Mabiq molecules interacting side-by-side via their
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diketiminate moiety. Conversely, in the HT phase the dimers appear as two H–Mabiq
molecules facing each other with their biquinazoline units.

Consequently, the driving force of this phase transformation does not originate from a
coverage effect. Moreover, NEXAFS and TPD exclude a pronounced molecular reori-
entation or chemical modifications, such as deprotonation or C – CH3 cleavage, upon
annealing. Instead, high-resolution STM and XPS experiments endorse the presence of
Ag adatoms in the cavity formed by the biquinazoline moieties of two adjacent H–Mabiq
molecules, these adatoms manifesting themselves as noticeable protrusions in STM. In
XPS, the nitrogen interaction of the biquinazoline unit with the adatoms gives rise to
a distinct component in the N 1s spectrum, revealed as a noticeable broadening of the
N 1s line shape. Consequently, the driving force for the RT → HT phase transforma-
tion is found in the accommodation of Ag adatoms, mediating an attractive N···Ag
interaction.

Interestingly, in presence of the H–Mabiq HT phase on the Ag(111) surface, a small
amount of oxygen sticks to the surface at 300 K after O2 exposures of ∼6000 L at
1 · 10−6 mbar. However, the pertaining interaction H–Mabiq with molecular oxygen
is strongly detrimental to the long-range order, as evidenced by LEED. Thermal treatment
at 500 K removes the adsorbed oxygen, but is also accompanied by a further loss of
order and some unique desorption products, tentatively assigned to dimethyl ether, not
observed in pristine H–Mabiq desorption spectra.

After establishing the self-assembly behavior of H–Mabiq, the in-situ Co metalation of
the H–Mabiq compound was assessed by LEED, NEXAFS, TPD, STM, UPS and XPS. To
this end, monolayers of the HT phase were exposed to an atomic beam of Co at 300 K and
subsequently annealed at 400 K to promote surface diffusion and metal ion incorporation.
Monitoring sequentially increasing doses of Co on the H–Mabiq/Ag(111) system induces
pronounced chemical changes. Fitting analysis in XPS reveals that the Co atoms are likely
incorporated into the central macroyclic cavity of the Mabiq ligand, causing the aminic
and iminic nitrogen species of the latter (initially occurring in a 1 : 3 ratio) to merge into a
single spectral component. Since H–Mabiq comprises eight nitrogen atoms in total, of
which seven are of iminic and one is of aminic nature, a saturated monolayer of centrally
coordinated Co–Mabiq molecules results in a characteristic N 1s peak shape, comprising
two components with equal intensity, i.e. the N – Co and the remaining meso-bridged
–– N – components. Furthermore, Co 2p3/2 XP spectra show a binding energy shift by
0.6 eV to higher energy compared to metallic Co. For the formation of a fully metalated
Co–Mabiq monolayer, a Co coverage of ∼0.07 ML is necessary, exceeding the H–Mabiq
monolayer coverage of 0.04 ML, as also evidenced by a a broadened Co 2p3/2 peak
featuring a metallic contribution. The in-situ synthesis of Co–Mabiq is distinctly verified
in NEXAFS: When comparing spectra of H–Mabiq and Co–Mabiq, a distinct resonance
emerges at 399.5 eV in the Co–Mabiq spectrum, which can be attributed to a N 1s→ π∗1
transition of the N – Co bond, as per available literature.
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The temperature dependence of the metalation process was tested by XPS experiments,
showing no substantial modifications in the N 1s core level when depositing a submono-
layer coverage of Co on H–Mabiq at 90 K, and after annealing at 400 K. Thus, we infer
that Co metalation occurs readily in the submonolayer regime, even at cryogenic temper-
atures. This is corroborated by TPD measurements, showing modest H2 release between
150–200 K.

At the same time, a new self-assembled phase appears in LEED when the Co–Mabiq
concentration reaches the full monolayer, described by the superstructure ma-
trix (

10 −2
−2 10

)
. (5.6)

However, adding Co in excess to the Co–Mabiq monolayer level resulted in a clear loss
of order.

Real-space imaging confirms the rise of a novel molecular packing, featuring a unit cell
which matches the LEED superstructure matrix. The Co–Mabiq assembly shows a pro-
nounced bias dependence, whereby six bright protrusions are identified with another
pair of bright protrusions at the top and bottom of each sextuplet for positive biases.
Conversely, at negative biases the molecular shape is better discernible and at ∼−1.0 V
we can observe a new central protrusion in the molecule, not distinguishable for pristine
H–Mabiq. By means of UPS, this new central feature can be linked to an occupied elec-
tronic state located at ∼1.0 eV binding energy, only present in the Co–Mabiq monolayer
and thus naturally pointing to a Co-related electronic state.

In a side project, we performed supplementary experiments, to explore the interaction
of Th with the more common 2 H – TPP macrocycle compound on the same Ag(111)
surface. XPS demonstrates the metalation of a 2 H – TPP monolayer, upon exposure to an
atomic Th beam and annealing at 500 K. Full metalation of the TPP array is only achieved
when depositing a metal coverage corresponding to ∼8 times the surface density of
the initial 2 H – TPP layer. Complementary TPD experiments confirm the H2 release at
460 K following N – H cleavage and hydrogen recombination. No changes in the LEED
long-range order are found upon metalation. Due to the large size of the Th atoms,
it is expected that the metalation entails coordination of Th well below or above the
macrocycle plane, as Th does not fit into the inner cavity. This can be further exploited to
create so-called double deckers, i.e. Th(TPP)2 molecules, anchored to the Ag(111) surface,
for which we established two reproducible preparation protocols. The first approach relies
on the sequential formation of a Th–TPP monolayer (vide supra), which is then capped
by depositing another layer of 2 H – TPP on top at 475 K, whereas the second approach
employs multilayers of 2 H – TPP and Th deposited at 300 K and subsequent annealing at
475 K. Both procedures result in fully metalated TPP species as gauged by N 1s core-level
XPS and with twice the C content of a saturated Th–TPP monolayer. However, TPD
measurements could not show desorption of intact Th(TPP)2 double deckers from the
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Ag(111) substrate, due to the strong Th-Ag interaction which hinders intact desorption
of the sandwich compound. Instead, TPP fragments were observed in TPD following
thermally activated disruption of the double deckers.

The projects presented in this chapter lay the foundation for exploiting the anchoring
of the novel H–Mabiq compound on solid surfaces to engineer low-dimensional net-
works of increasing complexity, beyond the state of the art afforded by the more common
porphyrin and phthalocyanine compounds. The Mabiq ligand is especially interesting
due to its binuclear character, offering two chelating coordination sites and a poten-
tially more sophisticated surface chemistry. The ability to form regularly self-assembled
H–Mabiq phases may thus serve as a molecular platform to provide well-defined cat-
alytic sites by metal coordination. In turn, the simultaneous occupation of these sites,
would form an atomically precise bimetallic network which could be further studied
to elucidate its potential for cooperative processes in both heterogeneous catalysis and
molecular magnetism. As shown in the above experiments, H–Mabiq molecules can
form N···Ag stabilized networks upon thermal treatment, with Ag adatoms preferentially
accomodated in the peripheral coordination site. Conversely, in-situ Co metalation results
predominantly in the central coordination of the Mabiq ligand, causing a new periodicity
by disruption of the N···Ag stabilized linkages. While our study offers valuable insight
into the coordination affinity of the two sites and the strength of the so-formed nanoarchi-
tectures, it also demonstrates that the simultaneous metal occupation of both coordination
sites is not trivial and does require more effort. In the near future, therefore, the in-situ
metalation with two distinct metal centers provided externally will be tackled. Based on
our results, Co, Ni and Fe appear to be well-suited to the insertion into the central cavity.
Concomitantly, the coordination of Th, demonstrated here as a proof of principle for
2 H – TPP, could be exploited since the Th metal is obviously much bigger than “common”
transition metals and therefore could afford a much stronger linkage at the peripheral
coordination site, compared to the silver adatoms. These Th stabilized Mabiq networks
could potentially offer a rich playground to study cooperative effects with actinides,
whereas for magnetic effects lanthanides such as Eu or Gd could be considered to couple
with the central transition metal ions.

158



Chapter 6

Conclusions

In the presented thesis, novel tectons and on-surface preparation schemes on the noble
metal substrate Ag(111) are explored and thoroughly characterized by a comprehensive
multi-technique approach. By combining electron diffraction, scanning probe microscopy,
thermal desorption, and photoelectron spectroscopy methods, we provide a detailed
insight into the geometric, chemical and electronic properties of a novel macrocyclic
biquinazoline ligand and a gas-mediated reaction protocol affording highly regular
organometallic networks. The active role of the substrate, the Ag(111) surface, in guiding
and stabilizing molecular self-assembly, as well as providing adatoms for network incor-
poration and promoting on-surface reactions is highlighted.

Chapter 4 explores the potential of a novel gas-mediated reaction mechanism applied
to adsorbed terminal alkynes on the Ag(111) surface by combining LEED, STM, TPD,
XPS, ARPES and DFT modeling. We first employed ExtTEB to fabricate highly regular
organometallic networks. To this end, we deposit submonolayer amounts of ExtTEB on
the silver support at 200 K, followed by O2 gas exposure at the same temperature. By
means of STM and XPS we show that this procedure results in the deprotonation of the
terminal alkyne groups of the molecule, transforming them into acetylide radicals that are
stabilized via ionic hydrogen bonding with neighboring molecules. Subsequently, anneal-
ing the same sample at 375 K promotes the formation of a highly ordered, micrometer-
sized hexagonal porous network, as observed in STM. Crucially, STM aided by DFT
reveals that individual hexagonal pores consist of alkynyl-Ag-alkynyl bridges of largely
covalent nature. Additional LEED and XPS experiments demonstrate that an excess initial
coverage is highly detrimental to the network formation, as is also the O2 coadsorption
at cryogenic temperatures. Attempts to promote a similar reaction on a Au(111) surface
or with different gases, such as CO and H2O were unsuccessful, highlighting the crucial
role of the specific Ag substrate and O2 gas combination. Furthermore, the general ap-
plicability of this reaction scheme is assessed by testing the same sequence of reaction
steps on a smaller TEB molecule. LEED experiments show that submonolayer films of
TEB form ordered assemblies on the Ag(111) surface. After oxygen exposure and subse-
quent annealing at 375 K, pronounced changes in the respective LEED patterns become
apparent, displaying a similar behavior as ExtTEB. In fact, complementary XPS experi-
ments confirm the deprotonation reaction. Preliminary STM measurements establish the
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formation of hexagonal pores comprising alkynyl-Ag-alkynyl linkages, rationalizing the
distinct LEED pattern. As a successive step, the post-synthetic modification of TEB and
ExtTEB networks with the metals Ni, Cu and Bi is explored by means of XPS and LEED.
Specifically, we find a strongly detrimental effect of Ni on the molecular ordering at any
stage of the reaction scheme, whereby the development of the organometallic network
signature is never observed in LEED. In the case of Bi, the experiments are somewhat
more promising. LEED patterns indicative of ordered networks can be identified when
depositing Bi onto an existing organometallic TEB network, or when forming the latter
on the well-known Bi2Ag surface alloy, although less ordered than the pristine network.
However, the electronic interaction of Bi with the molecules seems relatively weak or
negligible. Exposing deprotonated TEB species results instead in novel LEED signatures.
Most notably, strong evidence is collected for the incorporation of Cu into both the TEB
and ExtTEB networks. Adding Cu preserves the LEED patterns associated with the
respective networks, merely increasing the network formation temperature and thermal
stability. The Cu 2p3/2 core level undergoes a distinct chemical shift in XPS strongly
indicating incorporation into the networks. In fact, subsurface diffusion can be ruled out
as the main driving force of this process since it does not show any related binding energy
shift in XPS. Finally, the electronic structure of the ExtTEB network is investigated at the
end of Chap. 4 by means of ARPES measurements performed with synchrotron radiation.
Comparing condensed molecular layers of ExtTEB with the established organometallic
network, we find well-defined, localized molecular states which develop into dispersive
bands, this change being distinctly related to the presence of the organometallic network.
While ARPES gives access to occupied electronic states, STS measurements probe the
unoccupied molecular states and reveal a band gap of 2.7 eV, as compared to 4.4 eV in
molecular ExtTEB.

Although the presented experiments are quite exhaustive, a number of supplementary
investigations can be envisioned. In order to better verify the Cu modification of the
TEB/ExtTEB networks, real-space STM imgaging and STS experiments are conceivable,
aiming at the unambiguous proof of the Cu substitution inside the alkynyl-Ag-alkynyl
linkages. Similarly, the distinct phases arising upon Bi addition will be the object of future
STM analysis, to assess the character of the bonding in these structures. Finally, experi-
ments combining the gas-mediated on-surface synthesis approach with supramolecular
chemistry seem promising. It is intended to explore whether ethynyl-functionalized por-
phyrin derivatives can form extended organometallic networks with the possibility to se-
quentially modify their central cavity via metal ion insertion, which could bear promise for
extended, tunable networks with multimetallic character.

The self-assembly of the freebase macrocyclic biquinazoline ligand, H–Mabiq, and its
metalation properties on the same Ag(111) surface are explored in Chap. 5. Specifically,
the adsorption and ordering of H–Mabiq are first investigated, by combining LEED, STM,
TPD, NEXAFS and XPS. Depending on the substrate temperature during the monolayer
preparation, two distinctly long-range ordered self-assemblies emerge. At 300 K a three-
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fold symmetric superstructure is formed, whereas annealing or preparation at 500 K
result in a three-fold and mirror symmetric assembly with six equivalent domains. Real-
space STM imaging clearly demonstrates the different molecular packing of the two
phases. Nevertheless, both assemblies feature an almost identical molecular surface
density of 0.58 molecules/nm2. Additional NEXAFS, TPD and XPS experiments show
that the phase transformation is not driven by a major reorientation, nor by modification
of the molecular structure. Instead, curve-fitting analysis of the N 1s core level suggests
the emergence of a new chemical species for the high-temperature self-assembly, its
binding energy matching surprisingly well with values associated to a nitrogen-silver
interaction. In fact, high-resolution STM images show the presence of a bright protrusion
in the peripheral cavity formed by two adjacent H–Mabiq molecules. Together with
the XPS results, we thus interpret the findings in terms of a preferential interaction of
H–Mabiq with silver adatoms accommodated at the peripheral coordination site of the
molecule. This provides the driving force for the phase transformation. Gauging from
the nitrogen-silver distances of ∼2.9 Å extracted by STM, we classify this interaction as
a N···Ag bond, not quite as strong as a proper coordination bond, but strong enough to
stabilize the molecular self-assembly.

After characterizing the self-assembly of H–Mabiq, the behavior upon Co metalation was
assessed, by exposing pre-assembled H–Mabiq monolayers to an elemental flux of Co
atoms with the Ag(111) surface held at 300 K. XPS data evidence the facile metalation of
H–Mabiq thin films, with a clear decrease of the – NH – related signal in the N 1s core
level at increasing Co coverages. Moreover, a fully metalated Mabiq layer displays a N 1s
spectrum characterized by two peaks of equal intensity, as expected for the formation
of a centrally coordinated Co–Mabiq species. Supplementary NEXAFS experiments
corroborated these findings by the presence of a distinct resonance corresponding to
the N 1s → π∗1 transition of the coordinated N – Co species, while still featuring the
respective transitions of the meso-bridged iminic –– N – species. TPD experiments show
the desorption of hydrogen at temperatures in the 150–200 K range upon Co metalation,
implying a high metal affinity of the H–Mabiq central cavity. Rather unusually, the
formation of Co-Mabiq triggers a new phase transformation, with a distinct periodicity
observed in the LEED measurements. However, excess depositions of Co beyond Co-
Mabiq formation induces the loss of any long-range order underlining the inability to
coordinate the peripheral site still available in the molecule. The new long-range order
of Co–Mabiq is accompanied by a change in the molecular packing, as seen in STM,
while still maintaining a molecular surface density of of 0.58 molecules/nm2. Finally,
high-resolution images clearly show the predominantly central coordination of extrinsic
Co adatoms, which is responsible for a novel electronic state as verified by a combination
of UPS and STM.

At the end of Chap. 5 we also describe metalation procedures involving the actinide metal
Th, which are tested on saturated monolayers of 2 H – TPP on Ag(111). XPS measure-
ments demonstrate the strong interaction of Th with 2 H – TPP upon exposure to the metal,
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followed by annealing at 500 K, indicating N – H cleavage in the macrocycle cavity. The
need for thermal treatment to trigger this reaction implies the need for enhanced surface
diffusion of the adsorbed Th atoms. H2 TPD measurements corroborate metalation at
elevated temperatures by a distinct desorption signal at ∼460 K, followed by a charac-
teristic cyclodehydrogenation signature. As established for various metalloporphyrins,
the periodicity of the TPP layer is not altered upon Th metalation. Due to the larger size
of Th compared with the more common transition metals, it is expected that Th does
not fit inside the macrocycle but it instead protrudes out of plane, offering capacity to
coordinate an additional TPP molecule. Therefore, in additional experiments, we proved
the possibility to form Th bisporphyrinato complexes, Th(TPP)2. While the N 1s XP spec-
tra displayed the characteristic signature of the coordinated N – Th species, the C 1s core
level indicated a molecular coverage twice that of a saturated layer. A strong interaction
of Th(TPP)2 with the silver substrate is inferred from TPD, with no intact Th–TPP or
Th(TPP)2 desorption being observed. On the contrary, only molecular fragments desorb
from the surface-anchored Th(TPP)2 complexes.

Based on the results of Chap. 5, future projects entailing the peripheral coordination of
Co–Mabiq in monolayers via metals such as Th are envisaged. Alternatively, Cu could
be used for peripheral insertion. Moreover, a comparison between in-situ metalated and
ex-situ synthesized Co–Mabiq layers appears compelling, to improve our understanding
of the phase transformation associated to the H–Mabiq into Co–Mabiq evolution, which is
unusual compared to, e.g., TPP monolayers. Furthermore, the self-assembly on alternative
solid supports may be explored, to tune the balance of intermolecular and molecule-
substrate interactions.

In conclusion, this thesis explored new strategies to create long-range ordered 2-D molecu-
lar and supramolecular assemblies on model solid surfaces, involving both organometallic
and metal-organic motifs, and assessed the possibility to tailor specific metal centers in
distinct but well-defined coordination sites. The fundamental understanding and knowl-
edge that was gained is expected to aid the tailoring of novel monometallic as well as
bimetallic arrays and enable the assessment of the resulting functional properties to be
exploited in practical applications. Moreover, by using a multitechnique approach com-
bining spectroscopy and microscopy tools with atomic level resolution we have shown
that it is possible to get deep insight into the geometric, chemical, and electronic properties
of adsorbed molecular systems of increasing complexity, a necessary step for controlling
and engineering the functionality of such systems.
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