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Abstract

Two-dimensional molecule-based frameworks have garnered significant interest
over the past decades due to their tunable physical and chemical properties, frequently
derived from the synergistic combination of organic and metal components. Among
these, organometallic networks stabilized by metal-carbon bonds which exhibit
covalent nature and reversibility, as a prominent subclass of two-dimensional
frameworks, have attracted considerable attention for potential applications in catalysis,
optoelectronics, magnetism, etc. The advancement of on-surface synthesis, facilitated
by cutting-edge surface-sensitive technologies, has enabled the precise fabrication of
single-layered organometallic networks with molecular-level control. Furthermore, the
integration of scanning tunneling microscopy/spectroscopy for atomic-resolution
visualization and electronic properties characterization, X-ray photoelectron
spectroscopy for probing the chemical states of adsorbed molecules, and low-energy
electron diffraction for characterizing the spatial arrangement of periodic networks, has
allowed for monitoring in-situ construction and modification of organometallic
networks comprehensively. Complementing the above experimental techniques,
density functional theory provides fundamental insights into the underlying
mechanisms and supports the interpretation of experimental data sets.

In this thesis, leveraging a suite of surface-sensitive techniques, we systematically
explored the construction and modification of organometallic networks on atomically
well-defined surfaces using dehydrogenation reactions of amino and alkynyl groups
through gas-mediation and transmetalation strategies. First, we investigated the
reactivity of aromatic amines on silver and gold surfaces via an unconventional reaction
approach. Our findings reveal that O,-mediated treatment on silver surfaces facilitates
oxidative dehydrogenation of aromatic amines, leading to the formation of conjugated
network, whereas the same species remain unaltered on Au(111), underscoring the
substrate-dependent nature of these reactions. DFT calculations, supported by
simulated core-level shifts and microscopy images, elucidate how substrate choice
governs the thermodynamics of the reactions.

Next, we introduced a protocol for modifying single-layer organometallic networks
through the transmetalation method. By incorporating Cu atoms into an bis-alkynyl-Ag
network constructed from 1,3,5-triethynylbenzene on an Ag(111) surface, we
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successfully realized its regular bis-alkynyl-Cu counterpart. While retaining the lattice
periodicity and pore morphology of the original silver-containing network, the Cu-
based structure exhibits enhanced thermal stability, making it more robust for practical
applications.

Finally, utilizing a designed bi-component precursor featuring amino and alkynyl
groups, combined with Oz-mediated treatment, we constructed ordered Ag-Ag
dinuclear organometallic networks with C-Ag-N bridging linkers. Additionally, we
demonstrated the ability to tune electronic properties and thermal stability by
exchanging metal centers, transforming the well-ordered OMN structures with C-Cu-
N linkages. This approach highlights the potential for tailoring functional materials with
precise control over their properties.



Zusammenfassung

Zweidimensionale molekiilbasierte Geriiststrukturen haben in den letzten Jahrzehnten
aufgrund ihrer einstellbaren physikalischen und chemischen Eigenschaften, die hdufig
aus der synergistischen Kombination organischer und metallischer Komponenten
resultieren, grofes Interesse geweckt. Unter diesen haben metallorganische Netzwerke,
die durch Metall-Kohlenstoff-Bindungen mit kovalentem Charakter und Reversibilitit
stabilisiert werden, als bedeutende Unterklasse zweidimensionaler Geriiste
betrdchtliche Aufmerksamkeit flir potenzielle Anwendungen in Katalyse,
Optoelektronik, Magnetismus etc. erlangt. Die Fortschritte in der On-surface-Synthese,
ermOglicht durch moderne oberflichensensitive Technologien, haben die prézise
Herstellung einlagiger metallorganischer Netzwerke mit molekularer Kontrolle
realisiert.  Dariiber  hinaus ermdglicht der kombinierte Einsatz  von
Rastertunnelmikroskopie/-spektroskopie zur atomauflésenden Visualisierung und
Charakterisierung elektronischer Eigenschaften,
Rontgenphotoelektronenspektroskopie zur Untersuchung chemischer Zustinde
adsorbierter Molekiile sowie Beugung niederenergetischer Elektronen zur
Charakterisierung der riumlichen Anordnung periodischer Netzwerke eine umfassende
In-situ-Beobachtung von Aufbau und Modifikation metallorganischer Strukturen.
Ergédnzt durch Dichtefunktionaltheorie, die grundlegende Einblicke in die zugrunde
liegenden Mechanismen liefert und die Interpretation experimenteller Daten unterstiitzt,
wird ein ganzheitlicher Forschungsansatz erreicht.

In dieser Arbeit untersuchten wir systematisch — unter Anwendung einer Reihe
oberflichensensitiver ~ Techniken — die Konstruktion und Modifikation
metallorganischer Netzwerke auf atomar definierten Oberflichen mittels
Dehydrierungsreaktionen von Amino- und Alkingruppen durch Gasvermittelungs- und
Transmetallierungsstrategien. Zunichst erforschten wir die Reaktivitidt aromatischer
Amine auf Silber- und Goldoberfldchen {iber einen unkonventionellen Reaktionsansatz.
Unsere Ergebnisse zeigen, dass eine Oz-vermittelte Behandlung auf Silberoberflachen
die oxidative Dehydrierung aromatischer Amine beglinstigt, was zur Bildung
konjugierter Netzwerke fiihrt, wihrend dieselben Spezies auf Au(111) unverdndert
bleiben. Dies unterstreicht den substratabhéingigen Charakter dieser Reaktionen. DFT-
Rechnungen, gestiitzt durch simulierte Core-Level-Shifts und Mikroskopiebilder,
verdeutlichen, wie die Substratwahl die Thermodynamik der Reaktionen bestimmt.



Zusammenfassung

Anschliefend entwickelten wir ein Protokoll zur Modifikation -einlagiger
metallorganischer Netzwerke mittels der Transmetallierungsmethode. Durch
Einbringen von Cu-Atomen in ein Bis-Alkinyl-Ag-Netzwerk — aufgebaut aus 1,3,5-
Triethinylbenzol auf einer Ag(111)-Oberflédche — gelang uns die gezielte Synthese des
entsprechenden Bis-Alkinyl-Cu-Netzwerks. Wihrend die Gitterperiodizitit und
Porenmorphologie des urspriinglichen silberhaltigen Netzwerks erhalten blieben, zeigte
die Kupfer-basierte Struktur eine verbesserte thermische Stabilitidt, was sie fiir
praktische Anwendungen robuster macht.

Abschlieend nutzten wir einen speziell designten Zweikomponenten-Vorldufer mit
Amino- und Alkingruppen in Kombination mit einer O2-vermittelten Behandlung, um
geordnete  Ag-Ag-dinukleare  metallorganische  Netzwerke —mit  C-Ag-N-
Verbriickungseinheiten aufzubauen. Zudem konnten wir zeigen, dass sich die
elektronischen Eigenschaften und die thermische Stabilitdt durch Austausch der
Metallzentren gezielt einstellen lassen — demonstriert durch die Umwandlung der
wohlgeordneten metallorganischen Netzwerke in Strukturen mit C-Cu-N-Bindungen.
Dieser Ansatz unterstreicht das Potenzial, funktionelle Materialien mit praziser
Kontrolle tiber ihre Eigenschaften mafzuschneidern.
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2D Two-dimensional

MOFs Metal-Organic Frameworks
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0SS On-Surface Synthesis

STM Scanning Tunneling Microscopy
STS Scanning Tunneling Spectroscopy
XPS X-ray Photoelectron Spectroscopy
LEED Low Energy Electronic Diffraction
DFT Density Functional Theory

AAs Aromatic Amines

DATP 4,4"-diamino-p-terphenyl

TEB 1,3,5-triethynylbenzene
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OMRs Organometallic Rings
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JT-STM Joule-Thomson Scanning Tunneling Microscopy
OMBE Organic Molecular Beam Epitaxy
TSP Titanium Sublimation Pump

LN> Liquid Nitrogen

LHe Liquid Helium
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VASP Vienna ab-initio Simulation Package



1. Introduction

Two-dimensional (2D) materials have emerged as a focal point in modern materials
science due to their unique structural and functional properties.!® Among these, 2D
molecule-based frameworks, such as metal-organic frameworks (MOFs) and
organometallic networks (OMNSs), have garnered significant attention for their
versatile applications in catalysis, adsorption and separation, and energy.”” These
materials, composed of metal ions coordinated with organic ligands, exhibit high
surface areas, tunable porosity, and chemical functionality, making them ideal for a
wide range of applications.!®!* Recent advancements in on-surface synthesis (OSS)
with the aid of advanced surface-sensitive techniques have further expanded the
potential of 2D molecule-based frameworks , which allows for the precise construction
of 2D molecule-based frameworks directly on substrates, enabling the development of
highly ordered and functional materials with tailored properties.'* !> This approach
enhances the control over the structural and chemical characteristics of 2D molecule-
based frameworks . Modification of 2D molecule-based frameworks has also become a
key area of research. By functionalizing the organic ligands or metal nodes, researchers
can introduce specific physicochemical properties, such as enhanced catalytic activity
or stability. These modifications enable the fine-tuning of 2D molecule-based
frameworks for targeted applications, such as sensing, energy storage, and molecular
recognition.'®!® More recently, the development of OMNs on surfaces has unveiled
profound insights into their formation mechanisms and stability. These networks hold
significant promise for designing novel hybrid systems with tailored electronic and
magnetic properties, owing to the unique characteristics of organometallic bonds—such
as enhanced interaction strength and reversible behavior—compared to traditional
coordination bonds.'*-!

Meanwhile, the incorporation of functional groups, such as amino and alkynyl
groups, into OMNs on surfaces has further expanded their utility. These groups can
serve as active sites for chemical reactions, enabling the development of advanced
OMNs materials with tailored functionalities. In summary, the integration of designed
function groups into OMNSs, combined with advancements in on-surface synthesis,
modification, and functionalization, represents a rapidly evolving field with immense
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potential. In this thesis, we mainly focus on constructing OMNSs based on amino and
alkylnyl terminated molecular precursors via dehydrogenation promoted by O»-
exposure and tunning the properties of OMNs combined with transmetalation strategy
on surface.

Chapter 2 describes the fundamental principles of the applied surface and
nanoscience techniques and experimental methods. Scanning tunneling microscopy
(STM) is employed for visualizing the molecular adsorption and formation of ordered
OMN s on surface. Scanning tunneling spectroscopy (STS) is used to characterize the
electronic properties of realized 2D OMNSs. X-ray photoelectron spectroscopy (XPS) is
applied to study the chemical behavior of the precursor molecules on surface. Low
energy electronic diffraction (LEED) is utilized to reveal the periodic structure of the
2D OMNs. Besides, density functional theory (DFT) is applied to rationalize
experimental results. In the final part of this chapter, the applied instruments and set-
ups are introduced in detail.

In Chapter 3, the first project regarding the on-surface activation of aromatic amines
(AAs) is presented. We studied the reactivity of AAs on relatively inert metal substrates,
focusing on crystal orientation and substrate activity. We intended to activate the
dehydrogenation of 4,4"-diamino-p-terphenyl (DATP) by introducing tiny doses of O:
gas in UHV system. Using STM and XPS, we observed the oxidative dehydrogenation
reaction followed by formation uniform organometallic nanopores on Ag(111) and
Ag(100), but not on Au(111). DFT calculations reveal the easier Oz adsorption on Ag
substrates, which lowers the reaction barrier compared to Au(111). This work enhances
AAs reactivity on inert surfaces under mild conditions, clarifies oxidative
dehydrogenation mechanisms, and expands AAs' potential application in synthesizing
low-dimensional organic materials via OSS.

In Chapter 4, we introduce a transmetalation strategy to modify OMNSs on surfaces.
Using STM, LEED, XPS, and DFT calculations, we demonstrated the post-synthetic
transmetalation of single-layer OMNSs from alkynyl-Ag-alkynyl to alkynyl-Cu-alkynyl.
Starting with a 1,3,5-triethynylbenzene (TEB) precursor, extended Ag-TEB OMN were
synthesized on Ag(111) under ultra high vacuum (UHV) via gas-mediated method with
0. Depositing Cu atoms and annealing transforms ordered Ag-TEB into well-defined
Cu-TEB OMN, which cannot be directly formed on Cu(111). The Cu-TEB OMN
exhibits higher thermal stability while maintaining lattice periodicity and pore
symmetry. This strategy offers a simple method to engineer robust, carbon-based 2D

nanomaterials under controlled conditions.
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In Chapter 5, by employing a well-designed bi-component uni-molecule precursor
4'-ethynyl-[1,1'-biphenyl]-4-amine (EABP) with amino and alkylnyl groups, we
synthesized dinuclear EABP-Ag OMNSs linked by C-Ag-N structure and Ag-Ag
interation on Ag(111) after O: treatment. Furthermore, by depositing Cu atoms and
proper annealing, we replaced the Ag metal center with Cu forming well-ordered
EABP-Cu OMN, with the similar structural periodicity. STS measurement revealed
electronic confinement in the OMN. Interestingly, annealing at 425 K transformed
EABP-Cu OMNSs into chiral organometallic rings (OMRs) at low molecular coverage.
This work advances the design and application of multinuclear organometallic
supramaterials.

At the last, in Chapter 6, the main accomplishments of these projects are
summarized, which describes the significance of the projects and their contributions to
the OSS field, along with their potential to inspire future research. Additionally, exciting
prospects and promising directions for further exploration are presented, laying the

groundwork for continued progress and innovation in the area.
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2. Experimental Methods and Techniques

In this chapter, the fundamental principles of the experimental methods and techniques
employed in this study are described. Scanning tunneling microscopy/spectroscopy is
utilized for atomic-resolution visualization and characterization of electronic properties.
X-ray photoelectron spectroscopy is employed to investigate the chemical states of
molecules on surfaces, while low-energy electron diffraction is used to characterize the
spatial structure of the obtained networks. Additionally, density functional theory
provides essential theoretical insights into the underlying mechanisms and supports the
interpretation of the experimental results.

2.1 Scanning tunneling microscopy (STM)

Control voltages for piezo tube
Piezo tube
Tunneling current
amplifier Scanning
control
Signal
processing
Tip
Sample

Data processing
and display

Figure 2.1: A simplified schematic of the working principle of STM. The tip is
positioned and moved using a piezo tube, which is controlled by applying a voltage to
the piezo. When the tip is brought sufficiently close to the sample surface and a bias
voltage is applied, a tunneling current is generated between the tip and the sample. This

current is used to probe the surface at the atomic scale.

11
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Scanning tunneling microscopy (STM) is a powerful tool for characterizing
nanostructures on surfaces with atomic-level spatial resolution. It is based on the
quantum tunneling effect and was invented by Gerd Binnig and Heinrich Rohrer at the
IBM Zurich Research Laboratories.?? Their groundbreaking work earned them the %
Nobel Prize in Physics in 1986. STM has revolutionized the ability to visualize
materials at the atomic level, achieving resolutions of approximately 1 A laterally and
0.1 A vertically, or even better. This capability enables in-situ investigation of surface
adsorption processes. When combined with scanning tunneling spectroscopy (STS),
STM also allows for the study of electronic properties of material surfaces, providing a

comprehensive understanding of both structural and electronic characteristics.

2.1.1 Basic principle of STM

a AE

Vo

z=0 z=d z=0 z=d

Figure 2.2: scheme illustration of quantum tunneling effect and the tip-sample
tunneling model of STM. (a) The electron wave function penetrates the potential barrier
with energy of VO from region 1 to region 3, while the energy has a huge decay at the
barrier region. (b) The applied voltage adjusts the fermi level alignment between tip
and sample, which leads an electron tunneling through the potential barrier.

The quantum tunneling effect is a phenomenon in quantum mechanics, which mainly
refers to the ability of microscopic particles to pass through potential barriers that
cannot be crossed in classical physics.”> STM relies on the quantum tunneling effect to
complete the real-space high-resolution characterization of the surface.

In classical physics, a particle with energy E cannot pass through a potential
barrier of height Vyp when Vy > E. However, in quantum mechanics, microscopic
particles such as electrons exhibit wave-like behavior, enabling them to tunnel through
a potential barrier even if its height exceeds their energy. This phenomenon, known as

quantum tunneling, occurs with a certain probability, although the likelihood decreases

12
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significantly as the barrier height V' or width d increases, which is shown in Figure 2.2a
considering a rectangular potential barrier with height Vpand width d . Importantly, the
barrier height must remain within a finite range for tunneling to be observable. This
principle is fundamental to the operation of STM, where electrons tunnel between a tip
and a sample surface, allowing atomic-scale imaging and spectroscopy. In the three
regions in Figure 2.2, the wave function of the particles can be described by the
Schrodinger equation(one-dimensional and time-independent, for simplicity here):

h? d?wy

2m dz?2

+V(2)¥ = EW (2.1)

where 7 is the reduced Planck constant and m is the electron mass. As an incoming
wave propagating in the positive z-direction (Figure 2.1a, 1—3), the wave function

solutions can be written into:

Wy = ek o = 202 22)
W, = e k7 K = —Vzm(hVO‘E) (2.3)

From the equations, the transmission probability 7 of the electron is:

_ 16k%K?  _oka
(k2+K2)2

T

(2.4)

Based on the above solutions, the barrier width and the energey difference between
particles and the potential barrier determine the transmission probability, which
contribute the high resolution of STM.

In the context of STM tunneling between the tip and the sample surface, the vacuum
gap between them determines the width d of the potential barrier. Under tunneling
contact, the Fermi levels of the tip and the sample are aligned. However, when a bias
voltage Upiss 1s applied, the Fermi levels shift, creating an energy offset that drives the
tunneling current. To accurately describe the tunneling current, Bardeen introduced a
theoretical framework based on many-particle interactions.>* This model was later
adapted by Hamann and Tersoff*>, who expressed the tunneling current as follows:

Zt,s f(Et)[l - f(Es + eU)]lMts|26(Et - Es) (2-5)

with f(E) being the Fermi function, U being the applied bias, M;s being the tunneling
matrix element, E; being the energy of the wave function of the tip (¥;) and E; being
wave function of the sample (¥s). The 6 function describes the conversion of the energy
when elastic tunneling happens. However, considering the low-temperature and the

small applied voltage, the equation can be simplified as:

13
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I ==2e2U %, | My |28 (E; — E)S(E, — E) (2.6)

with Er being the Fermi level, M;, being the tunneling matrix element. The M;, presents
the integral over the surface which is determined by the tip and the sample and can be

expressed as:
flz % — — "
Mps = —— J(WeVw — w7y )dS (2.7)

from Equation 2.7, calculating the tunneling matrix element is challenging due to the
difficulty in determining the precise shape of the tip, which leads to uncertainties in the
wave functions of both the tip and the sample. To address this issue, Tersoff and
Hamann proposed a simplified model in which the tip is assumed to be spherical with
a radius R and center position of 7,. Under this assumption, and by further assuming
that the wave functions of the tip and the sample are identical, the tunneling current can
be expressed in a more tractable form. This approach provides a practical framework
for analyzing tunneling phenomena in STM.:

_ 32m3e?Vp2R2e2KR

I
hK*

Dt(EF) Zslws(%)lzé‘(Es _EF) (28)

while the Dy is the density of states per unit volume of the tip. Based on the equations,

the local density of state (LDOS) of the surface at Fermi level can be expressed as:

ps(ﬁ' EF) = Zslqjs(ﬁ)lzé\(Es - EF) (2.9)
meanwhile, the wave function of surface oriented to the vacuum can be expressed as:
Y.(ry) xe X2, z=d+R (2.10)

from Equations 2.8 and 2.10, it is evident that the tunneling current is strongly
dependent on both the distance between the tip and the surface and the LDOS of the
surface. This relationship enables STM to simultaneously characterize the surface
morphology and the electronic properties, including the behavior of adsorbates on the
surface. By measuring variations in the tunneling current, STM provides atomic-scale
insights into both the physical and electronic structure of surfaces and adsorbed species.

2.1.2 Scanning tunneling spectroscopy (STS)

In addition to characterizing surface morphology, an extended functionality of the STM,
known as scanning tunneling spectroscopy (STS), enables the investigation of the
LDOS of adsorbates on the surface.?® As indicated by equation 2.6, the tunneling
current corresponds to an integral over the energy window eV, and spectroscopic

information can be resolved through its first derivative. Under the assumptions that the

14
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tip has a constant LDOS, operates within limited voltage ranges, and exhibits negligible

variations in transmission probability, the differential conductivity can be expressed as:
di
o7 & ps(eV) (2.11)

where J denotes the applied voltage and p; represents the LDOS of the sample. This
relationship explains how STS can be utilized to characterize the LDOS of the sample,
providing detailed insights into its electronic properties at the atomic scale.

To improve the signal quality of d//dV, an advanced method known as the lock-in
technique is commonly employed. A small modulation voltage, with a frequency higher
than that of the feedback system, is superimposed on the tunneling junction. The lock-
in amplifier then extracts the corresponding variation component of the tunneling
current, which matches the reference frequency and phase, while simultaneously
suppressing noise and other frequency components. This process significantly enhances
the signal-to-noise ratio, ensuring more accurate and reliable measurements of the
LDOS of the sample.

2.1.3 STM imaging

Constant height Constant current

Figure 2.3: Two scanning modes of an STM. (a) The feedback loop is turned off, and
the z-position of the tip remains fixed during scanning. In this mode, variations in the
tunneling current are measured, reflecting changes in the surface topography and the
LDOS. (b) The feedback loop is activated, and the tunneling current is maintained at a
fixed value. To achieve this, the z-position of the tip is continuously adjusted based on
the surface topography. This mode provides a direct mapping of the surface morphology
by recording the vertical movements of the tip. These two modes enable STM to
characterize surfaces with atomic precision, offering insights into both topographic and
electronic properties.

As illustrated in Figure 2.1, the tip mounted on the scanner can be precisely driven in
both lateral and vertical directions by a piezoelectric tube. When the tip is brought
sufficiently close to the sample surface and a bias voltage is applied, a tunneling current
is generated between the tip and the sample due to the quantum tunneling effect. The

15
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resulting height and current signals are subsequently recorded and analyzed for further
processing.

Two scanning modes of STM are employed during the imaging process, as depicted
in Figure 2.3. The constant current mode is typically used to characterize the
morphology of large surface areas, as the feedback loop ensures the tip maintains a safe
distance from the sample, preventing crashes. In this mode, the distance between the
tip and the sample is adjusted to keep the tunneling current constant. Consequently, the
z-position of the tip varies as a function of the surface topography. On the other hand,
the constant height mode is primarily utilized to measure variations in tunneling current,
which reflect both the surface morphology and the local density of electronic states. In
this mode, the z-position of the tip remains fixed after the feedback loop is turned off.
As aresult, changes in the tunneling current are directly related to the distance between
the tip and the sample, as well as the electronic properties of the surface.

2.2 X-ray photoelectron spectroscopy (XPS)

A A
hv L k
A 4
A Emczmm, sample
. D
v -
A bfermz’, sample
Ek

—0—
o—0—

Figrue 2.4: Scheme illustration of the principle for XPS. The photons with energy of

Core level

hv eject the core level electrons of the atoms with a kinetic energy Ej, which is related
to the binding energy E) of the electrons. The element component and chemical
environment can be investigated via measuring Ex

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive analytical technique
used to study the elemental composition, chemical state, and electronic structure of
materials. It is based on the photoelectric effect, which describes the emission of
electrons from a material when it is irradiated with X-rays.?”-?® Typically, Al K, and Mg

K, are used as anode materials for X-ray sources, providing energy in the range of 100

16
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eV to 2000 eV. The inelastic mean free path of electrons in materials typically ranges
from 0.5 to 3 nm within the energy range mentioned above.? This is the reason why
XPS is highly surface-sensitive, as it primarily probes the top few nanometers of the
sample. During the irradiation process, X-rays with energy higher than the binding
energy of core-level electrons in the sample's atoms cause the ejection of these electrons
as photoelectrons. The emitted photoelectrons travel through the material, escape from
the surface, and overcome the work function of the material. These photoelectrons are
then collected by a hemispherical electron energy analyzer, which measures their
kinetic energy Ei (cf. Figure 2.4). The kinetic energy of the photoelectrons depends on
several factors, including the energy of the incident X-rays (4v), the binding energy (E»)
of the core-level electrons with respect to the Fermi level, and the work function @ of
the material. This relationship can be expressed as:

Ex=hv—E,—® (2.12)
from the equation 2.12, the binding energy E» of the electrons can be revealed using the
measured kinetic energy Er. The binding energy of core-level electrons is characteristic
and specific to each element, providing information about both the elemental
composition and the chemical environment. The formation of chemical bonds alters the
screening of the positive nuclear charge, leading to shifts in the binding energy. These
shifts, known as chemical shifts, offer insights into the oxidation states and bonding
configurations of the elements. Furthermore, the intensity of the spectral peaks
corresponds to the abundance of the elements, allowing for quantitative analysis of the
sample's composition. Thus, XPS not only identifies elements but also reveals their

chemical states and relative concentrations.

2.3 Low-energy electron diffraction (LEED)

Low-energy electron diffraction (LEED) is a powerful technique for visualizing the
periodic structure of a surface. In this method, an electron beam with an energy range
of 5-250 eV is generated and accelerated through an electron gun, directed towards the
sample surface along the incidence direction. The interaction of the electrons with the
surface produces a diffraction pattern, which is then displayed on a fluorescent screen
(see Figure 2.5a). The wavelength of the electrons, ranging from 1 to 5 A, is comparable
to the interatomic distances, making atomic diffraction possible. Furthermore, the mean
free path of the electrons is approximately several atomic layers, which renders LEED
a highly surface-sensitive technique. The retarding grid system is employed to ensure
that only elastically scattered electrons reach the fluorescent screen, operating through
the following steps: Initially, the first grid is grounded to create a field-free environment,

17
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allowing the scattered electrons to travel unimpeded. Subsequently, the second grid,
biased with a voltage close to the energy of the primary electron beam, filters out
inelastically scattered electrons, permitting only the elastically scattered ones to pass.
Finally, these elastically scattered electrons are accelerated by a bias applied to the
fluorescent screen, where they produce bright spots upon impact, forming the
diffraction pattern.
Figure 2.5b illustrates the conditions for elastic scattering using the Ewald sphere
construction. In this representation, the incident wave vector and the scattered wave
vector have equal magnitudes, satisfying the relationship described by the following
equation:

ki —ki=G (2.13)
In the equation 2.13, krpresents the scattered wave vector, k; denotes the incident wave
vector and G is the reciprocal lattice vector of the sample surface. Additionally, the
scattered wave vector must align with the intersection point between the Ewald sphere
and the lattice rod. Consequently, the diffraction pattern observed on the fluorescent
screen, which is subsequently captured by a camera, provides detailed structural
information about the investigated surface.

Ewald sphere

L attice rod

Figure 2.5: (a) Scheme illustration of LEED set-up used in UHV environment.
Electrons from the electron gun strike the sample, scattering off the surface. Retarding
grids filter out inelastically scattered electrons, allowing only elastic ones to reach the
fluorescent screen, forming a diffraction pattern that reveals the surface atomic
arrangement. (b) The Ewald sphere describes elastic scattering on a periodic structure.
The incident and scattered wave vectors have equal length and must match a reciprocal
lattice vector. This condition generates diffraction spots, reflecting the surface's crystal

structure and symmetry.
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2.4 Instrumentation

This section provides an overview of the experimental setup, including the instruments
employed, sample preparation procedures, and data acquisition methods utilized in the
experiments conducted at the E20 laboratory within the Department of Physics at the

Technical University of Munich.
2.4.1 Joule-Thomson STM

All STM measurements presented in this thesis were performed using a commercial
Joule-Thomson STM (JT-STM) set-up (see Figure 2.6). This advanced instrument,
capable of reaching a low temperature of 1.2 K through the Joule-Thomson effect
combined with a cryostat, comprises two main chambers: a preparation chamber and
an STM chamber. Both chambers maintain an UHV environment with a base pressure
below 2.0 x 107! mbar through a comprehensive pumping system, which are essential
for the preparation of molecular samples on clean single-crystal surfaces. To minimize
external interference, the instrument is isolated from low-frequency vibrations through
a noise reduction system incorporating pneumatic damping feet.

Figure 2.6: Overview image of JT-STM chamber.?® ! Load-lock for sample transfer
from outside (orange), cryostat (pale purple), STM chamber (green), preparation
chamber (red), manipulator (yellow), pneumatic damping feet (purple) and pumping
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system (blue).

Figure 2.7: Image of manipulator employed in JT-STM preparation chamber.

UHYV chamber. The vacuum chamber is divided into two sections, separated by a valve
that permits the passage of the manipulator. The preparation chamber (marked in red in
Figure 2.6) is equipped with several essential components: a load-lock system, metal
evaporators, an organic molecular beam epitaxy (OMBE) apparatus and a mass
spectrometer. The load-lock system serves as a transition chamber for transferring
crystals, STM tips, and other samples from the external environment into the UHV
system. During the transfer process, the load-lock chamber is protected by a nitrogen
atmosphere to prevent contamination. A pumping station is employed to pump the load-
lock chamber to the required low-pressure conditions. The preparation chamber is
further equipped with a manipulator incorporating a heating filament and thermocouple
(cf. Figure 2.7), which allows sample preparation procedures as detailed in the
following sections.

To achieve and sustain UHV environment, a comprehensive triple-stage pumping
system is integrated into the chamber, with pressure inside monitored by cold cathode
gauges. The pumping system begins with a diaphragm pump as the first stage, capable
of reaching a base pressure of 3 mbar, which establishes the pre-vacuum conditions for
the subsequent stages. The second stage employs a small turbo pump, achieving a
pressure of 5.0 x 10° mbar for the third stage. The final stage consists of a
turbomolecular pump with magnetic bearings, directly connected to the preparation
chamber to ensure optimal vacuum performance. In addition to the mechanical
pumping system, ion pumps are utilized to maintain the UHV conditions in both the
preparation and STM chambers, as indicated by the blue components in Figure 2.6. The

ion pump operates through an assembly of cylindrical anodes positioned between two
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parallel cathodes. Under an applied potential of 7.0 kV, field-emitted electrons ionize
residual gas particles within the pump. A uniform magnetic field, generated by
permanent magnets, encompasses the entire electrode system, enhancing the ionization
efficiency and ensuring stable UHV conditions. Additionally, a titanium sublimation
pump (TSP) is installed beneath the preparation chamber to further enhance the ultra-
high vacuum conditions. This pump operates by heating a titanium filament to its
sublimation temperature, releasing titanium vapor that deposits on the chamber walls.
The freshly deposited titanium film acts as a highly effective getter material, chemically
adsorbing residual gas particles such as hydrogen, oxygen, and nitrogen within the
chamber. This process significantly reduces the partial pressures of reactive gases,
thereby optimizing the overall UHV environment. In addition to the above equipment
within the UHV chamber system, a suite of techniques is utilized for noise reduction to
obtain great conditions for STM and STS measurements. Firstly, four pneumatic
damping feet are applied underneath the UHV chamber to isolate vibration from the
external environment. Moreover, as shown in Figure 2.8a, the STM stage is isolated by
copper beryllium springs. Furthermore, an eddy-current mechanism, utilizing fixed
magnets positioned opposite to copper wings, is installed beneath the STM stage. To
reduce the affection from capacitive effects and crosstalk within the cables, coaxial
wires are employed for the current and voltage lines, while the feed lines for the
piezoelectric unit and the temperature sensor are equipped with low-pass filters.
Additionally, copper beryllium springs and damping elements are installed between the
liquid nitrogen (LN2) and liquid helium (LHe) tanks to attenuate the resonant

frequencies induced by the cryostat's system.
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Figure 2.8: (a) Image of STM head hanging on suspension springs combined with
cooling stage. (b) Scheme image of JT-STM cryostat, including three cooling stages.*
(c) Scheme of principle of Joule-Thomson effect applied on JT stage.*?

Cryostat. Figure 2.8b illustrates the schematic of the JT-STM cryostat. The outer tank
serves as a LN reservoir, which minimizes the depletion of the LHe from inner
reservoir. By utilizing LHe, the STM head can achieve and maintain a temperature of
approximately 4.5 K. In this thesis, all experiments, including STM and STS
measurements, are conducted at LHe temperature. However, through the Joule-
Thomson effect (Figure 2.8c), a lower temperature of approximately 1.2 K can be
achieved using a specialized JT cooler system, providing an optimal condition for STS
measurements due to reduced thermal broadening. To activate the JT cooling, the STM

stage and JT pot are first pre-cooled to the LHe temperature of 4.5 K. Pure helium gas
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is then introduced into the JT pot from an external source at room temperature through
a long tube. During this process, the helium gas is pre-cooled and condensed into liquid
helium, which is collected in the JT pot. Subsequently, when the JT pump, located in a
vibration-isolated decoupled box, is activated, the liquid helium in the JT pot is pumped
and expands into vapor through a tiny capillary with a diameter of 90 pm. This Joule-
Thomson expansion results in a temperature dropping to approximately 1.2 K. To
maintain this low temperature, the JT pot must be thermally decoupled from the LHe

tank cooling plate. Both *He and “He can be used in this process.
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Figure 2.9: (a) Schematic diagram of the STM head, highlighting its key components.**
(b) Photograph of the actual STM head, with the X and Y motor piezos and the tip
holder clearly labeled.

STM head. Figure 2.9a presents a schematic illustration of the STM head, which is
positioned inside three radiation shields beneath the cryostat. The STM head is
constructed from a stiff material characterized by low eigenfrequency and high thermal
conductivity. As depicted in Figure 2.9b, a sample track is positioned above the tip
holder, which is mounted on the scanner. The crystal, mounted on a Mo sample holder,
can only be inserted into the sample track along one direction (X direction, as indicated
in Figure 2.9a) using a wobble stick. Meanwhile, the Y-motor (range: 5 mm) is
employed to move the sample track in the Y direction by adjusting the amplitude and
frequency of the voltage applied to the piezo. Once the sample is positioned
appropriately in the Y direction, the coarse approach of the tip is performed. The lateral
position of the tip is adjusted using the Z-motor (range: 10 mm), which is driven by six
shear piezo mounted on a sliding sapphire surface. After these adjustments, the

radiation shields are closed to cool the sample down to a constant temperature.
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2.4.2 XPS and LEED using the “PSD” chamber

67
,@1 1. Hemispherical analyzer
— 2. X-ray tube
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T 2 = T oo ©- Sputter gun
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£_> o? 9. Evaporators
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Figure 2.10: Scheme of “PSD” chamber with highlighted main techniques, cited from
the thesis of Felix Haag®.

The PSD (photo-stimulated desorption) chamber is maintained in an UHV environment
with a base pressure of approximately 1.0x1071° mbar, achieved using a pump system
similar to that of the JT-STM chamber. The chamber is equipped with several surface-
sensitive techniques, including XPS, UPS, LEED and TPD, as illustrated in Figure 2.10.
In this thesis, we focus on the XPS and LEED setups, which are described in detail
below. The manipulator in the chamber is designed for sample preparation and can hold
the sample above a filament. It allows for adjustments in the x, y, and z directions, as
well as rotation, to align the sample with evaporators and measurement setups.
Additionally, liquid nitrogen can flow through the manipulator to cool the sample to 88
K. For XPS analysis, a SPECS Phoibos 100 CCD hemispherical electron analyzer is
used. The SpecsLab2 software (version 2.74-r24090) is employed to record the XP
spectra. The X-ray source is a home-built X-ray tube featuring two anodes that provide
non-monochromatized Al K, and Mg K, radiation, with central photon energies of
1486.6 eV and 1253.6 eV, respectively. The X-ray tube is cooled by a water-cooling
system and maintained under vacuum by an ion pump. The Al anode operates at 280 W
(28 mA, 10 kV), while the Mg anode operates at 200 W (20 mA, 10 kV). A LEED
device (model BDLSOOIRLMX-ISH) from OCI Vacuum Microengineering Inc. is
mounted on the front of the chamber. The collimated electron beam is directed onto the
sample, and the backscattered electrons produce a diffraction pattern on a fluorescent
screen. This pattern is captured and recorded using a camera for further analysis.
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2.4.3 Sample preparation

All samples were prepared on a single-crystal Ag(111) surface using a standardized
procedure. Initially, an atomically clean surface was achieved through multiple
sputtering-annealing cycles in an UHV chamber. Subsequently, organic molecules were
deposited onto the pristine surface maintained at room temperature. To initiate the
surface reaction, two distinct approaches were employed: a gas-mediated strategy and
thermal activation. The gas-mediated process involved the introduction of reactive
gases into the preparation chamber, while thermal activation was achieved by precisely
heating the sample using a controlled heating system.

In this thesis, four single-crystal substrates - Ag(111), Ag(100), Au(111), and
Cu(111) - were employed as platforms for surface reaction. The contamination was
effectively removed through Ar" ion bombardment, where the Ar" ion were generated
by an electron beam with a stable emission current of 10 mA under an voltage of 0.9
kV, while maintaining a controlled Argon gas pressure of 3.5 x 10 mbar in the
preparation chamber. Subsequently, the samples underwent thermal annealing at
optimized temperatures: 770 K for Ag(111) and Ag(100), 720 K for Au(111), and 690
K for Cu(111). This annealing process served two purposes: (1) facilitating surface
reconstruction through controlled metal atom diffusion to achieve well-defined
crystalline surfaces, and (2) ensuring complete removal of residual contamination and
argon from the sputtering process.

The applied molecule precursors were deposited on the prepared clean substrate
from an organic molecule beam epitaxy (OMBE), which connected to the preparation
chamber. Meanwhile the extrinsic Cu atoms were dosed from a home-made evaporator
with metal wire. The copper wire was supplied by GoodFellow GmbH and was wound
around a central tungsten wire. The power output voltage was adjusted via amplifier to
make the wire glowing and obtain a steady flux, such that the Cu deposition could be
controllable and reproducible. 4,4'-diamino-p-terphenyl (DATP) with a purity of 98%
was purchased from TCI Deutschland GmbH. The precursor molecules of DATP were
evaporated from a quartz crucible held at 410 K onto the freshly prepared substrates,
followed by exposing to O» atmosphere at 200/300 K (~1.33 x 10® mbar, 5 mins). The
precursor TEB powder was loaded into a glass vial connected to a needle via a flange
with attached leak valve in order to finely control the molecule flow. After evaporating
the appropriate amount of molecules onto the surface at room temperature, the sample
was exposed to O atmosphere (~1.33 x 10 mbar, 60 seconds) and subsequently
annealed at 375 K. Afterwards, Cu was deposited on the surface at room temperature,
followed by annealing at 500 K to obtain an ordered and clean Cu-TEB OMN. 4'-
Ethynyl-[1,1'-biphenyl]-4-amine (EABP) was synthesized by Nitika Grover and
Mathias O. Senge from 4-iodo-4’nitro-1,1’-biphenyl*® following the procedure
described by Xie and Seto®’. The molecule precursor EABP was deposited from a quartz
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crucible held at 315 K on a freshly cleaned surface, followed by Ox-treatment at room
temperature. The Cu atoms are deposited on the former sample, followed by the
annealing at 375 K to get a neat EABP-Cu OMN.

2.4.5 Data acquisition and analysis

STM data. All STM images were recorded at constant current mode (unless mentioned
otherwise), and the bias voltage was applied to the sample. The STM images were
analyzed by Igor software and WSxM?® programme.

XPS data. All XPS measurements were conducted using the non-monochromatized Mg
Ka radiation line (hv =1253.6 eV) from a conventional dualanode source and a SPECS
Phoibos 100 CCD hemispherical analyzer within a home-built UHV chamber. The XPS
data is analyzed by Igor and CasaXPS*’ software.

LEED data. Experimental LEED patterns were acquired at 90 K using an OCI Vacuum
Microengineering (BDL800OIRLMX-ISH) apparatus. LEEDpat4 software*’ was applied
to analyze LEED patterns.

DFT Calculations. In Chapter 3, density functional theory calculations were
performed by Vienna ab-initio Simulation Package (VASP).*® The electron-ion
interactions were described by projector augmented wave method.*? The exchange-
correlation interactions were treated by the van der Waals density functional developed
by Hamada, denoted as rev-vdWDF2,* which has been shown to describe the
adsorption of hydrocarbons on Ag(111) and Au(111) accurately.** 4> The cutoff energy
for the plane wave basis was set as 400 eV. The Ag(111) and Au(111) surfaces were
modeled by four-layered slab with a p(6x6) supercell. The periodic-image interactions
were avoided by employing a 15 A vacuum layer. A 4x4x1 grid was employed to
sample the Brillouin zone. The transition states of dehydrogenations were identified by
combining climb image nudge elastic band and the dimer method,*® 4" where CI-NEB
methods was employed to provide an initial guess and the saddle point was further
identified by the dimer method. All structures including local minima and saddle points
were optimized until the residual force acting on all atoms were below 0.02 eV/A,
except the bottom two layers of metal surfaces which were kept frozen. The STM
images were simulated by the Tersoff-Hamman approximation with the implementation
by Lorente and Persson.?> 8 This calculation work is done in cooperation with Kaifeng
Niu, Johanna Rosen and Jonas Bjo6rk.

In Chapter 4, we employed DFT within the Kohn-Sham formalism using the
QuickStep module® built in the package CP2K (https://www.CP2K.org/). We utilized

the generalized gradient approximation of Perdew, Burke and Ernzerhof*° as the
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approximation to the exchange-correlation term and the empirical potential D3°! to
account for the missing London dispersion forces, Perdew-Burke-Ernzerhof (PBE) +D3.
Our calculated lattice constant for Ag is 4.084 A. We modelled the Ag(111) surface with
a slab of five layers of the substrate, with the two top-most layers allowed to relax, and
H passivation on the bottom surface. We used an equi-distance mesh of 4x4 k points in
the hexagonal cell and of 2x4 k points in the rectangular cells in the integrals over the
first Brillouin zone. Pseudo potentials,>> with a valence of 11 electrons on Cu and Ag,
were employed together with Gaussian basis sets DZVP-MOLOPT?™ to expand the
wave functions and plane wave sets up to a cut-off energy of 700 Ry to expand the
electron density. Ebinding = Enetwork, sub) = 2E(isolated, sub)-3 E(metal, sub), Where E(network, sub) 1S
the total energy of the network on the substrate (sub). E(isolated, sub) 18 the total energy of
the isolated molecule on the substrate, and Emetal, sub) 1S the total energy of the adatom
on the substrate. To compare their binding energies, we use a rhombic unit cell,
comprising two molecules and three metal adatoms for both networks. This calculation
work is done in cooperation with Ari Paavo Seitsonen.

In Chapter 5, the atomic-scale materials simulations in this study were done in the
DFT framework by using VASP.*! >*3% Electron-ion interactions were taken into
account with the Projector-augmented wave ** potentials with a 500 eV kinetic cut-off
energy. The electron-electron interactions were included by using PBE functionals>
with Generalized Gradient Approximation. van der Waals interactions were described
at the DFT-D2 level.> The Ag (111) substrate was represented by a four-layered 4x9
supercell with. The vacuum gap between two consecutive slabs in the z-direction is 21A.
The convergence limits for the total energy and the Hellman-Feynman forces during
the structural relaxation were set to 10> eV and 0.01 eVA™!, respectively. The Brillouin
Zone was sampled according to the Monkhorst-Pack method® using a T'-centered
3x2x1 k-point mesh. The Methfessel-Paxton smearing was employed with a smearing
width of 0.2 eV. The adsorption energy of the considered models was calculated
according to the following equation:

Eads = E(molecule+substrate) — [ £(molecule)tE(substrate) | (2.14)
where E(molecule+substrate), E(molecule), E(substrate) are the total energy values (per cell) of
molecule adsorbed substrate, bare substrate, and isolated molecules, respectively. Net
charges on atoms were calculated by using the Bader analysis method.®' The total
charge transfer values were calculated according to the following equation:

AP = P (molecule+substrate) — [P (molecule)T P (substrate) | (2.15)
where p (x) values are the total charges on the corresponding structures. VESTA software
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was used to visualize the 3D geometries and charge transfer data.®* Theoretical STM
plots were generated by applying the Tersoff and Hamann theory via the STMpw code.

This calculation work is done in cooperation with Cagil Kaderoglu and Ethem Aktiirk.
2.4.6 Artificial intelligence

The Artificial intelligence tool “DeepSeek-V3” was employed for assisting with
grammatical refinement and textual polishing.
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3. Substrate-Dependent Reactivity of
Aromatic Amines under O Exposure on

Metal Surfaces

Aromatic amines are widely used in manufacturing industries, where their oxidation
plays a crucial role in direct applications and in the synthesis of nitrogen-containing
compounds. Understanding their reactivity is a prerequisite for their use in various
fields. While direct dehydrogenation of amino groups in aromatic amines has been
realized on copper surfaces through thermal activation, their reactivity on relatively
inert substrates remains limited and less understood. Herein, we combine scanning
tunneling microscopy and X-ray photoelectron spectroscopy to explore the reactivity
of aromatic amines on silver and gold surfaces

using a gas-mediated reaction strategy. Our results . p 0, #

reveal that oxidative dehydrogenation is readily J
achieved after O;-mediated treatment on silver

surfaces, leading to formation of organometallic ’

nanopores, while aromatic amines remain k# ' )RO(; n
unperturbed on Au(111), indicating a substrate- Y
dependent behavior. Density functional theory Au Ag @CON.H
calculations  corroborate the experimental

observations, by simulated core-level shifts and microscopy images, and demonstrate
how the choice of substrate dictates the thermodynamics of the overall reactions. These
findings emphasize the importance of substrate selection in modulating the surface
chemistry of aromatic amines, paving the way for more efficient catalytic processes and

material design.
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Introduction

Aromatic amines (AAs), known for their chemical versatility, are widely used as
key raw materials in manufacturing of industrial products and intermediates, including
pharmaceuticals, rubber chemicals, dyes and pesticides.®* ®* On-surface synthesis (OSS)
has emerged as an appealing strategy for fabricating functional low-dimensional organ-
ic materials in the past two decades, with the support of advanced surface techniques
such as scanning tunneling microscopy (STM).%> % A range of molecular precursors
have been used as building blocks for the construction of two-dimensional (2D)
polymers, 2D organometallic networks etc.®” °® While molecular cores are expected to
be the relevant functional units, the linkers derived from reactive functional groups
become essential ties in construction of various nanoarchitectures. Thus, understanding
the chemical reactivity of precursors with functional groups is crucial to OSS.* For
instance, aryl halides have often been employed in the synthesis of graphene
nanoribbons,”® surface covalent polymers’! and organometallic networks’? via Ullmann

73,74

coupling. Aromatic alkyne derivatives are used in fabrication of graphdiyne enyne’

polycyclic hydrocarbons’® 77 21,78

and 2D organometallic networks via homo-coupling,
cycloaddition and dehydrogenation reactions.

Given their chemical diversity and significance, the behavior of AAs on surfaces is
of considerable interest for potential applications in 2D organic functional framework
preparation.”’"8! Among them, Schiff-base condensation reactions of AAs and aldehyde
have been demonstrated on multiple surfaces.®”®> Amides and imides were also
obtained via reactions between amines and carboxylic acid derivatives and acyl
chlorides on metal surfaces.®¢ In addition to these cross-coupling reactions, AAs have
also been studied in the formation of organometallic networks on Cu substrates through
direct dehydrogenation.®> However, AAs exhibit no reactivity on important inert
surfaces such as Au(110)* and Ag(111)**. This highlights the necessity to
systematically investigate the substrate-dependent reactivity of AAs by comparative
assessment.

Apart from conventional thermal-activation methods, such as post-annealing, the

0SS toolbox has been enriched to include photopocatalysis,®>*’ 98-100

probe-inducing
and gas-mediation strategies. In particular, gas-mediation has been widely adopted to
facilitate OSS due to the ingenious operation of gases, such as CO»,'’! H,'0>1%4 CQ!%
and 0,"% 1%, For instance, Zhang et al.>! employed Ox to promote the deprotonation of
terminal alkynes, enabling the formation of large-scale organometallic networks on

Ag(111). Ji et al.'” realized the transformation of 1D organometallic chains into 2D
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networks on Cu(111) under O2 atmosphere.

In this work, we systematically investigate the reactivity of AAs on relatively inert
metal substrates, focusing on the effects of crystal plane orientation and intrinsic sub-
strate activity. By introducing O», we effectively activate the dehydrogenation reaction
of 4,4"-diamino-p-terphenyl (DATP) molecules. Through comprehensive characteriza-
tions using scanning tunneling microscopy (STM) and X-ray photoelectron
spectroscopy (XPS), we observe that DATP molecules undergo oxidative
dehydrogenation and form uniform organometallic nanopores on the Ag(111) and
Ag(100) surfaces while such reactions do not occur on Au(111). Density functional
theory (DFT) calculations reveal that the reaction energy barriers were significantly
lowered by the easier adsorption of O; on Ag(111) and Ag(100), as compared to
Au(111). This study presents an efficient method to promote the reactivity of AAs on
relatively inert surfaces under gentle conditions and elucidates the underlying
mechanisms of oxidative dehydro-genation reactions of amines. These findings
broaden the vision for applications of AAs in the synthesis of low-dimensional organic

materials via OSS.

Results and discussion
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Figure 3.1: O>-mediated dehydrogenation reactions of DATP on Ag(111) surfaces. (a)
and (b) STM images of DATP deposited on Ag(111) at RT: (a) after deposition, (b)
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following exposure in an O, atmosphere. The insets in (a) and (b) show the chemical
structures of DATP monomer and tetramer. (c) and (e) STM images of the DATP
tetramer nanopores structure, measured at a bias of - 0.5 V and 0.5 V, respectively. (d)
and (f) DFT simulated STM images corresponding to (c¢) and (e). (g) XP core-level
spectra of the N Is and C 1s lines measured after DATP deposition at RT (top) and O2
exposure at RT (bottom). (h) Optimized adsorption configurations of an individual
DATP molecule, a DATP dimer and a tetramer structure on the Ag(111) surface, and the
calculated core-level shifts of N 1s in different chemical environments with the
chemical shift calculated as Ecrs = Ecin™)— Ecun?’). Scanning parameters: 7 = -1
V, I; =100 pA for (a); Vs =- 500 mV, I; = 1 nA for (b); V»=-500 mV, I, = 1 nA for (c);
V=500 mV, I; = 1 nA for (e); Data obtained at 4.5 K.

Figure 3.2: STM images for low-coverage (a) and high-coverage (b) depositions of
DATP on Ag(111). Scanning parameters: V, = -1V, I, = 100 pA for (a); V»=-100 mV,
1, =20 pA for (b).

DATP molecules were initially deposited on a Ag(111) surface at 300 K with a
coverage of 0.1 monolayer (ML) (Figure 3.1a). At this low coverage, DATP monomers
are randomly distributed on the surface, presumably due to substrate-mediated
repulsive interactions.!? Only upon increasing the coverage to a full monolayer (1 ML),
a close-packed self-assembly pattern evolved (see Figure 3.2). Following exposure of
the sample in Figure 3.1a to O> atmosphere (300 L; 1 L = 1.33x10° mbar » sec) at 300
K, discrete cyclic open arrangements emerge, mostly exhibiting a rhombic shape
(Figure 3.1b). This newly formed structure, identified as a DATP tetramer (with its
chemical structure shown as an inset in Figure 3.1b), is stabilized by imine-Ag-imine
(NH-Ag-NH) linkages. It results from the oxidative dehydrogenation-upon O:
treatment of amino groups, which subsequently bond with intrinsic Ag adatoms on the
substrate. STM images of an individual DATP tetramer display distinct appearance at
negative and positive bias voltages. At -0.5 V, the NH-Ag-NH linkage (pointed by a
white arrow in Figure 3.1c¢) displays brightness similar to that of aromatic benzene rings,
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while at 0.5V, it becomes dimmer compared to the adjacent phenyl rings. These features
are consistent with our dedicated DFT simulations (Figure 3.1d, f) and corroborate the
proposed organometallic origin for the DATP tetramer.

XPS measurements were conducted to gain further chemical insight into the
dehydrogenation reaction of AAs. Figure 3.1g presents XP spectra for the core-level of
N 1s and C 1s of DATP deposited on the Ag(111) surface at RT before (top) and after
O treatment (bottom). The chemical structure on the left highlights the inequivalent
carbon and nitrogen species with colors, according to their distinct chemical
environments. Following the deposition of DATP molecules on Ag(111) with coverage
of ~1 ML, we investigate the sample without O> treatment. The N 1s spectra exhibit a
single peak centered at a binding energy of 399.5 eV, associated with the amino nitrogen,
indicating that amino groups remain intact at RT. In the C Is spectrum, two distinct
features are observed at binding energies of 284.8 eV and 288.3 eV. Closer inspection
of the former reveals three components at 284.3 eV, 284.9 eV and 285.5 eV, respectively;
They represent contributions from the carbon atoms in the different chemical
environments shown in Figure 3.1g. The signal at the binding energy of 288.3 eV is
attributed to carbon contamination in the chamber. After O exposition of the sample at
RT, the peaks in C 1s spectra slightly shift to 284.2 eV, 284.8 eV, 285.40 eV and 288.2
eV from lower to higher binding energies. This indicates that the chemical environment
of the carbon atoms in the molecule remains largely unchanged. As to the N 1s spectrum,
the previously observed single peak of 399.5 eV becomes much broader, with a new
component appearing at the binding energy of 397.6 eV. The peak fitting reveals that
the intensity of the peak at 399.5 eV is pronounced reduced, whereas the new peak at
397.6 eV significantly contributes to the overall N 1s signal. This energy shift by 1.9
eV to lower binding energy is associated with the chemical transformation from -NH2
to -NH, leading to the formation of NH-Ag-NH linkages.**: 1 10 Quantitative analysis
suggests that the total intensity of these peaks is comparable to that of the single peak
before O> treatment. This result indicates that almost half of the amino groups undergo
dehydrogenation reactions, confirming the oxygen assisted dehydrogenation of amino
groups. The remaining intrinsic amino signal is ascribed to excess DATP from the
deposition in these experiments.

DFT calculations were performed to identify the chemical states of carbon and
nitrogen atoms in different chemical environments. As shown in Figure 3.1h, the
adsorbed DATP on Au(111), the dehydrogenated DATP dimer, and the organometallic
tetramer are simulated models of experimental products of depositing DATP on
Ag(111), Oz exposure at 200 K, Oz exposure at RT, respectively. The calculated core-
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level shifts of the nitrogen atoms under these conditions are consistent with our
experimental results, with values of -2.24 eV vs -2.2 eV and -1.78 eV vs -1.9 eV. These

results substantiate the proposed organo-metallic structure with NH-Ag-NH linkages.
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Figure 3.3: (a) XP spectra of N 1s for DATP deposition on the Ag(111) surface at 200
K (top), followed by O> treatment at 200 K (middle) and annealing to 300 K (bottom).
(b) shows the STM image for DATP organometallic chain structure after O treatment
at low temperature of 200 K, and the chemical structure for NH-Agsu»s-NH linkage is
given in (¢). Scanning parameters: V5, =100 mV, I; = 1 nA for (b)

To further explore the O;-mediation strategy in enhancing the reactivity of amines,
we introduce O to the DATP adsorbed Ag(111) surface at a low temperature of 200 K.
This experiment demonstrated that the dehydrogenation reaction of amino groups
facilitated by O 1s achievable even at a substrate temperature of 200 K (Figure 3.3a).
The -NH signal of nitrogen atoms after dehydrogenation is observed in the N 1s spectra,
however, the Ag atoms are not visible in the STM image (Figure 3.3b, c). This indicates
that the dehydrogenated -NH moiety is anchoring at the surface atomic lattice,?! which
would cause them to appear as a dimmer feature between two molecules. In addition,
we investigated the chemical states of DATP molecules on Ag(111) without O2
exposure in a procedure of progressive increase of annealing temperatures (Figure 3.4).
STM imaging of the sample after annealing at 525 K shows that most DATP molecules
remain as monomers and are dispersed individually on the surface (Figure 3.4a, b),
within very scarce trimers. The proposed chemical structure is drawn in Figure 3.4c,
which also reveals the chirality of the trimer. Despite some desorption of molecules,

XPS measurements show that the characteristic signal of the -NH2 group in N 1s and
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the different C components in the C 1s spectra remain constant at the investigated
annealing temperatures up to 525 K (Figure 3.4d), which implies that the post-annealing
hardly activated the amino species on the Ag(111) surface (partial dehydrogenation
becomes visible at 475 K / 525 K in the N 1s spectrum in form of a shoulder centered
at 398.2 eV). These investigations reveal that almost all DATP molecules did not
undergo chemical reactions, further supporting the critical role of the Oz-exposure

strategy in facilitating dehydrogenation reactions.
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Figure 3.4: STM images depict DATP deposition on Ag(111) followed by annealing at
475 K (a) and 525 K (b). (c) presents the zoom-in STM images for DATP-Ag trimer
(pointed by white arrows) in and proposed chemical structure. (d) shows the
corresponding XP spectrum for N 1s and C 1s of DATP deposition on Ag(111) and
followed by step annealing. Scanning parameters: V', =-100 mV, I, = 1 nA for (a); V) =
-1V, I, =100 pA for (b).

To explore the wider applicability of the Oz-mediation strategy, we performed
experiments using Ag(100). Without the O> treatment, there is dehydrogenation of ad-
sorbed DATP up to 525 K, as evidenced by STM observations (Figure 3.5a, b). This
behavior is consistent with the results observed on the Ag(111). While the Ag(100) sur-
face is generally more reactive than Ag(111) due to its open structure, its catalytic effect
was insufficient for inducing chemical reactions of DATP molecules. However, upon
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O2-dosing to the DATP/Ag(100) at RT, nanoporous networks with a square unit cell
evolve (Figure 3.6a). The high-resolution STM image in Figure 3.6b demonstrates that
these are composed of DATP molecules connected through N-Ag linkages, as
exemplified by the chemical structure in Figure 3.6c. These observations indicate that
O2-mediation facilitates dehydrogenation reactions of DATP also on Ag(100).

iy
\":'Ll.‘
-~ ey L

Figure 3.5: STM images for (a) DATP deposition on Ag(100) at 260 K and (b) post-
annealed at 525 K along with desorption. (c) DATP deposition on Au(111) at 300 K and
(d) post annealed at 575 K. Scanning parameters: V' = -300 mV, I; = 20 pA for (a); V5
=-100 mV, I; = 100 pA for (b); V»=-1V, I;= 100 pA for (¢c); V»=-1V, I; =100 pA for
(d).

Figure 3.6: Oz-mediated dehydrogenation reactions of DATP on Ag(100) surfaces.
Large-area (a) and high-resolution (b) STM images of DATP molecules on Ag(100)
surfaces after O, treatment. STM images of O, exposed DATP/Ag(100) after the
deposition of DATP molecules on the Ag(100) surface kept at RT. (c) Chemical

structure of the proposed organometallic structure connected by N-Ag-N linkages,
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corresponding to an outlined pore in (b). Scanning parameters: V, = -1V, I; = 100 pA
for (a); V»=-500 mV, I;= 100 pA for (b). Data obtained at 4.5K. C, N, H, and Ag atoms

are represented by black, blue, white, and pale blue spheres, respectively.
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Figure 3.7: O, treatment of DATP on Au(111) surfaces. (a) STM images for DATP
deposition on the Au(111) surface at room temperature. (b) STM images of DATP on
Au(111) after exposure in Oz atmosphere. (¢) XP core-level spectra of the N 1s and C
Is lines for DATP deposition on Au(111) at RT (top) and O, treatment at 300 K (middle)
and 200 K (bottom). Scanning parameters: V5 =-500 mV, I; =50 pA for (a); V =-1V,
1;=100 pA for (b). Data recorded at 4.5 K.

For comparison, we investigated the O2-mediation with DATP adsorbed on Au(111).
DATP molecules were deposited at 300 K and subsequently annealed at 575 K (Figure
3.5¢, d). Analogous to the observations on Ag(111) and Ag(100) surfaces, DATP
molecules retain initially their structural integrity (Figure 3.5¢ and Figure 3.7a).
Intriguingly, also following O» treatment, DATP molecules are preserved as intact
monomers (Figure 3.7b), in contrast to the observations on Ag(111) and Ag(100). XPS
measurements were performed to assess the chemical state of DATP (as shown in
Figure 3.7c). Core-level spectra of N 1s and C 1s presented no changes under three
conditions: after DATP deposition on Au(111) at 300 K (top), following O> treatment
at 300 K (middle), and after DATP deposition on Au(111) at 200 K (bottom). The same
XPS features confirm the STM observations with unperturbed DATP species on
Au(111).

To understand the differing effects of O>-mediation on the reaction of DATP on Ag
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and Au surfaces, we study the reaction pathways on both substrates with DFT
calculations. As shown in Figure 3.8a-c, the dehydrogenation of amino under influence
of dioxygen is endothermic on both Ag(111) and Au(111) with potential energy barriers
of 0.25 eV and 0.35 eV, respectively. Notably, the low energy barrier on Au(111)
indicates that AAs could, in principle, be principally activated by O.. However, this
cannot be reconciled with our experimental observations, where no reactions occurred

following DATP exposure to O; even at 300 K.
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Figure 3.8: DFT calculations of reaction pathways and adsorption behavior. O induced
dehydrogenation of DATP on (a) Ag(111) and (b) Au(111), with corresponding energy
profiles (c). (d) Adsorption free energy change for molecular adsorption of Oz on
Ag(111) and Au(111) as a function of O pressure at 200 K and 300 K. C, N, H, O, Ag,
and Au atoms are represented by black, blue, gray, red, white, and yellow spheres,
respectively.

This apparent discrepancy can be attributed to the adsorption behavior of O2. At 0
K, Oz adsorption on Ag(111) is exothermic with an adsorption energy of -0.35 eV,
whereas it is less favored on Au(111) with an adsorption energy of -0.16 eV (negative
values indicate energetically favorable adsorption, see definitions in SI). However,
these adsorption energies do not account for temperature and pressure effects. To
address this, we calculate the adsorption free energy (AG,4) of Oz under experimental
conditions (Figure 3.8d). At the low pressure of our experiments (~10® mbar during O>
exposure), the O, adsorption is endergonic for both surfaces, but is distinctly more
favorable on Ag(111) than Au(111). For instance, at 200 K and a pressure of 10°® mbar,
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the adsorption free energy of O> on Ag(111) is calculated as 0.27 eV, significantly lower
than the 0.46 eV on Au(111).
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Figure 3.9: DFT calculation dehydrogenation pathways of DATP on Ag(111) (a) and
Au(111) (b) along with energy profile. The C, N, H, Ag, and Au atoms are represented
by the black, blue, gray, white, and yellow spheres, respectively.

When these adsorption free energies are considered, the effective barrier for surface
attachment, with respect to gas phase Oz, amounts to 0.52 eV on Ag(111) and 0.81 eV
on Au(111) (at 200 K and 10°® mbar). The Boltzmann factor of the reaction between the
two surfaces is 1.4 X 107, explaining why the reaction occurs on Ag(111) but not on
Au(111). Notably, increasing the temperature does not facilitate oxidative
dehydrogenation on Au(111) as it further increases the endergonicity of O- adsorption
and shifts the activation energy to higher values. Without the assistance of O», the
activation energies for dehydrogenation are significantly higher: 2.02 eV and 2.25 eV,
on Ag(111) and Au(111), respectively (Figure 3.9). These results emphasize the critical
role of O in lowering the activation energy and facilitating dehydrogenation.

Conclusion

In conclusion, the O>-mediated treatment effectively induces the oxidative
dehydrogenation of amino groups in aromatic amines, resulting in the formation of
organometallic nanopore structures on Ag(111) and Ag(100) surfaces, while the process
is hindered on Au(111). Systematic STM and XPS experiments, combined with comple-

mentary DFT calculations, reveal that the O-treatment significantly enhances the
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reactivity of aromatic amines by lowering the energy barrier compared to activation in
absence of O>. Our finding identifies that the chemisorption of O is the ratelimiting
step in the dehydrogenation reaction, which is thermodynamically much less favorable
on Au(111) than on Ag(111). These studies unveil the synergistic catalytic role of metal
substrates and oxygen in the oxidative dehydrogenation of amines, providing valuable
insights into their surface chemistry and a promising strategy for on-surface synthesis

of functional low-dimensional organic materials on metal surfaces.
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4. Transmetalation in Surface-Confined
Single-Layer Organometallic Networks with
Alkynyl-Metal-Alkynyl Linkages

This Chapter includes content that has been published in
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Francesco Allegretti, Biao Yang, Johannes V. Barth, Transmetalation in Surface-
Confined Single-Layer Organometallic Networks with Alkynyl-Metal-Alkynyl
Linkages, ACS Nano, 2024, 18, 20157-20166. Copyright 2024 American Chemical
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STM measurements were performed by Wenchao Zhao and Biao Yang

LEED and XPS measurements were performed by Felix Haag, Pablo Vezzoni Vicente
and Francesco Allegretti, more details regarding to the LEED and XPS results could be
found in Felix Haag’s and Pablo Vezzoni Vicente’s thesis.

DFT calculations were performed by Ari Paavo Seitsonen

Transmetalation represents an appealing strategy towards fabricating and tuning of
functional metal-organic polymers and frameworks for diverse applications. In
particular, building two-dimensional (2D) metal-organic and organometallic networks
affords versatile nanoarchitectures of potential interest for nanodevices and quantum
technology. The controlled replacement of embedded metal centers holds promise for
exploring new material varieties by serial modification and different functionalization.
Herein, we introduce a protocol for the modification of a single-layer carbon-metal
based organometallic network via transmetalation. By integrating external Cu atoms
into the alkynyl-Ag organometallic network constructed with 1,3,5-triethynylbenzene
(TEB) precursors, we successfully realized in situ its highly regular alkynyl-Cu
counterpart on the Ag(111) surface. While maintaining a similar lattice periodicity and
pore morphology as the original alkynyl-Ag sheet, the Cu-based network exhibits

increased thermal stability, guaranteeing improved robustness for practical
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Introduction

In recent years, the systematic development of 2D molecule-based materials has
become the focus of intense research owing to their unique physical and chemical
properties.!!: 112 Supramolecular self-assembly and coordination engineering with
organic molecules on surfaces represent powerful bottom-up strategies for the efficient
construction of 2D molecular materials suitable for catalysis, magnetism,

h, ' 1317 which can be for instance

semiconducting electronic devices and so fort
tailored to incorporate functional magnetic metal centers,''® such as Co,!" 2% Ho,!?!
Dy,'?? etc. A major challenge in this field is to increase the system stability by designing
2D materials via covalent on-surface synthesis. Covalent linkages are advantageous
because they can afford single-layer organic structures with delocalized electronic
conduction and excellent robustness.®” *> 123 The on-surface synthesis of 2D covalent
nano-architectures is typically performed in vacuum on atomically well-defined metal
surfaces.®® 12* 125 However, this approach commonly faces the problem of limited
extension of the ordered domains'?®!?® due to the occurrence of undesired reaction
channels and the irreversibility of the covalent bond formation in vacuum, which
prevents the healing of defects.®

Organometallic bonding, mostly involving carbon-metal linkages, due to its
generally covalent nature’® and the reversibility associated with the binding
characteristics,'” may provide a powerful strategy for engineering surface-confined
organic networks with appreciable robustness as well as impressive mesoscale
regularity.*"* ° 2D organometallic networks (OMNSs) feature functional 2D materials
with significant promise. The often higher flexibility relative to purely covalent linking,

and the reversibility during the formation process in the low-dimensional environment
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of a surface offers the possibility of self-healing of defects, potentially affording higher
order and tailored packing motifs and symmetry. Although various organometallic
networks have been constructed with selected molecular building blocks via consuming
surface adatoms provided by the substrate underneath, the success rate for their
realization is often unforeseeable and strongly substrate-dependent, limiting the general
applicability of such functional organometallic materials. In particular, it has recently
been shown that extended graphdiyne-like, alkynyl-silver-alkynyl and alkynyl-gold-
alkynyl honeycomb OMNSs can be prepared successfully by applying on-surface
synthesis strategies.?! 12132 Yet, the large spectrum of metal centers and possible
organic linkers call for the identification of efficient routes to bestow the desired variety
and versatility to the structural and electronic properties of such films.

Recently, there has been considerable interest in synthesizing, modifying, or
functionalizing metal-organic frameworks (MOFs) by transmetalation via solution
chemistry, with the aim to tailor their structures and performances for various
applications.!**!% For instance, Li. J et al. utilized transmetalation methods to for the
synthesis of an isomer MOF enhancing the catalysis performances.'*® In-vacuum
surface-adsorbed macrocycles, e.g., metalloporphyrins, have been reported to undergo
transmetalation, facilitating the creation of macrocycles and the tuning of their
properties for heterogenous catalysis.'*’** Accordingly, in the context of surface-
supported 2D OMNS, transmetalation appears as an appealing route for customizing the
structure-property relationship of such attractive 2D materials in a controlled way.
Surprisingly, this option has been rarely studied within the field of
metallosupramolecular surface networks, with the exception of a nitrogen-metal linked
2D conjugated system.'® In particular, successful post-synthetic transformation of
surface-confined 2D-OMNs with carbon-metal bonding, bearing significant prospects
for appealing 2D graphyne- or graphdiyne-like materials with interesting electronic
properties has not been reported so far.

Herein, combining a suite of surface science techniques, including scanning
tunneling microscopy (STM), low-energy electron diffraction (LEED), and X-ray
photoelectron spectroscopy (XPS), as well as density functional theory (DFT)
calculations, we address the deliberate modification of single-layer OMNs from an
alkynyl-Ag-alkynyl to an alkynyl-Cu-alkynyl linking platform via post-synthetic
transmetalation. Using a simple TEB precursor, extended organometallic honeycomb
Ag-TEB networks are first synthesized on a Ag(111) surface under ultrahigh vacuum
(UHV) conditions, by means of a previously reported gas-mediated surface reaction

protocol.?! The subsequent deposition of Cu adatoms followed by thermal annealing to
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Alkynyl-Metal-Alkynyl Linkages
appropriate temperatures triggers the transformation of Ag-TEB to Cu-TEB OMN
(Scheme 4.1). The latter 2D OMN, being not directly achievable on a Cu(111) substrate,
possesses higher thermal stability, while retaining a similar lattice periodicity and pore
symmetry as the original Ag-TEB. This finding provides a simple route to the
engineering of a larger variety of single-layer robust carbon-based nanomaterials at
well-defined conditions.
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Scheme 4.1: Schematic of the Ag-TEB OMN preparation and its transformation into
Cu-TEB OMN. Step I: Exposure to Oz at 300 K and post-annealing at 375 K. Step II:
Cu deposition at 300 K and post-annealing at 500 K.

Results and discussion
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Figure 4.1: STM topography images of (a) Ag-TEB OMN formed after dosing Oz on
TEB organic assembly on Ag(111) at 300 K and annealing at 375 K, (b) Cu clusters on
Ag-TEB OMN before post-annealing and (c) Cu-TEB OMN obtained by dosing Cu
atoms on Ag-TEB OMN and then post-annealing to 500 K, inducing transmetalation.
The surface unit cells are highlighted by blue and red frames, respectively. DFT
simulated model of Ag-TEB OMN (d) and Cu-TEB OMN (e) on a silver slab (see
method). The images in (a) and (c) were taken with tunneling parameters of 7, =-100
mV, I;= 1 nA, while the image in (b) was scanned at V', = 380 mV, /; = 300 pA. The
closed-packed crystallographic directions of the substrate are denoted as white lines in

panel (a).

- — LS

Figure 4.2: Large-area STM images of Ag-TEB OMN with 0.2 pm-size (a) and 50 nm-
size (b); the inset presents the 2D-FFT of the 50 nm x 50 nm area shown in panel (b).
Panel (c) emphasizes the glide symmetry of neighboring distorted hexagons. In panel
(d) we outline a rhombic unit cell (in yellow) similar to the Cu-TEB network of Figure
4.1c, as a comparison to the rectangle unit cell assumed in Figure 4.1a. The tunneling
parameters are V', =-500 mV, I; = 100 pA (a); V» =400 mV, I;= 1 nA (b); and V» =350
mV, I; =300 pA (c) and (d).

Modification of Ag-TEB OMN by transmetalation protocol to fabricate Cu-TEB
OMN. The self-assembly of the TEB precursor on Ag(111) was previously
characterized by Kep¢ija et al'*’. Here, we initially exposed a TEB sub-monolayer
assembly to O (600 L; 1 L= 1.33x10" mbar « sec) at 300 K, followed by annealing at
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375 K. This preparation strategy (summarized in Scheme 4.1, step 1) was successfully
used in reference?! to create a highly regular OMN with alkynyl-Ag-alkynyl linkages,
using the more extended, 1,3,5-tris(4-ethynylphenyl)benzene (referred to as Ext-TEB)
precursor.

As illustrated in Figure 4.1a, an ordered, porous Ag-TEB OMN readily evolves.
Moreover, Figure 4.2a, b show that the OMN grows into large domains extending up to
the micrometer size, similarly to Ext-TEB on Ag(111)?!. The blue frame in Figure 4.1a
outlines the 2D centered unit cell of the Ag-TEB OMN, with lattice constant measured
asa=37.6+02A, b=20.7+0.2 A and an angle of y = 90.2° + 1°. More precisely, the
Ag-TEB OMN structure displays two adjacent columns of neighboring, distorted
hexagonal motifs, corresponding to a p2gg plane group with glide symmetry (cf. Figure
4.2¢), which is also similar to Ext-TEB?!. This renders the description of the periodicity
through a quasi-rectangle unit cell more precise than using a smaller quasi-hexagonal
rhombic primitive cell (indicated in Figure 4.2d, yellow rhombus) with primitive
vectors (a =b = 21.5 A and y = 57.7°) joining the centers of adjacent (but distorted)
hexagonal pores. Moreover, the 2D fast Fourier transform (2D-FFT), inset of Figure
4.2b, of a neat large-area patch also shows rectangle-like unit cell. Panel b in Figure 4.1
characterizes the intermediate preparation step, after depositing Cu on Ag TEB OMN
at 300 K. The bright appearing clusters are identified as agglomerates of Cu atoms
adsorbed on top of the networks. After subsequently annealing this system at 500 K
(Scheme 1, step II), a regular porous network with honeycomb symmetry and no
superimposing clusters is restored, as illustrated in Figure 4.1c. The structure is similar
to the original, pristine Ag-TEB OMN, however, it features differences in several details,
whence we interpret the new network as Cu-TEB OMN formed by the establishment
of alkynyl-Cu-alkynyl linkages (vide infra). The corresponding unit cell, depicted in
Figure 4.1c, is marked by the red rhombus, whereby the lattice parameters are similar
to each other in length, a=20.1+£0.2 A, b=20.3+0.2 A, and the angle y between unit
cell vectors a and b amounts to 59.2° + 1.0°. Consequently, the pores of Cu-TEB OMN
come closer to the perfect hexagonal symmetry than Ag-TEB OMN, while exhibiting
slightly smaller pore size.

To elucidate the origin of the slight structural and morphological differences, herein,
we performed DFT calculation. Specifically, gas phase DFT optimization for unit cell
representation of the alkynyl-Ag-alkynyl and alkynyl-Cu-alkynyl linkages, which
reveals that the length of Ag-TEB is larger than for the Cu-TEB linkage, as shown in
Figure 4.3a and 4.3e. Moreover, Figure 4.1d and 4.1e depict the DFT calculated
structures for Ag-TEB and Cu-TEB OMN on Ag(111). The rectangular unit cell of Ag-
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TEB OMN in Figure 4.1d was outline in blue, and the constants of the Ag-TEB model
were a~ 37.6 A and b= 20.0 A, which were close to experimental unit cell constants a
=37.6+0.2 A,b=20.7+0.2 A. The thombic unit cell of Cu-TEB OMN in Figure 4.1e
was marked in red. The unit cell constants of the Cu-TEB model are a =b ~ 20.0 A,
which are close to experimental results (a=20.1 £ 0.2 A, b=20.3+0.2 A). While Cu-
TEB OMN can place all Cu atoms and the benzene rings at hollow sites of the Ag(111)
surface well, Ag-TEB OMN needs to be stretched along the [110] direction due to the
mismatch with the substrate. Besides, the binding energy for both OMNs were
calculated (see method), the Epinacu-1E8 omny = -6.90 eV being lower than Epindiag-TE8 0MN)
=-3.88 eV by about 3.0 eV, which in turn implies that the alkynyl-Cu-alkynyl linkage
is significantly more stable than the alkynyl-Ag-alkynyl counterpart, and thus offers a

possible driving force for the transmetalation from C-Ag-C to C-Cu-C connections,

which is elucidated detailly below.

Figure 4.3: Gas phase optimized structure for unit cell representation of Ag-TEB (a).
DFT simulated models of Ag-TEB OMN with possible hexagonal, rectangular-12 and
rectangular-13 unit cells (b) (c) (d) on the Ag(111) surface. Gas phase optimized
structure for unit cell representation of Cu-TEB (e), and DFT simulated models of Cu-
TEB OMN with possible hexagonal, rectangular-12 and rectangular-13 unit cells (f) (g)
(h) on the Ag(111) surface. In the OMN:Ss, the silver, copper, carbon and hydrogen atoms

are marked by green, orange, black and pink spheres, respectively.

Firstly, the gas phase DFT optimization for unit cell representation of the alkynyl-
Ag-alkynyl and alkynyl-Cu-alkynyl linkage reveals that the length of Ag-TEB is longer
than the Cu-TEB linkage, as shown in Figure 4.3a and 4.3¢. Secondly, we proposed and
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built calculated models as shown in Figure 4.3, with possible unit cells: hexagonal unit

cells with vectors 4 x /3 in Figure 4.3¢ and 4.3g (rectangular-12) and rectangular unit

cells with vectors 13 x /3 in Figure 4.3d and 4.3h (rectangular-13), to simulate both

networks adsorbed on the Ag(111) substrate by DFT. The rectangular-12 is in principle
the same as the hexagonal one with two unit cells of the hexagonal cell inserted into the
rectangular cell. The rectangular-13 has one more row of Ag substrate to be extended.
Additionally, the formation energy for all network modes was calculated per two
molecules and three metal atoms. The Ag atoms are coded in green and the Cu atoms
are marked in orange.

In the case of Ag-TEB OMN, Figure 4.3b-d reveal the calculated hexagonal,
rectangular-12 and rectangular-13 models for Ag-TEB OMN with Epindag/mexagonal) = -
3.66 €V, Epindagirectanguiar-12) = -3.69 €V, and Epind(ag/rectanguiar-13) = -3.88 €V, which implies
rectangular-13 model the lower energy for Ag-TEB OMN and therein the most stable
structure as shown in Figure 4.3d. Additionally, as shown in the hexagonal (Figure 4.3b)
and the rectangle-12 (Figure 4.3c) structure, the Ag-TEB is fully distorted and doesn't
match our experimental topology images. Moreover, the lattice constants for Ag-TEB
rectangular-13 model are a= 37.6 A and b = 20.0 A, which are also reasonably close to
the average experimental results (a=37.6 £ 0.2 A; b=20.7+0.2 A).

In the case of the Cu-TEB OMN model, the hexagonal, rectangular-12 and
rectangular-13 models are presented in Figure 4.3f-h, respectively. The corresponding
Ebindicunexagona) = -6.90 €V, Epina(Cusrectangutar-12) = -6.91 €V and Epinda(cusrectanguiar-13) = -6.68
eV are found, which implies Figure 4.3f to be the most stable structure for Cu-TEB
OMN. As we discussed before, hexagonal and rectangle-12 model are in principle
similar, hence the formation energy for both are close, while also implies no distortions
and nice matching between Cu-TEB OMN and Ag(111) substrate. The lattice constants
for hexagonal one of Cu-TEB (Figure 4.3f-g) are a=b = 20.0 A, which are close to the
average experimental results (a=20.1 £0.2 A, b=20.3+0.2 A).

Comparing the rectangular-13 structure of Ag-TEB with the hexagonal one and
rectangular-12 ones of Cu-TEB OMN, all the Cu atoms can be located at the hollow
position (we show the case of hcp hollow sites for hexagonal one in Figure 4.3f, but fcc
hollow sites for rectangular-12 in Figure 4.3g). Moreover, the benzene ring centers also
seat at hollow positions. This reveals an excellent matching between the Cu-TEB OMN
and the Ag(111) substrate. However, in the case of the Ag-TEB OMN (cf. Figure 4.3g)
one cannot place all metal atoms at the same substrate sites in an extended ordered
hexagonal network. The simulated model thus gives proof of a mismatch between the
Ag-TEB OMN and the Ag(111) substrate, which causes some distortion in the network,
and leads to the rectangular unit cell rather than the rhombic counterpart of the
hexagonal structure. Besides, the alkynyl-Ag-alkynyl structure is flexible as described
in previous study.?"> 7> 140 Therefore, the Ag-TEB OMN may be distorted due to this
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mismatch, whereas the Cu-TEB tends remain hexagonal.

In the following, we proceed to explain the principle driving force inside of the
transmetalation on the surface focusing formation energy for the alkynyl-M-alkynyl
structures. The DFT calculated formation energy for Ag-TEB and Cu-TEB OMN was
apparently different. Evindigpectanguiar-13 = -3.88 eV for Ag-TEB OMN, and
Ebindcunexagonay = -6.90 eV for Cu-TEB OMN. Thus, one can clearly see that the
formation energy for alkynyl-Cu-alkynyl is lower than for alkynyl-Ag-alkynyl by 3.0
eV, which emphasizes that alkynyl-Cu-alkynyl is significantly more stable than
alkynyl-Ag-alkynyl linkage.

Figure 4.4: High-resolution STM images of (a) Ag-TEB and (b) Cu-TEB OMN with
constant current scanning mode. Scanning parameter for (a) and (b): V,=-10 mV, ;=
1 nA. Zoom-in STM images of a single pore of Ag-TEB (c) and Cu-TEB OMN (d)

recorded at constant height scanning mode at V,= 10 mV.

Figure 4.5: Large-area STM images of Cu-TEB OMN with 0.2 um-size (a) and 50 nm-size (b).
The tunneling parameters are Vi, = -1 V, I;= 300 pA (a); Vb = 380 mV, I, = 100 pA (b).

Notably, in Figure 4.1c the midpoints on each side of the hexagonal outline,
identified as embedded metal adatoms, display different contrast with respect to the
surroundings as compared to Figure 4.1a. Ag atoms appear distinctly brighter than Cu
at the same scanning bias. Figure 4.4a, b presents high resolution STM images of the
Ag-TEB and Cu-TEB OMN, respectively. As observed, with the same scanning
parameters, on the edges of the honeycomb pore in Ag-TEB OMN, three bright dots
are visible. The dots located at the two ends of an edge (thus at the hexagon's corners)
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are attributed to the benzene rings of each TEB molecule, whereas midpoint dots are
identified as the Ag atoms. As for the Cu-TEB OMN, instead, the central dot of each
single hexagon side is much dimmer than the adjacent benzene rings. These same
appearances are revealed in close-up constant-height STM images of the single pore
(Figure 4.4c, d). Accordingly, comparing the lattice parameters as well as the general
appearance of both OMNs before and after Cu addition, a smooth transformation from
Ag-TEB to Cu-TEB OMN is inferred. As shown in Figure 4.5, the presence of large-
area domains characteristic for Ag-TEB OMNs is retained upon transmetalation.
Furthermore, excess Cu atoms gathered and grew into small Cu islands (Figure 4.5a)
due to increased diffusion in the annealing process, promoting the organization into a
neat OMN at 500 K.

Ag-TEB OMN

Cu-TEB OMN

Figure 4.6: LEED patterns for Ag-TEB OMN (a) and Cu-TEB OMN formed after Cu
deposition on deprotonated TEB and annealing at 500 K (b); the zero- and first-order
diffraction spots are encircled in red and the < 112 >direction of real-space are marked
by red lines. The insets show the magnification of partial pattern spots circled by the
black dashed lines. The LEED patterns were acquired at a primary electron energy of
30 eV.

Additional LEED measurements were performed to characterize the long-range
order and superstructure periodicity on the surface preparations to further substantiate
the transition from Ag-TEB to Cu-TEB OMN:Ss. Figure 4.6 depicts the experimental
LEED pattern acquired at 90 K for the pristine Ag-TEB OMN corresponding to the
structure shown in Figure 4.1a. The LEED pattern in Figure 4.6b reflects the structure
obtained after Cu deposition and annealing to 500 K. The spots highlighted by blue
circles appear equally sharp for both OMNs, moreover, in the immediate vicinity of the
zero-order spot they outline a hexagon, in agreement with the quasi-hexagonal porous

networks of Figure 4.1a, c. However, the spots marked by white circles in Figure 4.6b
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emphasize single spots which split into three distinct reflexes in the Ag-TEB OMN
(Figure 4.6a), regardless of the primary electron energy (cf. Figure 4.7 and Figure 4.8),
which can also be observed clearly from the magnification of partial patterns. These
characteristic triplets from hexagonal symmetry denote multiple domains with slight
distortion present in the Ag-TEB OMN, in agreement with the glide symmetry relation
for adjacent distorted hexagonal columns, which is absent for the Cu-TEB OMN. The
subtle change in lattice periodicity is thus reflected in a clear difference of LEED
characteristics for the two distinct OMNs, as evidenced in Figure 4.6 and further
summarized in Figure 4.9 and Figure 4.10. Besides, the LEED patterns of the two
OMNEs after annealing at the same temperature of 450 K are reported in Figure 4.11.
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Figure 4.7: LEED patterns of Ag-TEB OMN acquired at 90 K with primary electron
energy of 15 eV (a), 20 eV (b), 35 eV (c) and 40 eV (d).

Specifically, herein we propose an superstructure matrix (143 g) for the Ag-TEB

OMN periodicity according to models’ parameters from Figure 4.3, as shown in Figure
4.9a, whose reciprocal-space pattern was simulated via the LEEDpat simulator software
(https://www.thi.mpg.de/958975/LEEDpat4). The real-space structure encompasses
three inequivalent symmetry domains and the resulting reciprocal-space pattern
matches well the experimental LEED pattern of Ag-TEB OMN (Figure 4.6a and Figure
4.7) with characteristic triplet motifs. Additionally, this matrix is consistent with the
rectangle unit cell in Figure 4.1a and Figure 4.9c witha =37.6 £ 02 A, b=20.7 A +
0.2 A, y~90.2 + 1°. The agreements emphasize the reasonability of the Ag-TEB OMN
model shown in Figure 4.3. Conversely, the LEED pattern of Cu-TEB OMN shown in
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Figure 4.9b can be assigned to the superstructure matrix (_8

4 3 ), corresponding to

a well-defined (4\/§ X 4\/§) R30° periodicity relative to the underlying substrate. This

assignment is in excellent agreement with the rhombus primitive cell of Figure 4.9d for
Cu-TEB OMN with lattice parameters a =20.1 £ 0.2 A, b =203+ 02 A, y~59.2°+
1.0° and is corroborated by the absence of spot splitting in the LEED patterns of the
Cu-TEB OMN at different primary electron energies (cf. Figure 4.8).

¥ 35 oV

40 eV

Figure 4.8: LEED patterns of Cu-TEB OMN acquired at 90 K with primary electron
energy of 15 eV (a), 20 eV (b), 35 eV (c) and 40 eV (d).

a l b l
Ag-TEB OMN Cu-TEB OMN
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Figure 4.9: (a) Simulated LEED pattern for a real-space superstructure matrix (143 g)

of Ag-TEB OMN. (b) Simulated LEED pattern corresponding to the real-space

. 8 -4
superstructure matrix | 4 8

with the unit cell marked in blue. (d) STM image of Cu-TEB OMN with red-marked

rhombic primitive cell. Tunneling parameters for (¢) and (d) are Vy = 100 mV, [ =1 nA.

) for Cu-TEB OMN. (¢) STM image of Ag-TEB OMN,

a b
- » »
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Figure 4.10: As-recorded LEED patterns extracted from Figure 4.6 without any
overlapping drawing. (a) Ag-TEB OMN and (b) Cu-TEB OMN with the same primary
electron energy of 30 eV. The disappearance of the triple (split) diffraction spots going

from a to b is evident.
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Figure 4.11: LEED patterns for (a) Ag-TEB OMN and (b) Cu-TEB OMN after
annealing at 450 K, both taken with the same primary electron energy of 35 eV.

The LEED pattern for Ag-TEB at 450 K is shown in Figure 4.11a, which maintains
the same pattern as Ag-TEB at 375 K (cf. Figure 4.6a and Figure 4.10a). The ordered
LEED pattern for Ag-TEB could not be obtained at 500 K, since the network
decomposed at such temperature. However, the LEED pattern for Cu deposition on Ag-
TEB followed by annealing at 450 K is compared in Figure 4.11b, which shows the
same lattice periodicity as Cu-TEB OMN at 500 K (cf. Figure 4.6b and Figure 4.10b).

The disappearance of triple dot motifs indicative of transmetalation from Ag-TEB to
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Cu-TEB can still be recognized clearly.

Chemical insight supporting the transmetalation was obtained by XPS. Figure 4.12
depicts the Cu 2p3/2 core-level spectrum of the Cu-TEB OMN (top), recorded after
annealing at 500 K, which is compared to the spectrum of metallic copper upon Cu
deposition onto pristine Ag(111) (bottom). These spectra reveal that the Cu 2p3/2 peak
position undergoes a binding energy shift of 0.5 eV, attributed to the organometallic
linkages expressed. In addition, a weak component attributed to residual metallic Cu
(unreacted) is found after peak fitting (cf. Figure 4.13a). For reference, note that the
Cu 2p3/2 binding energy position does not change for Cu deposited on pristine Ag(111)
after annealing at 450 K and 500 K (cf. Figure 4.13b). This advocates the conclusion
that the chemical state of deposited Cu atoms has changed due to the interaction with
TEB molecules, leading to alkynyl-Cu-alkynyl linkages, and not simply due to the

thermal evolution of the Cu atomic environment on Ag(111).

Cu-TEBOMN /£

Intensity (a.u.)

Cu on bare Ag(111)

R e
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Figure 4.12: XPS measurements of the Cu 2p3/2 core level for the Cu-TEB OMN after

annealing at 500 K (top) and for Cu deposited onto pristine Ag(111) at 300 K

(bottom).The experimental data are shown as dots, the black and green lines denote

fitted curves, and the dashed blue lines represent the secondary electron background.

The chemical shift of 0.5 eV upon Cu incorporation into the OMN is highlighted by the

vertical lines.

Furthermore, we also assessed for comparison an alternative method to form the
Cu-TEB OMN without the initial preparation of the Ag-TEB OMN (see Figure 4.14).
Pristine TEB molecules self-assembled on Ag(111) were exposed to O, gas at an

amount of 600 L at 200 K, forming deprotonated TEB. Subsequently, an appropriate
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amount of Cu atoms was dispersed onto the deprotonated TEB self-assembly at 200 K,
followed by stepwise annealing up to a final temperature of 450 K. In the real-space
STM images of Figure 4.14 the three subsequent stages of this preparation protocol
used to form a Cu-TEB OMN are shown. The final structure of panel ¢ matches the Cu-
TEB OMN obtained through transmetalation. Strikingly, a smaller yield of Cu-TEB
OMN occurred compared to Figure 4.1c, which observations signal that the
transmetalation approach (using the protocol shown in Scheme 4.1) is more effective
and flexible.

AL LIS

Cu-TEB OMN

Intensity (a.u.)
Intensity (a.u.)
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Binding Energy(eV) Binding Energy (eV)

Figure 4.13: (a) Peak fit for the XP spectrum of the Cu 2p3. core level of the Cu-TEB
OMN after annealing at 500 K. (b) Cu 2ps3» XP spectra and fitting analysis for Cu
deposited onto the pristine Ag(111) surface after annealing at 300 K (bottom), 450 K
(middle) and 500 K (top), respectively.

Figure 4.14: STM images of (a) deprotonated TEB self-assembly, and of Cu addition
onto deprotonated TEB self-assembly at 200 K (b) before and (¢) after annealing at 450
K. In (b) Cu clusters are pointed out by yellow arrows. Tunneling parameters: (a) V5=
-100 mV, ;=1 nA; (b) V»=-100 mV, /=300 pA; and (c) V,= 100 mV, /=1 nA.

55



4. Transmetalation in Surface-Confined Single-Layer Organometallic Networks with
Alkynyl-Metal-Alkynyl Linkages
A

a CuTEB s-TEB Experimental maps Cu-TEB
0.4 ﬁiz;\a;;iment
. Ag-TEB
2 —O— Experiment &
c A7
3
s | & 8§ R Qg | RN
S R Yt e L
L
©
=
o
8
Ag-TEB EPWE Potential landscapes Cu-TEB

-0.2 0.0 0.2 0.4 0.6 0.8

h E'Er(eY)
0.8
—_— n=
?‘.)’04— EEI n=1
“ 0.0
] . M=~0.17 A1
P La" o1 — 7 — T
: Ag-TEB n=1 EPWE maps Cu-TEB n=1
0.8 :
i E I & n: -
2 04 £
: - . »
“ 0.0- 3 &
i ' M ~0.1841
oalCuTER AR
0.0 0.1 0.2 0.3 ' ‘

k| (&%)

Figure 4.15: Surface state confinement in Ag-TEB and Cu-TEB OMN:Ss. Panel (a)
compares the calculated LDOS from EPWE (electron plane wave expansion)
simulations with the experimental dI/dV spectra. (b) and (c¢) present the dI/dV mapping
of Ag-TEB and Cu-TEB OMN at 360 mV and 380 mV, respectively. The tip positions
for STS spectra are marked by blue and red dots in (b) and (¢). EPWE simulation
potential geometry for Ag-TEB (d) and Cu-TEB OMN (e). LDOS maps of (f) Ag-TEB
OMN at 360 mV and (g) Cu-TEB OMN at 380 mV. (h) EPWE surface state band
structure (blue and red) and photoemission spectral weight of Ag-TEB and Cu-TEB
OMN. Panel (b) was scanned at V', = 360 mV, and (c) at V', =380 mV.

Confinement of electronic surface states in Ag-TEB and Cu-TEB OMNs. Adsorbed
nanoporous networks are known to mediate quantum confinement phenomena, notably

with surface state electrons at fcc(111) coinage metal surfaces. Since these electrons are
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sensitive to the pore size and shape, we study their confinement to get further insights
into the electronic characteristics of the two systems. Scanning tunneling spectra (STS)
were measured at the pore centers of both networks with biases between -200 and 800
mV. These results are depicted in Figure 4.15a, which presents the respective
experimental dI/dV conductance curves for Ag-TEB (blue data) and Cu-TEB (red data).
For the Ag-TEB OMN one discerns a peak centered at about 362 mV reflecting a
resonance at the pore center, while for the Cu-TEB OMN, the maximum is distinctly
blue-shifted to 386 mV, i.e. by more than 20 mV (see Figure 4.16 for long-range STS
spectra from -1.0 V to 1.5 V). Moreover, constant-height dI/dV maps at 360 mV and
380 mV offer distinctly identifiable confinement states in the pores of Ag-TEB and Cu-
TEB OMN:Ss, respectively, as shown in Figure 4.15b, ¢ (the original, constant-height

STM topographic images are shown for reference in Figure 4.17a, b).
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Figure 4.16: Long-range dI/dV spectra from -1.0 Vto 1.5V of the Ag-TEB (blue curve)
and Cu-TEB (red curve) OMN at the pore centers.

To better understand the origin of the electronic differences, we focus on the slightly
different pore sizes upon transmetalation. Accordingly, semi-empirical electron plane
wave expansion (EPWE) simulations of both OMNSs are utilized to unravel the origin
of the observed blue shift. The potential landscapes for EPWE modeling were
constructed according to the topographic images and are shown in Figure 4.15d, e. The
red regions stand for the Ag(111) substrate with zero potential and the blue areas
correspond to potential barriers (V) set at the position of the metal-organic backbone in
Ag-TEB (Figure 4.15d) and Cu-TEB OMN (Figure 4.15¢). The barrier width at the

sides of the honeycomb OMN is fixed to 5.0 A, which is estimated from experimental
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high-resolution STM images, and the OMNs structure are considered to exert a
repulsive potential to surface electrons. We define the surface state reference Eer = -
0.058 eV, V = 0.6 eV and the effective mass meff = 0.39 me, as the calculation
parameters.'*! For the sake of simplicity, the simulation method neglects the
contribution originating from the two different kinds of metal atoms, keeping the focus
on the size and deformation of the two pores. As a result, the calculated local density of
states (LDOS) spectral features agree well with the experimental dI/dV curves, where
the experimental shift is well reproduced by the EPWE simulations, as proven in the

bottom of Figure 4.15a. Meanwhile, Figure 4.15f, g provide the calculated LDOS maps
with corresponding energy at 360 mV for Ag-TEB OMN, and 380 mV for Cu-TEB
OMN, which are in good agreement with Figure 4.15b, ¢, respectively.
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Figure 4.17: Constant-height STM images of (a) Ag-TEB OMN at the bias V) =
360 mV and (b) Cu-TEB OMN at the bias V;, = 380 mV, corresponding to Figure 4.15b
and 4.15¢ of the main manuscript, respectively. Theory LDOS map for Ag-TEB at 660
mV (c), and for Cu-TEB OMN at 680 mV (d). Panel (e) and (g) depict STS line spectra
across the pore centers of Ag-TEB and Cu-TEB OMN along the white dash line marked
in Figure 4.15b and c. Then simulated LDOS line spectra for Ag-TEB and Cu-TEB
OMN are presented in panel (f) and (h), respectively.

In addition, according to the calculation by EPWE, we obtained the surface state
band structures of Ag-TEB OMN and Cu-TEB OMN as indicated in Figure 4.15h. The
band structures consist of two main bands separated by an energy gap for the two types
of OMNSs. The additional bands for Ag-TEB originate from the conventional centered

rectangular unit cell enclosing two pores, but they carry no spectral weight as
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demonstrated from the simulated photoemission intensity.'**"'4 Therefore, consistent
with LEED observation, the photoemission spectral weight follows a quasi-hexagonal
lattice with slightly different M’ and M-point for Ag-TEB and Cu-TEB. The low energy
bands (n = 1) correspond to a bound state with some coupling corresponding to 360 mV
and 380 mV, while the bands above the energy gap (n = 2), represent the scattering state
above the barrier energy corresponding to 660 mV and 680 mV respectively. The EPWE
simulation LDOS map at 660 eV for Ag-TEB OMN and 680 eV for Cu-TEB OMN are
shown in Figure 4.17¢, d, respectively, revealing weak donut-like shapes typical for n
= 2 states.

In order to gain more detailed electronic information on the pores, line STS were
acquired across the pores along a line through the pore center crossing two metal atoms
(white dashed lines drawn in Figure 4.15b, c). From the STS color-coded contour plots,
as shown in Figure 4.17e, g, the strong central maxima located at 362 mV and 386 mV
are observed, whereby EPWE simulations for Ag-TEB and Cu-TEB OMN (cf. Figure
4.17f, h) agree well with the experimental results. Therefore the STS peak shift of the
confined state further supports the formation of a Cu-TEB OMN from the original Ag-
TEB OMN.
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Figure 4.18: Bias-dependent STM images for Cu-TEB OMN at /,= 300 pA.

The bias-dependent STM images of both OMNSs are also compared in Figure 4.18
and Figure 4.19. TEB benzene ring parts located at the vertex of both OMNs and Ag
atoms at midpoint of pores sides are imaged as bright protrusions, with brightness
varying with the bias voltage changes. However, Cu metal atoms were imaged darker
than benzene rings. In both OMNSs, the n = 1 confined surface state of substrate in the

pores can be apparently imaged at 0.5 V which is consistent with the dI/dV curves.
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Figure 4.19: Bias-dependent STM images for Ag-TEB OMN at /;= 1 nA.

Thermal stability and induction of alkynyl-alkynyl homocoupling. Besides the
electronic differences, the Cu-TEB OMN exhibits a distinctly higher thermal stability
than the Ag-TEB counterpart. Figure 4.20a shows that the Ag-TEB OMN decomposes
after annealing at or below 500 K. Conversely, the Cu-TEB OMN is preserved intact
even after annealing at 600 K, as demonstrated in Figure 4.20b. This enhanced stability
further corroborates the successful transformation from the Ag-TEB OMN to the
distinctly more robust Cu-TEB OMN. Based on the higher stability of Cu-TEB network,
the possible covalent homocoupling of alkynyl groups can be explored by further
thermal treatment. This may open a potential route to the engineering of single-layer
graphdiyne materials under controlled conditions, since the debate of
(non-)dehydrogenative alkyne coupling scenario on noble metal surfaces signals
potential difficulties when targeting alkynyl-alkynyl connections obtained from
terminal alkynes.

a Ag

Figure 4.20: (a) STM images for the structure of Ag-TEB OMN emerging after
annealing at 500 K and for (b) Cu-TEB OMN after annealing at 600 K. Tunneling
parameters are V,=-100 mV, I;= 500 pA in (a) and V= -100 mV, 7;= 200 pA in (b).
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Indeed, upon annealing the Cu-TEB network up to 500 K, the STM image of Figure
4.21a shows that some edges of hexagonal pores in the Cu-TEB OMN (inside the
dashed yellow region) are occasionally imaged brighter than others. The zoom-in STM
image of Figure 4.21b acquired coincidentally with a special tip reveals the missing
central bright dot at lower bias (indicated by arrows), at variance with the typical
appearance of the alkynyl-Cu-alkynyl bridges. This structure is associated with alkynyl-
alkynyl homocoupling schematically depicted in Figure 4.21c, where the DFT
optimized model of alkynyl-Cu-alkynyl linkage and the alkynyl-alkynyl coupling
structure in the gas phase are compared. As the length of the former is 11.81 A and that
of the latter 9.43 A, the alkynyl-alkynyl distance is shortened by 2.38 A. As indicated
in Figure 4.21d, also in the STM data the length of the two structures across their line
profile (dashed red and black lines) differs. Referring to the maxima, the red (11.9 £
0.3 A) is about 2.6 A longer than the black connection (9.3 + 0.5 A), signaling a
modified bonding motif, tentatively assigned to alkynyl homocoupling.
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Figure 4.21: (a) Large-area and (b) zoom-in STM images of a Cu-TEB OMN with
alkynyl-alkynyl coupling structures, scanned at /', = 100 mV, I; = 100 pA (a) and Vs =
10 mV, ;=100 pA (b), respectively. (¢c) DFT Optimized model of alkynyl-alkynyl (top)
and alkynyl-Cu-alkynyl (bottom) coupling of TEB dimers in the gas phase. (d)

o
o

Experimental profiles measured along alkynyl-alkynyl (black) and alkynyl-Cu-alkynyl
coupling (red) direction.
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Figure 4.22: STM images of Cu-TEB OMN (a) after annealing at 500 K for 1 h and (b)
at 600 K for 10 mins. (c) Large-area and (d) zoom-in STM images of Cu-TEB OMN
containing alkynyl-alkynyl coupling linkages. (a) (c) and (d) were scanned at V', = 380
mV and 7;= 300 pA, (b) was scanned at ;=370 mV and /,= 200 pA.

-

Figure 4.23: Bias-dependent STM images of alkynyl coupling structures at /;= 300
pA. The alkynyl-alkynyl linkage has different appearances and contrast with respect to
the alkynyl-Cu-alkynyl linkage at 1 V bias, but turns to equal brightness after rising the
bias to 2 V.

The increased thermal stability of the Cu-TEB OMN:Ss facilitates the initiation of the
alkynyl-alkynyl homocoupling at elevated conditions. However, either extending the
annealing time to 1 hour at 500 K or increasing the annealing temperature to 600 K
(Figure 4.22a-b) does not yet promote the large structure of diacetylene linkages.
Moreover, the network started decomposing with long annealing time or higher

annealing temperature. One promising strategy might be the introduction of gas
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atmosphere as reducing agents during thermal treatment. Figure 4.22c¢ reports a larger-
area image where more bright segments attributed to alkynyl-alkynyl coupling
appeared after annealing at 500 K in ammonia atmosphere. The latter was used
deliberately as a reducing agent. In Figure 4.22d, even hexagons with two modified
linkages could be observed, i.e. without the typical protrusions encountered for alkynyl-
Cu-alkynyl linkages. Bias-dependent images for the structure of Figure 4.22d are shown
in Figure 4.23, the alkynyl coupling part being resolved as a bright rod, while other
hexagonal sides were “normal” when imaged at voltages below 1.0 V. In contrast, the
alkynyl coupling segment splits into two protrusions which are located at the benzene
positions, and coupling bond sites turn dark for bias above 2.0 V. Thus, the successful
occurrence of alkynyl-alkynyl homocoupling is likely, in marked contrast to the case
of the Ag-TEB OMN for which disruption of the network prevails at elevated
temperatures over the covalent homocoupling (cf. Figure 4.20a). Thus the OMN
transmetalation bears promise as viable approach towards obtaining in a multi-step
reaction scheme regular all-carbon graphdiyne networks on surfaces. Nevertheless,
there may be deeper factors deserving further systematic investigation in order to
explore a rationale regarding transmetalation protocols for surface-confined
organometallic networks, such as the accessible oxidation states of the metal atoms, the
diverse ability of multifold coordination in the preexisting structural motif as well as

different carbon-metal interaction strengths (cf. Figure 4.24).
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Figure 4.24: Top line: LEED patterns for Ag-TEB OMN (a), Bi on Ag-TEB OMN at
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300 K (b) and followed by annealing at 350 K (c), acquired at 90 K with primary

electron energy of 30 eV. Bottom line: LEED patterns for Ext-TEB OMN (d), Ni

deposition on Ext-TEB OMN at 300 K (e) and followed by annealing at 400 K (f),

acquired at 90 K with primary electron energy of 15 eV.

We also tried Bi to replace Ag in the Ag-TEB system by LEED. As shown in Figure
4.24a, b and c, the addition of Bi still maintains rotational domains leading to some dot
triplets reminiscent of the Ag-TEB OMN pattern, but new features indicative of a
weaker, new ordered periodic structure appeared, suggesting that Bi may modify the
Ag-TEB network. However, the LEED pattern turned into much weaker after annealing
at 350 K, proving lower as well as weaker structural order than the Ag-TEB OMN.
Therefore, it is unlikely that Bi simply replaces Ag in the networks. Additionally, in the
system of Ni combined with the Ext-TEB molecule (which also has terminal alkynyl
groups), LEED measurements did not support the successful replacement of Ag with
Ni atoms. Figure 4.24d-f shows the LEED pattern of the Ext-TEB network and its
structure worsening upon Ni deposition. in particular, the long-range order is totally
disrupted following followed annealing at 400 K (cf. Figure 4.24f). Thus, these metals
could not demonstrate their ability to replace Ag in the pre-existing organometallic
system, but instead the observed findings suggest that there may be deeper factors

deserving further investigation.
Conclusion

We have explored the modification of a surface-confined single-layer OMN by
transmetalation, specifically generating from an alkynyl-Ag-alkynyl to an alkynyl-Cu-
alkynyl linking platform via post-synthetic reaction. Specifically, the deposition of Cu
adatoms on extended organometallic honeycomb Ag-TEB networks followed by
thermal annealing to appropriate temperature induces the distinct transformation of Ag-
TEB into Cu-TEB OMN. The latter structure is proven to possess higher thermal
stability, while maintaining a similar lattice periodicity and pore symmetry as the Ag-
TEB OMN. Our work demonstrates an effective strategy to systematically prepare
OMN: s incorporating selected metal species and providing increased thermal stability,

maintaining higher robustness for prospective applications.
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5. On-Surface Synthesis and Modification of
Dinuclear Organometallic Networks
Combining Transmetalation Strategy

Engineering organometallic networks (OMNSs) is promising in view of their potential
applications in catalysis, optoelectronic devices, etc. Dinuclear metal complexes have
multifunctional properties with their tunable structure and, hence, various applications
in the field of OLEDs, chemosensors, and smart materials. The relatively complex
structure makes it challenging to form thin films for advanced devices application.
Therefore, on-surface synthesis of dinuclear organometallic networks serves as a
powerful strategy to directly obtain the thin functional layers. Herein, with a designed
bi-component precursor and Oz-mediated treatment, we manage to construct ordered
Ag-Ag dinuclear OMNSs containing C-Ag-N bridging linkers. Moreover, it is feasible

to tune the electronic property and thermal stability by replacing the dinuclear metal

centers via post metal-exchange method, affording C-Cu-N linkages.

g

. h Annealing
. Room 425K
. temperature (low coverage)
a - |
C-Ag-N C-Cu-N

Introduction

Two-dimensional molecule-based frameworks, renowned for their tunable physical
and chemical properties, have garnered significant attention over the past two decades
owing to their broad applications in scientific and technological domains.!*1%” The
advancement of on-surface synthesis techniques, coupled with the development of
advanced surface-sensitive characterization tools, has enabled precise fabrication of
single-layer molecule-based frameworks (SMFs), such as MOFs and OMNSs, at the
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molecular level.'?% 48199 Metal nodes, serving as pivotal structural components, play a
crucial role in determining and modulating the functionality of SMFs. To date, a wide

150-152 153-155

range of metallic elements, encompassing transition metals, alkali metals,

18,156, 157 have been successfully integrated into SMFs

and lanthanide metals,
architectures across diverse substrate platforms. Notably, embedding metal clusters
(rather than single atoms) into SMFs often enhances functionality and broadens
potential applications, especially in catalysis and magnetism areas, due to magnetic and
electronic interaction between metal atoms within immediate reach and multiple active
siteg, 156 158-161
However, conventional multinuclear single-layer MOFs primarily depend on
coordination bonding between metal centers and organic linkers, which are inherently
constrained by their relatively weak interaction strength and compromised structural
stability. In contrast, OMNs constructed through organometallic bonds, which involve
the direct sharing of unpaired electrons between unsaturated carbons and metal atoms,
exhibit enhanced structural stability while having self-correction capabilities.!®- 2% 162
This underscores the significant potential of multinuclear OMNs as a versatile and
robust platform for developing advanced functional materials with tailored properties.
The transmetalation strategy has emerged as a powerful approach for in-situ
modification and functionalization of 2D-MOFs, particularly in conventional
coordination chemistry, offering effective means to tune properties and enhance
performance.'3% 135163 Recently, this methodology has gained significant attention as a
promising route for precisely tailoring structure-property relationships in surface-
supported macrocycle construction and modification.!3% 138 139164 Notably, successful
implementation of transmetalation in single-layer MOF systems has been demonstrated.
For instance, Wang et al. achieved the synthesis of a 2D conjugated complex using
nitrogen-chromium linkages through the substitution of nickel with chromium in a
nitrogen-nickel framework.'"® In our previous work, we utilized transmetallation
strategy to transform the carbon-silver structure connected organometallic system with
extrinsic Cu atoms into carbon-copper OMNs.”® Despite these advancements, the in-
situ simultaneous modification of metal atom pairs in multinuclear OMNSs remains
unexplored, representing a significant gap in the field. Additionally, heterogeneous
linkage structure in OMNSs is proposed endowing the supramolecular architecture
outstanding performance for potential application in catalysis and optoelectronics, due
to that the heterogenous nodes may induced dipolar and spin polarization originating
from dissymmetric electron distribution on metal centers.!6% 165-167

In this regards, combined with scanning tunneling microscopy (STM), scanning

66



5. On-Surface Synthesis and Modification of Dinuclear Organometallic Networks
Combining Transmetalation Strategy

tunneling spectroscopy (STS) and support by density functional theory (DFT), we
employed a designed unimolecular precursor 4'-ethynyl-[1,1'-biphenyl]-4-amine
(EABP) terminated with amino and alkynyl groups, enabling the formation of carbon-
silver-nitrogen (C-Ag-N) and argentophilic interactions between Ag-Ag pairs linked
dinuclear OMN on Ag(111) after O treatment. Subsequently, we successfully substitute
Ag with Cu atoms by depositing extrinsic Cu atoms on the EABP-Ag OMN sample at
room temperature while preserving similar periodicity. The electronic properties of
obtained OMNs were characterized by STS, showing surface state confinement feature
peaks located at different position. Intriguingly, after further annealing at 425 K, the
EABP-Cu OMN transferred into chiral organometallic rings (OMRs) when the
molecule coverage is low. This work paves the way for diversifying the design and

applications of multinuclear organometallic supramaterials.

Results and discussion
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Figure 5.1: STM images for self-assembly configuration of EABP 2D-chiral trimer (a),
tetramer 1(b) and tetramer 2 (¢) on the Ag(111) surface. Corresponding DFT-optimized
structures by DFT modeling are shown in (d), (e), and (f). Scanning parameters: Vj = -
60 mV, I; = 50 pA for (a); V', =-100 mV, I; = 20 pA for (b) and (c).
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Figure 5.2: STM images of EABP Tri’ (a), Te2’ (b) and Te 2’ (c), which are mirror-
symmetry to structure in Figure 5.1a, b and c, respectively. (d) and (e) present large-
area STM images for EABP self-assembly structure on Ag(111) surface. Scanning
parameters: V, =-70 mV, I, = 50 pA for (a); V»=-100 mV, I; =20 pA for (b) and (c); V»
=-300 mV, /;= 20 pA for (d); V', =-100 mV, /;= 20 pA for (e).

Initially, EABP molecules are deposited on Ag(111) held at ambient temperature.
As shown in Figure 5.1a,b and c, trimer (Tri), tetramer 1 (Tel) and tetramer 2 (Te2)
self-assembly structure of EABP molecules were formed through the C-H:-'m
interaction between alkynyl groups.'*’ 1® However, no intermolecular communication
was observed between amino groups under these low-coverage conditions, which is
consistent with previous experimental findings.”* Moreover, all types of multimer self-
assembly exhibit chirality, despite the linear precursor EABP being achiral. The
corresponding structures of Tri, Tel and Te2 with mirror symmetry are illustrated in
Figure 5.2a, b, and c, respectively. The supplementary large-area images for EABP
behavior on Ag(111) are presented in Figure 5.2d and e, in which several dispersed
absorbed sole molecules are also observed. Intriguingly, the adsorption direction of the
sole molecules has a 30° offset to the close-packed direction of the Ag(111) substrate
(as indicated by the crystal direction mark in Figure 5.1a). Thus, the possible
configurations for single molecule adsorbed on the Ag(111) surface was modeled by
DFT calculation, which suggested the most stable geometry features the benzene rings
preferentially occupying hollow positions, while the amino and alkynyl groups are
located at the top of substrate Ag atoms (cf. Figure 5.3). For all multimeric structure

(encompassing both chiral configurations), the spiral arms also exhibiting a 30°
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orientation offset relative to the close-packed direction of the Ag(111) substrate were
contributed by single EABP molecules. Based on this, self-assembly structures were
optimized by DFT calculation (see Figure 5.1d, e and f), which is in good agreement

with the experimental results.
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Figure 5.3: DFT-optimized geometry for single EABP molecule adsorbed on the
Ag(111) surface, including its corresponding adsorption energy.

The Oz-mediated strategy serves as an effective and facile approach to facilitate
dehydrogenation reactions to both alkynyl and amino functional groups, enabling the
formation of well-defined organometallic molecular architectures on the Ag(111)
surface, based on previous study.?!*’® Herein, we directly exposed EABP self-assembly
sample to Oz atmosphere (60 L; 1L=1.33x 10 mbar-s) on Ag(111) held at room
temperature. Figure 5.4a depicts the topography of obtained fishnet-like EABP-Ag
OMN after O, treatment, while the corresponding large-area STM images illustrate
three orientations reflecting the inherent symmetry of (111) substrate (cf. Figure 5.5).
The network features parallelogram-shaped pores, each delineated by four EABP
molecules interconnected through C-Ag-N linkages, as shown in Figure 5.4a. To
analyze the structure of the fishnet-like OMNs, we recognize that the EABP-Ag OMN
composed of EABP-Ag OMCs, as marked by black polyline in Figuer 5.4a. Moreover,
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Figure 5.6 recorded a single OMC between two OMN phase providing the intuitive

presentation of the EABP-Ag OMC.
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Figure 5.4: Structural characterization of EABP-Ag and EABP-Cu OMN:S. (a) High-
resolution STM topographic images of EABP-Ag OMN with scanning bias of -10 mV.

(b) Schematic illustration of the O:-induced dehydrogenation reaction of EABP
molecules, leading to the formation of a heterogeneous C-Ag-N linkage structure. (c)
depicts the DFT-optimized EABP-Ag OMN on Ag(111). (d) shows the simulated STM
images with the bias of 100 mV based on DFT calculation, with the inset of
corresponding experimental image captured at same bias. After conducting
transmetalation strategy by deposition of extrinsic Cu atoms, the high-resolution STM
image of resulted EABP-Cu OMN with scanning bias of -10 mV is given in (e), the
scheme of replacing Ag metal center with Cu is shown in (f), the DFT-optimized EABP-
Cu OMN structure is shown in (g). The simulated STM images with the bias of 100 mV
by DFT calculation is shown in (h), with the inset of corresponding experimental
images scanned by same bias. Carbon, hydrogen, nitrogen, silver and copper atoms are

denoted as black, pink, blue, green and orange, respectively.
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Figure 5.5: Large-area STM images of EABP-Ag OMN patches with three orientations.

The corresponding zoom-in pictures are shown in bottom panel. Scanning parameters
for (a), (b) and (c): V» =-500 mV I; = 300 pA. Scanning parameters for (d), (¢) and (f):
Vy=-100 mV ;= 1 nA.

h’\

Figure 5.6: (a) High-resolution STM images of EABP-Ag OMN and OMC. (b) and (c)
give constant height STM pictures for EABP-Ag OMC and OMN. Scanning parameters:
Vy=10mV, I; = 1 nA for (a); V» =2 mV for (b) and (¢).

For a more detailed structural analysis, the unit cell is outlined by green rectangle
exhibiting lattice parameters of a=27.3 £0.2 A, b=21.0 + 0.2 A, while the inner angle
is 90 + 1°. At the center of the outlined unit cell, the two protrusions are recognized as
Ag-Ag pair originated from metal centers of two C-Ag-N linkages within adjacent
EABP-Ag OMCs. The statistically measured interatomic distance between the Ag-Ag
pair was 3.7 + 0.4 A. The left two connected molecules belong to same EABP-Ag OMC,
while the right two molecules come from another OMC. The dehydrogenation reaction

occurring at one hydrogen atom of the amino group results in a characteristic deviation
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angle of the N-Ag bond from the central molecular axis of the EABP molecule.”® Thus,
it is easy to distinguish that the part above Ag-Ag pair for left OMC belongs to amino-
Ag. On the other hand, the alkynyl-Ag component is positioned beneath the protrusion.
Moreover, reverse arrangement is observed in the other OMC. The scheme for the
formation of the C-Ag-N linkage is given in Figure 5.4b. Figure 5.4c depicts the DFT-
optimized EABP-Ag OMN on the Ag(111) surface, with the unit cell marked by a red
rectangle presenting lattice parameters of a =27.96 A, b=19.96 A, and the inner angle
of 90 °, which is consistent with experimental observations. Additionally, the simulated
STM image calculated at bias of 100 mV shows the same morphology with the inset of
experimental results which is also recorded at same bias, as shown in Figure 5.4d.

To explore the universality, the behavior of EABP molecule on Au(111) and Ag(100)
substrate was also studied. The self-assembly structure on both substrates mostly
appears as tetramer (cf. Figure 5.7 a, ¢), which perhaps results from a reduced reactivity
of Au(111) and inherent four-fold symmetry of Ag(100). However, after O» treatment
with same conditions (60 L at room temperature; 1L=1.33x 10 mbar-s) as on Ag(111),
no dehydrogenation reaction happens on Au(111) and the EABP self-assembly structure
remained intact (see Figure 5.7b). However, a disordered organometallic system is
observed on Ag(100), ascribed to the dehydrogenative abstraction of the second H of

amino groups and random connection with Ag atoms by deprotonated amino and

alkynyl groups, as shown in Figure 5.7 d.

Figure 5.7: Molecule behavior on Au(111) and Ag(100) surface. (a) shows the EABP
star-like self-assembly on Au(111). (b) reveals the similar assembly after exposing (a)
in Oy atmosphere at room temperature. (c) shows the similar EABP self-assembly
structure on Ag(100) surface. (d) depicts the chain conformation after exposing (c) into
O atmosphere. Scanning parameters: V', = 100 mV, /, = 100 pA for (a); Vpy=-1V, ;=
100 pA for (b); V»=-100 mV, I; = 1 nA (c) and (d).
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Figure 5.8: Large-area (a) and zoom-in (b) STM images of Cu deposition on EABP-
Ag OMN. Scanning parameters: V', =-500 mV, I;= 1 nA for (a); V»=-100 mV, ;= 500
pA for (b).

For in-situ modifying the obtained EABP-Ag OMN on Ag(111), a transmetalation
treatment was employed by dosing extrinsic copper atoms on EABP-Ag OMN held at
room temperature, as shown in the large-area morphology images in Figure 5.8a. The
bright islands are identified as the clusters of excessive Cu atoms. Despite this, the
zoom-in images in Figure 5.8b reveals that the porous network already changed
showing dim spots instead of bright protrusions at the position of metal center in C-M-
N linkage. To achieve a more homogeneous distribution of Cu atoms, the initial phase

was subjected to post-annealing treatment at 375 K.

Figure 5.9: Large-area STM images (a), (b) and (¢) of EABP-Cu OMN patches along
with three orientations after annealing at 375 K. Corresponding zoom-in picture (d), (e)

and (f) are in bottom row. Scanning parameters: V5 = -1V, I; = 100 pA for (a); Vs = -
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500 mV, ; = 100 pA for (b) and (c); V» =-100 mV, I, = 1 nA for (d), (e) and (f).
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Figure 5.10: Top and side views of the charge transfer difference for (a) EABP-Ag
OMN and (d) EABP-Cu OMN. Yellow and blue denotes the charge accumulation and
depletion. Electron localization functions (ELF) mapping for (b) EABP-Ag OMN and
(e) EABP-Cu OMN. (c) depicts the DFT-optimized unit cell of EABP-Ag OMN on
Ag(111), within the length of Ag-Ag is marked by yellow dashline. (f) shows the DFT-
optimized unit cell of EABP-Cu OMN on Ag(111), within the lengths of Cu---H and
H---H are marked by black and red dashline, respectively.

As shown in Figure 5.9, a phenomenon was observed where excess Cu atoms
preferentially diffused and accumulated at the periphery of the newly formed EABP-
Cu OMN domains. This diffusion process resulted in a significantly cleaner internal
structure of the OMN patches while maintaining the same orientation as observed in
the original EABP-Ag OMN system. The high-resolution STM morphological image
for EABP-Cu OMN is shown in Figure 5.4e. Following the transmetalation process, as
previously discussed, the metal centers within the C-M-N linkage structure exhibit
reduced contrast compared to the surrounding molecular moiety, in contrast to the
observations made in the EABP-Ag OMN system. On the other hand, the distance of
the Cu-Cu becomes larger. The unit cell of the EABP-Cu OMN, outlined by an orange
rectangular frame in Figure 5.4e, exhibits lattice parameters of a=26.4+0.2 A and b
= 20.3 £ 0.2 A, with an internal angle of 90 + 1°. These structural parameters

demonstrate that the transmetalation process preserves the overall periodic architecture
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of the porous network with minimal structural alterations. The scheme of the
transmetalation method from C-Ag-N to C-Cu-N linkage at room temperature on
Ag(111) surface is shown in Figure 5.4f. The DFT-optimized structure, presented in
Figure 5.4g, features a unit cell marked by red lines with lattice parameters of a =26.13
A and b=19.93 A, and an inner angle of 90°, demonstrating excellent agreement with
experimental results. Moreover, the simulation of STM data with 100 mV bias is shown

in Figure 5.4h, nicely matching experimental STM images as shown in the inset.

Crucially, the nature of interactions in both EABP-Ag and EABP-Cu OMNs need
further detailed investigation. For the EABP-Ag system, the DFT-calculated Ag-Ag
distance of 3.39 A shows excellent agreement with experimental measurements (3.7 +
0.4 A), suggesting the existence of significant argentophilic interactions between
adjacent OMCs.!>!"! Charge density difference analysis of the EABP-Ag OMN,
performed using Bader charge analysis, indicates a charge transfer of 0.396 e from the
Ag metal center to the surrounding carbon and nitrogen atoms, as illustrated in Figure
5.10a. Moreover, electron localization function (ELF) mapping analysis reveals that the
transferred charge is primarily localized at the deprotonated alkynyl and amino
functional groups, while exhibiting negligible charge localization at both the C-Ag and
Ag-N bonding regions. This electronic distribution pattern aligns well with the

characteristic features of organometallic bonding, 2% 162172

Furthermore, the experimentally measured Cu-Cu distance of 5.8 + 0.4 A is larger
than that of Ag-Ag pairs. This observation is supported by DFT calculations, which
suggest a Cu-Cu separation of 4.5 A - notably longer than the sum of the van der Waals
radii of two Cu atoms (3.92 A). These findings collectively demonstrate the absence of
cuprophilic interactions in the system. In this context, the interaction between adjacent
EABP-Cu OMCs originates from alternative mechanisms. Charge density difference
analysis of the EABP-Cu OMN, combined with Bader charge analysis, reveals a
significant charge transfer of 0.504 e from Cu atoms to the surrounding carbon and
nitrogen atoms. Electron localization function (ELF) analysis further reveal that the
charge is primarily localized on the molecular moieties rather than the metal centers.
Notably, the remaining hydrogen atom of the amino groups accumulates substantial
charge density, as illustrated in Figure 5.10f. The measured distances of 2.50 A between
the H atom and adjacent Cu atom, and 2.30 A between two H atoms from neighboring
amino groups, suggest that the assembly of EABP-Cu OMCs is governed by a

combination of Cu---H electrostatic interactions and H---H bonding

Besides, the EABP molecule was also evaporated on Cu(111) surface directly, the self-
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assembly structure is shown in Figure 5.11a and b. However, the disordered chain
structure was obtained after post annealing at 375 K, without forming ordered and

periodic porous network.

Figure 5.11: (a) and (b) STM images presenting the EABP self-assembly on Cu(111)
surface. (c) depicts structure formation after subsequent annealing treatment. Scanning
parameters: V= -1V, I; = 100 pA for (a); V» =-100 mV, I, = 50 pA for (b); V» =-100
mV, I; = 1 nA for (c).

The tip-manipulation was conducted to assess the interaction between the EABP-
Ag and EABP-Cu OMC:s, for characterizing the stability of OMNs. As shown in Figure
5.12, the EABP-Ag OMC are difficult to be separate using tip indicating a strong
interaction within the adjacent OMC:s. In contrast, adjacent EABP-Cu OMCs could be
successfully separated through tip manipulation (cf. Figure 5.13), demonstrating
weaker interactions than EABP-Ag counterparts. Besides, as evidenced in Figures
5.13e, f, the intramolecular connectivity within the EABP-Cu OMC remains intact
following tip manipulation. Furthermore, the thermal stability of both OMNs was
characterized via post-annealing at 425 K. As depicted in Figure 5.14, both porous

networks started being decomposed. However, when the coverage is low, the EABP-

Cu OMRs were obtained (cf. Figure 5.14¢), which keep intact after annealing at 475 K,
exhibiting higher thermal stability (cf. Figure 5.14d).

Figure 5.12: Tip-manipulation process performed on EABP-Ag OMC reveals strong
interaction within adjacent chains. Scanning parameters: V5 =-100 mV, /; = 500 pA for
all STM images.
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Figure 5.13: Tip-manipulation for EABP-Cu OMC. Scanning parameters: V5, =-10mV,
I;=1nA for all STM images.

Figure 5.14: STM images for EABP-Ag (a) and EABP-Cu OMN (b) after annealing at
425 K for thermal stability characterization. (c) presents the STM images of EABP-Cu
OMRs after annealing EABP-Cu OMN at 425 K when the coverage is low. (d) shows
the OMRs keep intact after annealing at 475 K. Scanning parameters: V; =-100 mV, I;
=1 nA for (a); V» =-1V, I; = 20 pA for (b); V» = -500 mV, I, = 100 pA for (c); Vi = -1
V, I; =100 pA for (d);
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Figure 5.15: Surface state confinement in EABP-Ag and EABP-Cu OMN. (a) shows
the experimental d//dV spectra. (b) and (c) presents the dI/dV mapping of EABP-Ag
and EABP-Cu OMN at 420 mV and 450 mV, respectively. The blue and yellow dots
marked the tip position for STS spectra.

To further investigate the electronic properties of the synthesized EABP-Ag and
EABP-Cu OMNSs, we conducted STS measurements at the center of the pores (as
marked in Figure 5.15b, c). As shown in Figure 5.15a, both networks exhibit
characteristic quantum confinement states. Notably, the EABP-Cu OMN displays an
upward shift of approximately 30 mV in its feature peak compared to the EABP-Ag
OMN, which can be attributed to subtle variations in pore geometry.’® This energy shift
in the STS spectra provides additional proof supporting the successful transmetalation
from C-Ag-N to C-Cu-N linkages. Figures 5.15b, ¢ present d//dV mappings acquired at
420 mV and 450 mV, respectively, in constant-height mode, corresponding to the
characteristic STS peaks of both OMNSs. These mappings reveal distinct spatial
distributions of the electron density associated with the quantum confinement states.
The corresponding current images are provided in Figures 5.16a, b, respectively.
Additional bias-dependent STM images are documented in Figures 5.17 and 5.18,
respectively, which show apparent confinement state geometry at 0.5 V for both OMN:Ss.
Moreover, as shown in Figure 5.17 and 5.18, the aromatic moiety of the molecule

indicats a conspicuous state with the bias of 0.5V.

Figure 5.16: STM images with constant height mode for EABP-Ag (a) and EABP-Cu
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OMN (b) by scanned with 420 mV and 450 mV.

o
o

— Alkyne
— NH
— Ag

\
=y

- 0
E-E, (eV) o

PDOS

-2 0 2
E-E. (eV)

Figure 5.19: Projected density of states of (a) EABP-Ag OMN and (b) EABP-Cu OMN.
(c) The red, purple, blue, and orange curves indicate the DOS projected on the alkyne

with aromatic backbone, amino, silver and copper, respectively
To further elucidate the electronic structure, we calculated the projected density of

states (PDOS) to identify the orbital contributions from different components within
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the unit cells of both OMNSs (cf. Figure 5.19). The analysis indicates that the primary
electronic contribution originates from the aromatic moieties with alkynyl groups in
both EABP-Ag and EABP-Cu systems. Furthermore, the contribution from Ag atoms
in EABP-Ag OMN is significantly stronger than that from Cu atoms in EABP-Cu OMN,
which explains the observed brighter appearance of Ag atoms compared to Cu atoms
relative to other molecular components in the OMN structure, which is consistent with

the bias-dependent images in Figure 5.17 and 5.18.

‘5'00 0 50
Bias (mV)

-1000

Figure 5.20: STM images and electronic properties of EABP-Cu OMRs. Panel (a) and
(b) depict the STM images of EABP-Cu OMR. The pink dot in (a) denotes the tip
position of STS measurement. The white circular arrow points the spin direction of the
EABP-Cu OMR. (c) presents the chemical structure of the OMR from panel (b). The
STS spectra of the OMR is shown in (d). (e) depicts the d//dV mapping in constant
height mode at bias of 165 mV. (f) shows the corresponding current images to (e).
Scanning parameters: V, =-100 mV, I; = 100 pA for a; V', =-10 mV, I; = 1 nA for b; V'
=165mV, ;=1 nA for e and f.

Interestingly, followed by annealing at 425 K under low coverage conditions, the
formation of EABP-Cu OMRs was observed, as demonstrated in Figure 5.20a (see
Figure 5.14c for corresponding large-area image). High-resolution STM imaging
revealed that all OMRSs consist of six EABP molecules interconnected through C-Cu-N
linkages, as clearly resolved in Figure 5.20b. Notably, the EABP-Cu OMRs exhibit

intrinsic chirality, manifesting in two distinct enantiomers labeled as R and L in Figure
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5.20b and Figure 5.21a. The corresponding chemical structure for Figure 5.20b is
presented in Figure 5.20c. The electronic properties of the EABP-Cu OMR were
investigated through STS measurements at the ring center, as indicated in Figure 5.20a.
The tunneling spectra exhibit two distinct characteristic peaks centered at 165 mV and
575 mV, which correspond to quantum resonance states arising from surface stable
confinement by localized potential variations induced by interfacial charge
redistribution.!”* !7* For detailed analysis, constant-height d//d¥ mapping at 165 mV is
presented in Figure 5.20e, revealing a pronounced quantum resonance state within the
ring. The corresponding current image is shown in Figure 5.20f. In rare instances, a
unique dimeric structure formed by two incomplete rings was observed, as illustrated

in Figure 5.21b.

Figure 5.21: High-resolution STM images of EABP-Cu OMR. Scanning parameters:
Vy=-500 mV, I, =300 pA for (a); V', =-100 mV, I;= 1 nA for (b).

Figure 5.22: Bias-dependent STM images of EABP-Cu OMR. I;=1 nA

Bias-dependent STM images presented in Figure 5.22 further demonstrate the
electronic characteristics, with the 300 mV and 500 mV bias images clearly indicating

quantum resonances with a circular and a distinctive donut-shaped profile.
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Conclusion

In conclusion, we have successfully fabricated dinuclear EABP-Ag OMN on
Ag(111) through a gas-mediated synthesis strategy. Subsequently, well-ordered EABP-
Cu OMN with similar periodicity was achieved via transmetalation by depositing
extrinsic Cu atoms onto the EABP-Ag OMN, followed by thermal annealing at 375 K.
Stability studies revealed that both OMNs initiate decomposition at 425 K, while
EABP-Cu showing weaker interaction between adjacent OMCs. Thus, under low-
coverage conditions, EABP-Cu OMRs formed and exhibited enhanced thermal stability,
remaining intact up to 475 K. The electronic properties of both EABP-Ag/Cu OMNs
and EABP-Cu OMRs were systematically investigated through STS. The analysis
revealed surface states confinement at 448 mV for EABP-Cu OMN, showing an
approximately 30 mV upward shift compared to the 417 mV state observed in EABP-
Ag OMN. Furthermore, the EABP-Cu OMR exhibited two distinct quantum resonance
states at 165 mV and 575 mV. Detailed DFT calculations, including charge density
difference and ELF mapping analyses, provided insights into the interactions within
these structures. The EABP-Ag OMN formation is primarily driven by argentophilic
interactions between adjacent EABP-Ag OMCs, while the assembly of EABP-Cu OMN
is governed by a combination of electrostatic interactions and hydrogen bonding
between neighboring EABP-Cu OMCs
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In this thesis, employing STM, STS, XPS and LEED for a molecular-level insight, we
focus on engineering functional nano-architectures by the control of functional
molecules on surface incorporating metal additions which were either intrinsically
provided by the employed substrate or evaporated thereon under UHV conditions.
Specifically, we investigated the reactivity of amino on Ag and Au substrates and the
construction of single-atom layer OMNs using amino- and alkynyl-terminated
molecular precursors through O.-mediated dehydrogenation reaction. Additionally, we
explored the tuning of OMN properties by integrating a transmetalation strategy on
surfaces. Computational modeling was utilized to aid multi-technique studies and data
interpretation.

Firstly, the Oa-mediated treatment effectively promotes the oxidative
dehydrogenation of amino groups in aromatic amines, leading to the formation of
organometallic nanopores on Ag(111) and Ag(100) surfaces. However, this process is
hindered on Au(l11l). Systematic STM and XPS experiments, combined with
complementary DFT calculations, demonstrate that the O: treatment significantly
enhances the reactivity of aromatic amines by lowering the energy barrier compared to
activation in the absence of O2. Our findings reveal that the chemisorption of O: is the
rate-limiting step in the dehydrogenation reaction, which is thermodynamically much
less favorable on Au(111) than on Ag(111).

Secondly, we explored the modification of a surface-confined single-layer OMN
through transmetalation, specifically converting an alkynyl-Ag-alkynyl to an alkynyl-
Cu-alkynyl linking platform via a post-synthetic reaction. By depositing Cu adatoms
on extended organometallic Ag-TEB networks and thermally annealing to an
appropriate temperature, we achieved the distinct transformation of Ag-TEB into Cu-
TEB OMN. The resulting Cu-TEB structure exhibits higher thermal stability while
retaining similar lattice periodicity and pore symmetry as the Ag-TEB OMN.
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Thirdly, we successfully fabricated dinuclear EABP-Ag OMN on Ag(111) using a
gas-mediated synthesis strategy. Subsequently, a well-ordered EABP-Cu OMN with
similar periodicity was achieved through transmetalation by depositing extrinsic Cu
atoms onto the EABP-Ag OMN, followed by thermal annealing at 375 K. Stability
studies revealed that both OMNs begin decomposing at 425 K, with EABP-Cu
exhibiting weaker interactions between adjacent OMCs. Under low-coverage
conditions, EABP-Cu OMRs formed and demonstrated enhanced thermal stability,
remaining intact up to 475 K. The electronic properties of EABP-Ag/Cu OMNs and
EABP-Cu OMRs were systematically investigated using STS. The analysis revealed a
confined surface state at 448 mV for EABP-Cu OMN, showing an approximately 30
mV upward shift compared to the 417 mV state observed in EABP-Ag OMN.
Additionally, the EABP-Cu OMR exhibited two distinct quantum resonance states at
165 mV and 575 mV. Detailed DFT calculations, including charge density difference
and ELF mapping analyses, provided insights into the interactions within these
structures. The formation of EABP-Ag OMN is primarily driven by argentophilic
interactions between adjacent EABP-Ag OMCs, while the assembly of EABP-Cu OMN
is governed by a combination of electrostatic interactions and hydrogen bonding
between neighboring EABP-Cu OMCs.

In summary, this thesis provides systematic studies on the construction of OMNs
on surfaces, using amino and alkynyl groups as the main components of the linkage.
The applied strategies, including gas-mediated synthesis and transmetalation methods,
have been explored, enriching the toolbox of bottom-up approaches for fabricating low-
dimensional OMNs on surfaces. Furthermore, the fundamental principles of
transmetalation on surfaces require further exploration in the future. This will enhance
the capability to construct functional OMNs on diverse substrates, such as transition
metal dichalcogenides, graphene, and others, potentially bestowing intriguing

properties to the target materials.
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