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Abstract

On-surface synthesis is emerging as an exceptionally promising research field with the goal of
creating atomically well-defined low-dimensional structures and materials. This approach often
involves scanning probe microscopy to achieve atomic-level resolution characterization of the
fabricated nanostructures. Intermolecular dehydrogenative C—C coupling reaction is an
attractive synthetic method, whether in solution or on-surface synthesis, due to its more
straightforward and atom-economical nature. However, it presents significant challenges due
to the high dissociation energy of C—H bonds and the existence of multiple activation sites. In
this thesis, various macrocyclic nanostructures are successfully synthesized through
intermolecular dehydrogenation and deoxygenative C—C coupling facilitated by special
coordination pocket templates on atomically flat metal surfaces. These synthesized macrocyclic
nanostructures are characterized using scanning tunneling microscopy, non-contact atomic
force microscopy and X-ray photoelectron spectroscopy.

Specifically, we employ natural dyes (indigo and the related Tyrian purple) as molecular
building blocks to fabricate coordination polymers. Both building blocks yield identical, well-
defined coordination polymers composed of (1 dehydroindigo : 1 Fe) repeat units on two
different silver single crystal surfaces. On Ag(100) and on Ag(111), the trans configuration of
dehydroindigo results in N,O-chelation in the polymer chains. On the more inert Ag(111)
surface, the molecules undergo thermally induced isomerization from the trans to the cis
configuration and afford N,N- plus O,0O-chelation.

In a second part, we co-deposit indigo molecule and Fe on Au(111) to obtain a novel Fe-
pophryrinoid (Fe-Por) species and its extension in fused Fe-porphyrinoid nanotapes (Fe-Por
NTs). The novel metallated indigo-based Por was synthesized with a high yield through a series
of thermally activated reaction steps, including isomerization and selective C—H activation
assisted by a coordination pocket template. Subsequent deoxygenative and dehydrogenative C—
C coupling reactions were employed to fuse these Fe-Pors, resulting in the formation of Fe-
Por NTs ((Fe-Por): NT and (Fe-Por)s NT) in which Por segments are connected by
unprecedented N'T quadruple linkages to form two fused six- and one eight-membered rings.

Finally, based on the results of the second part, which demonstrated intermolecular high
selectivity dehydrogenation C—C coupling facilitated by the coordination pocket template, we
have applied this method to additional systems. Specifically, we have employed 1H,1'H-2,2'-
Bibenzo[d]imidazole (H>bbim), a molecule closely resembling indigo but featuring nitrogen
atoms in place of carbonyl groups, to successfully synthesize planar m-extended
[n]cycloparaphenylenes (n= 24, 26, 27, 28 and 31) and other type cyclic polymers on Au(111)
through intermolecular dehydrogenative C—C coupling again facilitated by the coordination
pocket template.



Zusammenfassung

Syntheseprotokolle auf katalytisch aktiven Oberflichen mit dem Ziel, atomar wohldefinierte
organische Materialien herzustellen haben sich in den letzten Jahren zu einem &ufBerst
vielversprechenden Forschungsgebiet entwickelt. Dieser Ansatz wird héufig mittels
Rastersondenmikroskopie  verfolgt, um eine Charakterisierung der synthetisierten
Nanostrukturen mit atomarer Auflosung zu erreichen. Die intermolekulare dehydrierende C—
C-Kupplungsreaktion ist eine dulerst attraktive Synthesemethode sowohl in Losung als auch
auf der Oberflache, da sie im Vergleich zu anderen klassischen organischen Synthesemethoden
einfacher und atomokonomischer ist. Aufgrund der hohen Dissoziationsenergie der C-H-
Bindungen und der Existenz mehrerer Aktivierungsstellen stellt dies jedoch erhebliche
Herausforderungen dar. In dieser Dissertation wurden verschiedene makrozyklische
Nanostrukturen erfolgreich durch intermolekulare Dehydrierung und desoxygenierende C—C-
Kopplung synthetisiert, die durch spezielle Metall-Koordinationstaschentemplate auf atomar
flachen Metalloberflichen unterstiitzt werden. Diese synthetisierten makrozyklischen
Nanostrukturen wurden mittels Rastertunnelmikroskopie, Rasterkraftmikroskopie und
Rontgenphotoelektronenspektroskopie charakterisiert.

Insbesondere wurden natiirliche Farbstoffe (Indigo und das verwandte Tyrianpurpur) als
molekulare Bausteine zur Herstellung von Koordinationspolymeren verwendet. Beide
Bausteine ergeben identische, wohldefinierte Koordinationspolymere, die aus (1
Dehydroindigo : 1 Fe) Wiederholungseinheiten auf zwei  unterschiedlichen
Silbereinkristalloberflichen bestehen. Auf Ag(100) und auf Ag(111) fiihrt die trans-
Konfiguration von Dehydroindigo zu einer N,O-Chelatbildung in den Polymerketten. Auf der
inerteren Ag(111)-Oberfliche durchlaufen die Molekiile eine thermisch induzierte
Isomerisierung von der trans- zur cis-Konfiguration und fiihren zu einer N,N- plus O,O-
Chelatbildung.

Im zweiten Teil wurden Indigomolekiile und Fe-Atome gemeinsam auf der Au(111)-
Oberflache aufgebracht und wir erhielten ein neuartiges Fe-Pophryrinoid (Fe-Por) in
Koordinationspolymeren und seine Erweiterung in kondensierten Fe-Porphyrinoid-
Nanobédndern (Fe-Por NTs). Das neuartige metallierte Indigo-basierte Por wurde mit hoher
Ausbeute durch eine Reihe thermisch aktivierter Reaktionsschritte synthetisiert, einschlieBlich
Isomerisierung und selektiver C—H-Aktivierung, unterstiitzt durch ein
Koordinationstaschentemplat. Nachfolgende desoxygenierende und dehydrierende C—C-
Kupplungsreaktionen wurden eingesetzt, um diese Fe-Pors zu verschmelzen. Dies fiihrte zur
Bildung von Fe-Por NTs ((Fe-Por): NT und (Fe-Por);s NT), in denen Por-Segmente durch
NT-Vierfachverkniipfungen verbunden sind. Diese Segmente enthalten zwei verschmolzene
Sechs- und einen Achtfachring.

Basierend auf den Ergebnissen des zweiten Teils, haben wir diese Methode schlie8lich auf
weitere Systeme angewendet. Konkret haben wir 1H,1'H-2,2'-Bibenzo[d]imidazol (H2bbim)
eingesetzt, ein Molekiil, welches Indigo stark dhnelt, aber Stickstoffatome anstelle von
Carbonylgruppen aufweist, um erfolgreich planare [n] mit erweitertem n- Electronensystem zu
synthetisieren. Mittels Koordinationstaschentemplate konnten Cycloparaphenylene (n= 24, 26,
27, 28 und 31) und andere zyklische Polymere auf Au(111) durch intermolekulare
dehydrierende C—C-Kupplung synthetisiert werden.
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1. Introduction

Controllable construction of nanoarchitectures with atomic precision is an intriguing concept
in modern nanotechnology. Nowadays, zero-, one-, or two-dimensional materials, such as
quantum dots, nanoribbons or polymers, and nanosheets, respectively, are routinely synthesized
in solution or using appropriate top-down methods. However, fabricating molecular electronic
or spintronic devices requires a controllable arrangement of interactions between the molecular
counterparts in a clean environment, which poses a significant challenge for materials
synthesized in solution. Furthermore, top-down methods such as photolithography or plasma
treatment face difficulties in constructing atomic-scale structural features. On-surface
synthesis,'” one of the most powerful bottom-up methods, presents a promising approach
towards overcoming these challenges. It is an emerging research field with great potential for
fabricating well-defined covalent nanostructures with atomic precision. In this synthetic
approach, pre-designed organic precursor molecules containing functional groups like alkynyl,
alkenyl, halogen, etc., are first deposited on a clean and flat surface through sublimation in
ultrahigh vacuum (UHV). Subsequently, these molecules undergo chemical reactions and form
covalent nanostructures through thermal annealing,® single electron reduction,”” or photo-
irradiation.!® !! Finally, the synthesized nanostructures are usually characterized and analyzed
using scanning tunneling microscopy (STM) and non-contact atomic force microscopy (nc-
AFM), which provide atomic resolution in real space. Additionally, other advanced surface
science techniques, including X-ray photon spectroscopy (XPS) that can identify the chemical
state of chemical elements, near-edge X-ray absorption fine structure (NEXAFS) that provides
formal valence, coordination environment, and subtle geometrical distortions, and angle-
resolved photoemission spectroscopy (ARPES) that provides electronic band structure are
employed to study the synthesized nanostructures alongside with STM and nc-AFM.

Numerous classic organic reactions that are traditionally carried out in solution have been
successfully adapted in on-surface synthesis, such as Ullmann coupling'?!'>, boronic acid
condensation,'®'® Schiff-base reaction,'®?! Bergman reaction,”> 2* Glaser coupling,>*2°
intermolecular’’?°  or intramolecular’®3?  dehydrogenation ~C-C  coupling, etc.
Notably, Ullmann coupling and intramolecular dehydrogenation C—C coupling
(cyclodehydrogenation) are frequently employed for fabricating atomically precise graphene
nanoribbons (GNRs).!>3% 3 For instance, in 2010, Cai and co-workers first reported the thermal
polymerization (Ullmann coupling) and planarization (intramolecular C—C coupling) of a
precursor molecule, 10,10'-dibromo-9,9'-bianthryl, leading to the formation of 7-armchair
GNRs on the Au(111) surface.!> Moreover, bond formation by selective C—H activation is an
extremely attractive synthetic method, whether in solution®>” or on-surface synthesis®” *
because this method offers a more straightforward and atom-economical approach compared to
other classical organic synthesis strategies, such as aryl-aryl bond formation by transition-
metal-catalyzed direct arylation.>® However, it presents significant challenges due to the high
dissociation energy of C—H bonds and the presence of multiple activation sites. To trigger the
activation of originally inert C—H bonds, various strategies have been adopted, including
transition-metal catalysis,**** photocatalysis,***¢ harsh conditions,*” and metal surfaces.?’- 2% 4
Furthermore, addressing the multisite issue, directing groups,*® *’ and metal templates>’~? have

been employed.

Template synthesis®*>° is a method that utilizes noncovalent binding motifs, known as

template bonds, to guide the formation of covalently linked products that are challenging to
obtain in the absence of a template. This approach traces back to the 1960s when Busch first
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demonstrated template effects in the synthesis of new compounds.’® Template bonds
encompass various interactions, including metal-ligand binding, hydrogen bonding, and n-n
interactions. Among these, metal-directed assembly can provide a template effect to pre-
organize the reactants and to control the reaction. An excellent example of such a template was
showcased by Anderson and his colleagues, who synthesized belt-like nanorings comprising of
6, 8, 12, or more porphyrin units using radial oligo-pyridine templates.’’ Similar templates also
facilitate intermolecular selectivity dehydrogenation C—C coupling. For example, Gill and co-
workers successfully synthesized bidipyrrin in solution through a coupling of two a-carbons
assisted by bisdipyrrinato Ni(II) complexes template.® Furthermore, Liu and co-workers
presented an on-surface synthesis of linear heteroaromatic polymers by directly selective C—H
activation for dehydrogenative C—C couplings of hexaazatriphenylene molecules under the
guidance of a coordination pocket as a directed template.>
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Figure 1.1: A simplified schematic of the coordination pocket template with two examples. (a) One
example of coordination pocket: chelating pocket. (b) Another one: diatomic pocket. The blue ball in
the ligand means chemical groups that can coordinate with metal atoms. Red ball means metal atom.

In this thesis, we present the introduction of a special coordination pocket template to
synthesize novel macrocyclic nanostructures (e.g., porphyrinoids, quadruply fused
porphyrinoid nanotapes, and cyclic polymers including planar n-extended cycloparaphenylenes)
on surface via intermolecular selective dehydrogenation C—C coupling. We define two types of
coordination motifs: chelating pockets (Figure 1.1a) and diatomic pockets (Figure 1.1b). The
distinction between these two lies in the presence of multiple metal atoms in the diatomic pocket,
as opposed to only one central metal atom in the chelating pocket. The core idea of the method
involves synthesizing a polymer with a coordination pocket first. Subsequently, intermolecular
dehydrogenative C—C coupling assisted by the pocket template occurs within the pocket region
(C—H activation in the meta or ortho-positions relative to the coordination groups). The pocket
template not only provides a suitable spatial orientation for intermolecular dehydrogenation C—
C coupling but also likely lowers the energy barrier for C—H activation due to the catalytic
effect of the metal center. Ultimately, covalent dimers (where C—H activation occurs on both
sides of the ligand, resulting in a ring-closing reaction) or covalent polymers (where C—H
activation takes place on only one side of the ligand) are formed (Figure 1.2). Further details
regarding the synthesis processes and related motivations will be given in the respective
dedicated Chapter. The outline of each Chapter in this thesis is as follows.
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Figure 1.2: A simplified schematic of the process of intermolecular dehydrogenation C—C coupling
assisted by coordination pocket templating. The blue ball in the ligand means chemical groups that can
coordinate with metal atoms. The orange line represents a new C—C bond formed by dehydrogenative
C—C coupling.

Chapter 2 provides an overview of the fundamental principles of the experimental techniques
and the methods utilized in this thesis. The surface imaging techniques used in this study include
STM and nc-AFM. Additionally, XPS was employed to analyze the chemical state of the
elements involved in molecules or nanostructures on surfaces. Furthermore, density functional
theory (DFT) was utilized to develop and investigate theoretical models that explain the
experimental observations (DFT calculations are performed by our collaborator: Dr. Abhishek,
Chakraborty and Prof. Narasimhan). The combination of experimental techniques and
theoretical calculations enhances our understanding of the synthesized nanostructures and their
properties.

In Chapter 3, we present surface-confined metallosupramolecular engineering of
coordination polymers using natural dyes as molecular building blocks: indigo and the related
Tyrian purple (6,6'-dibromoindigo). Both building blocks yield identical, well-defined
coordination polymers composed of (1 dehydroindigo : 1 Fe) monomers on two different silver
single crystal surfaces, Ag(111) and Ag(100). On the Ag(111) surface, two distinct isomeric
polymers are identified, resulting from the #rans and cis configurations of dehydroindigo and
affording N,O- and N,N- plus O,O-chelation. However, the substrate packing proves to be
important in this process: no isomerization was found in the CPs for indigo (or 6,6'-
dibromoindigo) with Fe adsorbed on the Ag(100) surface. Our results demonstrate tunable
interfacial metal-organic nanosystems through post-synthetic linker isomerization and provide



insights into the experimental results obtained from the same system on Au(111) (presented in
Chapter 4).

In Chapter 4, we present the on-surface synthesis of quadruply fused Fe-porphyrinoid
nanotapes (Fe-Por NTs) made up of novel Fe-porphyrinoids (Fe-Pors) using indigo molecules
with Fe atoms on Au(111). First, the novel metallated Pors (one kind of porphycene derivative)
were synthesized with high yield by a series of thermally activated reaction steps including
isomerization and selective C—H activation assisted by coordination pocket templating. Then,
by further deoxygenative and dehydrogenative C—C coupling, Fe-Pors can fuse into Fe-Por
NTs ((Fe-Por): NT and (Fe-Por)3s NT) in which Por segments are connected by quadruple
linkages to form two fused six- and one eight-membered ring. Our studies enrich the available
chemistry for on-surface and solution synthesis of macrocyclic tetrapyrroles and quadruply
fused Por NTs and may provide new way for fabrication of novel low-dimensional
nanostructures.

In Chapter 5, inspired by intermolecular high selectivity dehydrogenation C—C coupling
assisted by the coordination pocket template, we extend this method to more systems. We used
1H,1'H-2,2'-Bibenzo[d]imidazole (Hobbim): a molecule similar to indigo and which features N
atoms in place of the carbonyl groups. From H>bbim with Fe atoms we obtained cyclic polymers
including planar m-extended cycloparaphenylenes on Au(111) as well as another Fe-Pors. The
Pors were synthesized by dehydrogenative C—C coupling of both sides of Hobbim (illustrated
in the bottom left of Figure 1.2). The cyclic polymers were synthesized by dehydrogenative C—
C coupling of a single side and/or both sides of Hobbim (illustrated in the bottom right of Figure
1.2). These results prove that coordination pocket templating is a versatile strategy for the on-
surface synthesis of nanostructures.



2. Experimental methods and techniques

This chapter introduces the fundamental principles of the experimental methods and techniques
utilized during the presented studies. Scanning tunneling microscopy and non-contact atomic
force microscopy were used to characterize the surface-adsorbed molecules and on-surface
synthesized nanostructures in real space. X-ray photoelectron spectroscopy was employed to
investigate the chemical states of chemical elements in the molecules or nanostructures
adsorbed on surfaces.

2.1. Scanning tunneling microscopy

Scanning tunneling microscopy (STM) is a powerful and useful technique that allows people
to image surfaces and atoms (or nanostructures) adsorbed on surfaces with high spatial
resolution. It was invented by Gerd Binnig and Heinrich Rohrer in 1981 at the IBM Zurich
Research Laboratories,’® for which they shared the Nobel Prize in Physics in 1986. STM images
are obtained by scanning the surface with an atomically sharp metallic tip at a very small
distance while applying a bias voltage (Figure 2.1). A tunneling current flows between the tip
and the sample owing to the effect of quantum tunneling, allowing to obtain the surface’s
topography and related electronic properties. The tip can be driven by the piezoelectric tube
and move in the sub-nanometer regime in lateral directions. In the following section, the
fundamentals of STM are described.
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Figure 2.1: A simplified working scheme of an STM. The piezo tube drives a metallic tip to scan above
the sample’s surface. When the tip is close to the sample, and a bias voltage is applied, a tunneling
current flows between the tip and the sample (see inset). (The picture is taken from Wikipedia)

2.1.1. Basic principle of STM

STM is based on the quantum mechanical phenomenon known as tunneling. In classical physics,
particles cannot penetrate through a potential barrier with the height V' if their energy E is
smaller than V. Quantum mechanics, however, allows particles (electrons in the case of the

5



STM experiment) to penetrate through barriers of finite height with a certain probability, even
though the energy of the particles is lower than the potential barrier. Particles such as electrons
can behave as waves with a wave function W that can be described by the Schrodinger equation
(one-dimensional and time-independent, for simplicity here):

h? d?yp

T om dz2 + V(Z)qJ =EY¥Y (21)

where 7 is the reduced Planck constant and m is the electron mass. Considering a rectangular
potential barrier of height Vy and of width d (Figure 2.2a, region 2), the incoming electron wave
propagating in the positive z-direction (Figure 2.2a, region 1), and its energy E < V), we obtain
wave function solutions in different regions:

; 2mE
Wy 5(2) = W zeti k === (2.2)
_ J2m(Vo—E
W, (2) = Wie 4, = LER=D) (2.3)
a b
EA EA
Vo ¢s \ .........
E
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sample |vacuum tip
1 2 3
0 d 'z 0 d

Figure 2.2: Schematic illustration for the quantum tunneling effect and STM tip-sample tunneling. (a)
The electron wave function tunnels through a potential barrier ¥ from regions 1 to 3 with exponential
decay. (b) The applied bias between tip and sample changes the position of the Fermi-level of the tip or
the sample, resulting in a tunneling current.

Based on these equations, the transmission probability of the electron wave through the barrier
T can be obtained:

2 -2d./2m(Vo—E
T = ¥, (@) = |9 exp [2A2CD] 4
It can be seen that T exponentially depends on the barrier width and the energy difference
between the potential and the electrons energy. This sensitivity of electron tunneling on the
barrier width enables STM to achieve high-resolution imaging.

In the case of STM, electron tunneling happens between the STM tip and the sample, so the
potential barrier translates to the vacuum space between them. Furthermore, the distance
between the tip and the sample determines the width of the potential barrier. Without an applied
bias voltage between the tip and the sample, the Fermi level of the tip and the sample are aligned,
resulting in electrons tunneling equally in both directions, leading to a zero net current.
However, when a bias voltage U is applied, the Fermi level of the tip and sample will be shifted,
resulting in a net flow of tunneling current (Figure 2.2b). In order to describe the tunneling
current, Bardeen proposed an approach that expresses the tunneling current produced in a metal-

oxide-metal junction using the first-order time-dependent perturbation theory.* Later, Hamann
6



and Tersoff put forward a more elaborated model of the tunneling current in 1985, extending
Bardeen’s approach. Here, the tunneling current / can be described as:

I'= Z%Zu,v f(Eﬂ)[l - f(Ev t+e U)]|MHV|26(EM - EV) (2'5)

with the Fermi function f (E), the applied bias voltage U, the tunneling matrix element My,
between state W, of the tip and ¥, of the sample, and the energy E,, E, of state ¥, Py
respectively. J is here a J-function and ensures that only elastic tunneling processes are taken
into account. Considering small voltages and low temperatures, this equation can be further
simplified to

I'= %erzuquvf‘g(Eu — Ep)8(E, — Er) (2.6)

where EFis the Fermi level. The matrix element can be given by an integral over the surface
states that lie within the energy window between the tip and the sample:

hz - i Sk
My, = — [ dS(¥; V¥, — ¥, V%) (2.7)

As it is hard to determine the exact shape of the tip, Tersoff and Hamann supposed the tip to be

spherical, with a radius of R and the center position of 7 (the position of the center of the

spherical tip-apex in respect to the surface) (Figure 2.3). By this and assuming the identical

work function ¢ of tip and sample, the expression for the tunneling current can be written as:

_ 3273¢2 Up2R2e2<R
hr*

| Dt(EF) Zvllpv(ﬁ)|25(Ev - EF) (2~8)
with the density of states per unit volume of the tip D;. At the tip position of 7y, the local density
of state (LDOS) of the surface at Er is:

PV(T_O), Ep) = X, ¥, (%)|25(Ev — Ep) (2.9)
The surface wave function in the direction perpendicular to the sample surface is given by:
Y, (rp) xe ™, z=d+R (2.10)

where d is the distance between the tip and the sample. Therefore, the tunneling current exhibits
an exponential dependence on the tip-sample distance, as shown in equations 2.8 and 2.10.
Additionally, the tunneling current is also proportional to the LDOS (equation 2.9). These show
that an STM image cannot be seen as a topography of the sample surface alone but as a
convolution of topographic and electronic information, which is also influenced by the shape
of the tip.




Figure 2.3: Scheme based on the Tersoff-Hamann model. The tip apex is formed by a single atom at
position 7, with a spherical potential well of radius R. The nearest distance to the sample is d.

2.1.2. Scanning tunneling spectroscopy

Scanning tunneling spectroscopy (STS), proposed by Selloni in 1985, is an extension of the
imaging capability of STM.®' STS allows the measurement of local electronic properties of
samples (surfaces or nanostructures). A mathematical description of STS was provided, for
example, by Hamers. Based on his work (Wentzel-Kramers-Brillouin (WKB) approximation)®?
and assuming that the transition matrix is approximated by an average transmission probability
(M =T (79, E, eV)), the tunneling current in Eq. (2.6) can be rewritten as:

1o [ py(T5, E)py (7, E — eV)T (75, E, eV)dE 2.11)

where p: and p;s are the LDOS of the tip and the sample, respectively. The differentiation d//dV
can be given as:

dl — — — Voo — dar(7g,E.eV)
ar < P50, €V)pe (76, T (5, V) + [, ps(, E)pe (5, E — eV) === dE  (2.12)

Assuming that the transmission probability is voltage-independent according to WKB
approximation and the tip LDOS is constant, Eq. (2.12) can be further simplified to

dal —
2L o py (75, V) (2.13)

This equation indicates that STS indeed probes the LDOS of the surface, so the local electronic
structure of the sample can be acquired by measuring the differential conductance dI/dV'.

One method to get the differential conductance or dI/dV signal is to derive the I(V) curve
numerically. However, this is not the preferred method since the measured signal includes noise,
which would be amplified by taking the derivative. A better method is the lock-in technique.
This technique is based on superimposing a small and high frequency modulation voltage onto
the applied sample bias, while this bias is varied in the desired range. The modulation frequency
used in STS must be higher than the frequency of the STM feedback system because otherwise,
the feedback loop may try to compensate for the bias modulation, resulting in distorted STS
measurements. The STM feedback loop can monitor the tunneling current and coordinate the
current and the positioning of the tip. The alternating component of the current signal is
recorded via a lock-in amplifier, and the component with the right frequency and the correct
phase directly gives the dI/dV signal and, therewith the LDOS of the sample.

2.1.3. Operational modes of an STM

There are two different operation models to scan samples: the constant height and constant
current mode, as shown in Figure 2.4. In constant height mode, the tip does not change its height
during scanning the surface laterally while the tunnel current is recorded. Thus, the obtained
image gives information about the topography of the sample and the local density of electronic
states. However, this mode is rarely used for large-scale and rough surface imaging due to the
risk of crashing the tip into the sample. In constant current mode, the more frequently used
mode, a feedback loop controls the tip-sample distance in order to keep the tunneling current
constant while the z-displacement is recorded. Therefore, the corresponding obtained STM
images show the surface topography.
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Figure 2.4: Schematic illustration of the operational modes of an STM.

2.2. Atomic force microscopy

Atomic force microscopy (AFM) was invented by Binnig and his colleagues in 1986.% Unlike
the STM, it measures the forces between the probe tip and the sample instead of the tunnel
current, so it enables atomic-precision real-space resolution for insulating samples on which
STM cannot be operated. The following introduces the fundamental working principles of the
AFM and of the so-called gPlus sensor.

2.2.1. Tip-sample forces

AFM extracts information on the arrangement of atoms of sample surfaces via probing
interaction forces between the tip and the sample. Due to the environment (ultra-high vacuum)
and the use of non-magnetic tips in this thesis, friction and magnetic forces can be neglected.
Therefore, three tip-sample forces have to be considered here.

Van der Waals force. The van der Waals (vdW) force® is caused by fluctuations in the
electric dipole moment of atoms. The mutual polarization between such dipole-fluctuations
cause a long-range attractive interaction and exists between all atoms or molecules. The vdW
force between a spherical tip with radius R and a flat sample surface in distance z can be given
as by the Hamaker approach:®

AQR
Foaw = =24 (2.14)

where Ay represents the material-dependent Hamaker constant, depending on the type of
materials of the tip and sample. This equation demonstrates that a sharp tip is desirable in AFM
experiments as it reduces the vdW forces.

Chemical force. Chemical forces arise when two particles come close to each other, and
their wave functions begin to overlap. Depending on the distance between particles, it can be
either an attractive or a repulsive force.

Assuming that the distance between the outer-most tip atom and the closest surface atom is
z, the total chemical and van der Waals interactions in AFM are usually described by the
empirical Lennard-Jones (LJ) potential:®®

E_;(2)=¢ [(ZZ—")12 —2 (;0)6] (2.15)

where € represents the binding energy at the equilibrium position zo, among (1/z)!? represents
the repulsive force at a close distance owing to Pauli repulsion originating from the overlap of
the electron wave functions of the atoms between the tip and the sample. The other term (1/z)°



represents the attractive forces caused by the vdW force described above. Therefore, the
Lennard-Jones force (L-J Force) can be derived from this equation:

Ry =2 =122 ](2) - (2) ] 216)

Electrostatic force. The electrostatic force is from different electrostatic potentials (work
functions) between the tip and the sample. The electrostatic potential difference between the tip

and the sample leads to a capacitor with a capacity C(z), so the long-range and always attractive
electrostatic force is given by:

1dcC
Fo(z) = 297 V- VCPD)2 (2.17)

where V'is the applied bias, Vcpp is the contact potential difference between the tip and sample.
Because the AFM measurement is usually done at a constant bias of zero, the electrostatic force
does not play a dominant role. However, when AFM images charged molecules on the surface,

the electrostatic forces produced from the molecules can lead to distortions in bond-resolved
AFM images.

Total force. Generally, the total force between the tip and sample is the competition between
the long-range vdW and the short-range repulsive forces. Figure 2.5 displays the total force
between tip and sample. It can be clearly seen that the vdW forces play a dominant role in the
total force when the distance between the tip and sample is large, whereas the chemical forces
become more significant when the tip-sample distance is small.

Repulsive force

Potential energy U
Force F
Frequency shift Af

"attractive"

-1+

1 2
Tip-sample separation z/zg

Figure 2.5: Typical interaction between tip and sample. The total potential and force arise from the
interplay between van der Waals forces and Pauli repulsive forces. The accompanying frequency change
is also depicted. This picture is taken from the ref. [67, 68].

2.2.2. Operational modes of an AFM

AFM can operate in the contact mode (or static mode) and in the non-contact mode (dynamic
mode). In the contact mode, the tip on the cantilever and the sample can be damaged because
the tip is always in contact with the sample’s surface when scanning the sample. However, the
non-contact mode is non-destructive, as the tip on the cantilever does not touch the surface.
This mode is now widely employed in surface science for high-resolution imaging. It can
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resolve bonds between atoms through tip functionalization and gPlus sensor technique (see
section 2.2.4).

In non-contact mode, there are two modulation methods: amplitude modulation (AM)”” and
frequency modulation (FM).”° In AM-AFM, the cantilever is driven by an external excitation
to vibrate at a constant frequency that is slightly lower than its resonant frequency fj, and with
an initial amplitude 49. When the tip on the cantilever interacts with the sample surface, the
amplitude 4 changes with the variation of the tip-sample force. According to this change, a
feedback loop will modulate the tip-sample distance to that keep the amplitude at 4¢. In contrast
to AM-AFM, in FM-AFM, the external excitation drives the cantilever to oscillate at its
resonant frequency fy and a constant amplitude 4. When the tip gets close to the sample’s
surface, the frequency f shifts with the variation of the tip-sample force. The frequency shifts
(Af=f— fo) are recorded and used as the input signal for the feedback loop. In this thesis, all
the AFM measurements were performed with FM-AFM mode based on the qPlus sensor.

)69

;2

Figure 2.6: A schematic illustration of a simplified model of the tip and the sample. The cantilever is
considered here as a rigid plate connected to a fixed base through a spring with spring constant kg, only
movable in vertical direction. The interaction between the tip and sample is characterized by the spring
constant k.

2.2.3. Frequency Modulation AFM

In FM-AFM, the cantilever oscillates at a constant amplitude and resonant frequency fy without
external force. The tip-sample force is measured by the frequency shift Af of the cantilever with
respect to its unperturbed resonant frequency fy. Considering the tip mounted on the cantilever
as an effective mass m connected to a spring with a spring constant of ko (Figure 2.6), its
resonant frequency fj is:

1 ko

fo==— [ (2.18)

2w\ m

Due to the small amplitude of the cantilever oscillation, the tip can be assumed perpendicular
to the surface. Therefore, the vertical force between the tip and sample is:

0U¢s

F.. =
ts 9z

(2.19)

where U is the potential energy between the tip and the sample. The tip-sample force Fis can
be modeled as another spring connected between the mass m of the cantilever and the surface,
with a spring constant ks (Figure 2.6). If ks keeps constant during all the oscillation cycles, the
new oscillation frequency of the cantilever is:
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1 |ko+kes
f=5 /% (2.20)

where ko + kis is the effective spring constant. The square root can be expanded in Taylor series
V1l+x=1+ %x + --+), so the new oscillation frequency can be written as:

f=h +fo;%f)+--- (2.21)

Assuming only the first-order approximation is considered. According to the definition of the
spring constant 6Fs = —kis J-, the relation between the frequency shift and the differential of the
tip-sample force is:
_ _ o OFs
Af = ke 2 (2.22)
This equation shows that the frequency shift is proportional to the force gradient of the tip-

sample force. If ks cannot be considered constant during the oscillation cycle, please refer to
the ref. [71].

2.2.4. High-resolution imaging

qPlus sensor. The choice of the cantilever is crucial in ensuring high-quality AFM
measurements. Since the early 1990s, silicon has been the most commonly used material for
AFM cantilevers. However, for high-resolution frequency-modulated AFMs, the qPlus sensor
invented by Giessibl in 1996,”> 7> shown in Figure 2.7, has been found to exhibit superior
properties. The qPlus sensor consists of a quartz tuning fork, where one prong is glued to a
heavy base plate, and a conducting tip is attached to one end of the other prong. The qPlus
sensor affords the following advantages compared to the silicon cantilever: (1) High quality (Q)
value: the energy loss to drive the oscillation of the cantilever is extremely small. (2) High
stiffness:”* the high stiffness can ensure the stability of FM operation and prevent jump-to-
contact instabilities. (3) High thermal stability:”> 7® the temperature of the system has a
relatively low influence on Q-factor and resonance frequency. (4) Piezoelectric effect of
quartz:’® 77 the deflection signal of the qPlus sensor can be easily sensed through the
piezoelectric voltages induced by the movement of the cantilever. In contrast to a piezoresistive
cantilever, the qPlus sensor is suitable for low-temperature operations as it exhibits only
negligible dissipation.

Figure 2.7: A picture of a qPlus sensor. The quartz tuning fork is glued on a heavy base plate and
conducted by a gold wire. The conductive tip (here, tungsten) is glued at the end of the upper prong and
conducted by an additional gold wire.

Tip functionalization. Modifying an apex of the tip with a single molecule or atom has been
shown to enhance the imaging contrast for both STM and AFM greatly. Several molecules and
atoms have been reported for the tip functionalization, including carbon monoxide (CO)’® "
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xenon (Xe),** bromine (Br),*! and chlorine (CI).”® Among them, CO is the most commonly used
species.

Functionalization of an AFM tip is achieved through vertical manipulation, such as placing
the tip over a molecule or an atom (e.g., CO) and applying a constant voltage in the tip’s
direction, causing the molecule or atom to jump onto the tip (Figure 2.8a).%? The CO molecules
adsorbed on bare metal surfaces appear as depressions in the constant-current STM image
obtained with a metal tip, as shown in Figure 2.8b. However, CO molecules show a bright spot
in the center of the dark depression in the STM image (Figure 2.8c), after the tip picks up one
CO molecule indicated by a white arrow. In contrast, a single oxygen atom in the upper left
corner of the images is always imaged as a depression.” 32

(@)

tip tip

surface surface

Figure 2.8: (a) Schematic of STM tip picking up a CO molecule via vertical manipulation from the
surface to the tip apex. (b)-(c) STM images obtained with the tip before and after modification with a
CO molecule. This picture is taken from the ref. [75].

2.3. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface analysis technique that can identify a
sample’s elemental and chemical composition. It is based on the photoelectric effect, which
was first discovered by Heinrich Hertz in 18873 and later explained theoretically by Albert
Einstein in 1905.%* When a sample is irradiated with a beam of X-rays that have a specific
energy, the absorption of individual photons excites core-level electrons of the sample's atoms
(Figure 2.9). Some of these electrons will then be ejected from the sample, carrying a kinetic
energy that is determined by the energy of the incoming photons /v, the binding energy of the
corresponding core level relative to the Fermi level £5, and the work function &:

Ekin = hv — Eb - @ (223)

Using a hemispherical electron energy analyzer, the kinetic energy of the ejected electrons Ejix
can be measured, allowing for the determination of the binding energy of the core level from
which the electron was ejected. The typical range of X-ray energies used for accessing the core
level electrons in this technique is between 100eV and 2000eV. Within this energy range, the
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mean free path for inelastic electron scattering in solids is typically between 0.5-3 nm,*® so that
only electrons from the top layers contribute to the detected photoemission, making XPS a
surface-sensitive technique. The binding energies of core levels are specific for each element
and sensitive to the chemical environment. For example, chemical bonds that involve the
sharing of valence electrons can alter the screening of the positive nuclear charge, thus affecting
the binding energy of the core levels. From the peak intensities, the relative abundance of each
contribution can be extracted, allowing determining quantitatively the chemical composition of
the sample.’® XPS requires a sample that is (semi)conductive in order to allow for the
replacement of the removed electrons. For non-conductive samples, an electron flood gun is
required to be added to the setup to avoid surface charging, which can result in a shift of the
measured core level energies.
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Figure 2.9: Schematic illustration of the photoemission process and the XPS energy analyzer setup. (a)
A core-level electron is excited by an incident photon with energy /v. (b) The emitted photoelectron
first goes through the lenses before it is collected by an energy analyzer and finally arrives at the detector.

2.4. Instrumentation

The experimental instruments used in this thesis are located in the TUM physics department
E20 labs and WS institute in Garching. The following sections will introduce the instrumental
techniques, sample preparation procedures, and data analysis methods employed in the
experiments. All experiments have been performed under UHV conditions, with base pressures
of 3 x 107'° mbar or lower.

2.4.1. Variable-temperature STM (VT-STM)

The Aarhus-type VT-STM (SPECS) is set up in a UHV system (Figure 2.10), comprising a
preparation chamber (3) and an analysis chamber (2), which are separated by a vertical gate
valve (8). The preparation chamber is utilized for the sample preparation, for example, surface
cleaning using an Ar" sputter gun (5), depositing molecules onto the surface using a four-cell
organic molecular beam epitaxy (OMBE, 4) (Figure 2.11a-b), and physical vapor deposition
(PVD) of metals on the surface through home-built iron (Fe) metal evaporators (9) (Figure
2.11c). The molecules are filled in quartz crucibles with a diameter of 5 mm in the OMBE and
sublimated into the vacuum by heating. The parking stage (11), which includes a heating stage,
is designed to accommodate up to four samples. It allows for electron beam heating of the
samples, with temperatures reaching up to 1200 K. After the preparation process, the sample
can be transferred to the analysis chamber using a combination of various manipulators. The
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load-lock chamber (7) is used to transfer samples from air into the UHV condition without
breaking the vacuum.

Figure 2.10: Setup of the UHV chamber. (1) The variable-temperature Aarhus STM head, (2) STM
chamber, (3) preparation chamber, (4) OMBE, (5) argon sputter guns in both chambers to sputter the
sample and the STM tip, (6, 10, 12) manipulators, (7) load-lock chamber, (8) gate valve, (9) metal
evaporator, (11) sample parking stage. This picture is taken from the ref. [87].

Figure 2.11: (a-b) Image of OMBE with four independent crucibles. (c) Image of the home-built Fe
and (d) holmium (Ho) metal evaporator.

The cross-section side view of the Aarhus STM head is presented in Figure 2.12. The pre-
mounted sample is inserted into the scanning stage and securely fixed with two clamps (3). The
STM scanner is positioned on top of an inchworm motor (9), which serves the purpose of a
coarse tip-to-surface approach. This motor allows for controlled movement of the tip in order
to bring it closer to the surface for scanning. The piezo motor (7) can further move the tungsten
tip (6) that is sharpened by electrochemical etching. The scanner is mounted inside the base
plate (4) and fixed with ceramic balls (10). A Zener diode (12) is used to heat the STM scanner
and keep it at room temperature while cooling the sample. The sample and scanner platform
can be cooled down by liquid nitrogen (LN>) via a cooling piston (11). To ensure isolation from
external vibrations, the entire STM setup is suspended using springs (13).
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The ultra-high vacuum system is equipped with a three-stage pumping system connected in
series to maintain the required vacuum conditions. The initial pumping stage of the system
utilizes a rotary pump, which is capable of reducing the pressure to approximately 10 mbar.
A compact turbo molecular pump is used as the second pumping stage to further decrease the
pressure to approximately ~107 mbar. The main pump, situated at the bottom of the preparation
chamber, is a large turbo molecular pump capable of evacuating the entire system to a base
pressure of up to 2x1071° mbar after a thorough bake-out process. Additionally, there is an ion-
getter pump located in the STM chamber, which contributes to the overall performance of the
pumping system. It is suitable for STM measurements by not introducing additional sources of
noise.

1" 12

Figure 2.12: Cross-section side view of the Aarhus STM head. (1) crystal, (2) sample holder, (3) clamps,
(4) base plate, (5) aluminum block, (6) tungsten tip, (7) scanner piezo motor, (8) SiC rod, (9) inchworm
piezo motor, (10) ceramic balls, (11) cooling finger, (12) Zener diode, (13) suspension springs. This
picture is taken from the ref. [87].

2.4.2. Low temperature STM/AFM (LT-STM/AFM)

In order to obtain chemical bond resolution, a commercial LT-STM/AFM instrument (CreaTec)
was used. Figure 2.13 depicts a schematic diagram of the instrument, which consists of two
chambers (a preparation chamber and a SPM chamber) with a load-lock chamber. These
chambers are separated by gate valves.

Cooling and damping system. Chemical bond resolution imaging is conducted at low
temperatures to achieve high resolution and minimize thermal drift. To achieve the low
temperatures, a cryostat is employed, as Figure 2.13 and 2.14 show. The core components of
the cryostat are the inner liquid helium (LHe) dewar and the outer LN, dewar. These two dewars
are separated by high vacuum insulation to prevent heat convection between them. The scanner
is positioned directly beneath the LHe Dewar and is connected to a thermal conductor, enabling
efficient cooling of the scanner. In addition, the scanner is enclosed by a two-layer shielding
system consisting of LHe and LN> shields. These shields are connected to their respective
dewars and effectively block external thermal radiation. With the cooling setups described
above, the LT-STM/AFM operates at a low temperature of approximately 5 K.

To mitigate the influence of external vibrations on imaging quality, the instrument is
mounted on four damping legs. This setup effectively minimizes noise and ensures a stable
operating environment for precise imaging. The entire instrument will be floating on these
damping legs during the measurements. Similarly, vibrations can also be induced by the
cryostat. The gasification process of LHe and LN; can generate noise in the frequency range of
500 to 800 Hz due to the outlet of the Dewars directly connected to the atmosphere. In order to
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reduce this noise, the scanner is suspended using springs and incorporates eddy current damping.
Additionally, the entire instrument is grounded to isolate and minimize electrical noise.

Preparation |
chamber 1

Vacuum pumps

Figure 2.13: Picture of the LT-STM/AFM instrument. Different components of the instrument are
highlighted with different colors. The load-lock chamber, although not depicted in this illustration, is a

movable component that can be affixed to the preparation chamber. This picture is taken from the ref.
[68].
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Figure 2.14: Schematic of the cryostat. The dark blue region, representing the inner Dewar, is filled
with LHe, while the light blue area, representing the outer Dewar, is filled with LN,. The picture is
adapted from the ref. [88].

Scanning system. The essential components of the scanning system consist of a scanner
(Figure 2.15), a gPlus sensor (CreaTec) (Figure 2.7), and Nanonis controllers (SPECS). The
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qPlus sensor, invented by Giessibl in 1996,”> %" is considered the crucial component for nc-
AFM measurements. As depicted in Figure 2.15, one side of the tuning fork is attached to the
ceramic base using an adhesive. Additionally, a tip, typically made of tungsten, is fixed to the
free prong of the tuning fork. The deflection signal is produced through the piezoelectric effect
and can be detected by reading the output from the two electrodes of the tuning fork.

X-y-tripod

z-slider with
main piezo

base plate springs
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sampleholder <«——— eddy current damping
with sample F

Figure 2.15: Schematic drawing of SPM scanner (Adopted from ref. [68]).
2.4.3. Joule-Thomson STM (JT-STM)

Some of the STM data and STS spectroscopy in this thesis were obtained from a commercial
JT-STM instrument from SPECS company (Figure 2.16). The pumping, cooling, and damping
equipment used in the JT-STM are similar to the LT-STM/AFM. The primary distinctions lie
in the STM scanner (Figure 2.16b-c) and sample holder (Figure 2.18b-c). In addition, the
notable feature of this system is the JT-cooler, which is capable of reducing the temperature of
the sample to approximately 1.2 K via the Joule-Thomson effect. In this thesis, no STM
measurements were carried out at 1.2 K, so we do not give more detail on the Joule-Thomson

effect and the related process of cooling. A more detailed description of this instrument can be
found in the thesis of R. Hellwig ref. [90].
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Figure 2.16: (a) Picture of the JT-STM setup. (b) Schematic drawing of the STM head. (c) Picture of
the STM head. All pictures are taken from the ref. [90].
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2.4.4. SPECS - XPS

Figure 2.17 shows the commercial SPECS GmbH XPS setup employed in this work. It consists
of two chambers (a preparation chamber and an analysis chamber) and a load-lock chamber.
The analysis chamber includes a PHOIBOS 150 hemispherical analyzer, an XR 50 X-ray source
providing monochromatic Al Ko / Mg Ka radiation, and a FR 50 X-ray source supplying non-
monochromatic Mg Ka / Al Ka radiation. Before XPS measurements, the sample must be
transferred to the analysis chamber using a manipulator. The sample (Figure 2.18d) on the
manipulator is usually held at 300 K when the measurements are carried out but can be cooled
down by LN and heated up by a combined filament/electron-impact heating.

Figure 2.17: Picture of the SPECS-XPS setup.

2.4.5. Sample preparation

All sample preparations adhere to a similar procedure. Initially, the substrate surfaces are
cleaned within a preparation chamber. Following that, organic precursor molecules and metal
atoms are thermally deposited onto the substrate using an OMBE technique and home-built
metal evaporators, respectively. The details are elucidated in the following.

The substrates utilized in this thesis are single crystals of Au(111), Ag(111), and Ag(100),
and they are mounted on the sample holder (Figure 2.18). The preparation of a clean and
atomically flat crystal was achieved by several cycles of Ar' sputtering and subsequent
annealing to a temperature in the range of 700-720 K. After completing the aforementioned
cleaning procedures, the surface is suitable for OMBE.

: R G
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Figure 2.18: Sample holder and crystal used in VT-STM (a), JT-STM (b), LT-STM/AFM (c), XPS (d)
respectively.

Organic molecules are deposited from a quartz crucible at temperatures that allow for their
sublimation. Figure 2.19 presents the chemical structures of all used precursors in this thesis.
Indigo (TCI, exceeding 97% dye content), 6,6'-dibromoindigo (Tyrian purple, Sigma-Aldrich,
exceeding 95% dye content), and 1H,1'H-2,2"-Bibenzo[d]imidazole (H2bbim, TCI, exceeding
97% purity) were deposited by heating the respective crucibles at 493-523 K, 533-553 K, and
473 K respectively. All substrates were held at room temperature during deposition. The
deposition time was appropriately controlled to attain the desired molecular coverage.

Transition metal atoms were sublimated from a thin wire (Alfa Aesar, 99.995% purity for
Fe), which was wound around a tungsten wire, resistively heated by direct current (Figure
2.11c¢). Lanthanide atoms were sublimated from a foil (Alfa Aesar, 99.9% purity for Ho), which
was clamped by copper rods carrying an alternating current (Figure 2.11d). The deposition flux
and adsorbate concentration could be calibrated through STM imaging and were adjusted by
controlling the filament heating current and deposition time. All substrates also were held at
room temperature during deposition. After the evaporation of molecules and metals, the sample
can be annealed to promote the assembly between molecules and metals or activate molecular
on-surface reactions.

OH OH Br H
N N N, N
L=, 1L~ T r—<
N Br E' N N
Ho A A H

Indigo Tyrian purple szbim

Figure 2.19: Chemical structures of the precursor molecules studied in this thesis.
2.4.6. Data acquisition and analysis

STM and AFM data. STM images were taken using the constant current mode (unless
mentioned otherwise) and the bias voltage was applied to the sample. All AFM images were
acquired at constant heights with s = 0 V using a qPlus tuning fork sensor’! (resonance
frequency ~ 31 KHz, oscillation amplitude 60-80 pm, Q value > 100000, stiffness ~ 1800 Nm"
1Y operated in frequency modulation mode. The data was analyzed using three software tools:
WSXM,”? IGOR Pro 6.3 (a special package for STM analysis), and SpmImage Tycoon.”

XPS data. All XPS data were obtained from the SPECS-XPS setup described above and were
acquired with a monochromatic Al Ka source (Av = 1486.71 ¢V) and a SPECS Phoibos 150
hemispherical analyzer in normal emission geometry. All XPS data were analyzed and fitted
via CasaXPS software.”* The binding energy of all spectra was calibrated with the Ag 3ds, (or
Au 4172) core level of the silver at 368.46 eV (84.19 eV).

DFT Calculations. In chapter 3, calculations were performed using the spin-polarized DFT+U
method, as implemented in the Quantum ESPRESSO package. Exchange-correlation
interactions were treated using the vdW-DF2-B86R functional. The pseudization of core
electrons was described using projector augmented wave (PAW) pseudopotentials. Surface unit

: . 7 1 5 —4
cells corresponding to supercell matrices of ( 4 5) and ( 1 2 ) were used for the

coordination polymers on Ag(111) and Ag(100) respectively. The metal substrates were
modelled using 3 atomic layers. The values presented here are for a value of the Hubbard onsite
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parameter U = 1 eV; however it has been verified that the results are robust for a range of U
values.
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3. On-surface isomerization of indigo within 1D
coordination polymers

Introduction

Indigo (molecular reactant in top row of Figure 3.1) is a common, ancient pigment with a
distinctive blue color. More recently, its molecular properties have attracted the interest of both
fundamental and applied research.”> Among them, the various metal complexes of indigo”®*’
and its derivatives'?” %! have been explored and found application in redox-'°% and electro-'%
chemistry as redox-switchable ionophores'® !9 and organic-based battery materials.'®
Notably, indigo can chelate metal ions with its N and O atoms. Thus individual metal complexes
sandwiched between two indigo derivatives have been created and studied on surfaces.'
Extension of this coordination offers the possibility of forming natural compound coordination
polymers (CPs), such as the Ni-CPs of the related natural dye, Tyrian purple (6,6'-
dibromoindigo, molecular reactant in bottom scheme 1).!°” CPs exhibit desirable properties for
gas adsorption and packing,'® catalysis,!” photoluminescence,'!'® magnetic information
storage and spintronics.!!! More recently, surface-confined metallosupramolecular engineering
has emerged as a route towards unique CPs!'*!'® with unconventional electronic''® 1?° and
magnetic properties,'?!'?* making them suitable for multiple applications including magnetic

information storage and spintronics.

The neutral indigo has an intriguingly high photostability!** and its trans-cis

photoisomerization has been the subject of scrutiny for mechanistic insights.!?>"1?° The factors
inhibiting photoisomerization in indigo include intramolecular NH:--O=C hydrogen bonds in
the trans isomer, efficient excited-state proton transfer, and efficient nonradiative internal
conversion.!?> 13133 Interestingly, in the absence of the intramolecular H-bonds,
N,N'-disubstituted indigos'** '* (such as N,N'-diacyl,'*® 137 N,N'-dimethyl,'?> '*® and N,N'-
di(tert-butyloxycarbonyl)'* indigos) undergo photoisomerization, expanding their application
in photoswitches.!** 1*! In addition, isomerization of indigo can be induced by heating,'*?
protonation'** and catalysts such as transition metal ions.”®*° In particular, cis-indigo is posited
as a promising material for optoelectronic devices, based on calculated electronic properties by
density functional theory (DFT).!#

Here we explore nanostructuring under surface confinement, providing access to otherwise
unattainable compounds. This approach is conveniently coupled with direct visualization and
molecular identification using scanning probe microscopy techniques such as scanning
tunneling microscopy (STM) and noncontact atomic force microscopy (nc-AFM) with CO-
functionalized tips.!™ 7 145 196 In particular one dimensional (1D) CPs!!®- 121 147 198 haye been
fabricated and isolated through careful development of interfacial metallosupramolecular
engineering protocols,'*!>? relying on metal-ligand interactions operative between metal
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adatoms and suitable linker groups. Specifically, we observe metal-directed assembly of
distinct 1D CPs incorporating dehydroindigo molecules and iron (Fe) adatoms on the Ag(111)
and Ag(100) surface. Combining analysis of STM, AFM and X-ray photoelectron spectroscopy
(XPS) measurements with DFT calculations, we identified the trans and cis configurations as
well as the ligand chemical modification, affording N,O- and N,N- plus O,0-chelation within
the CPs. The substrate packing proves important in this process: no isomerization was found in
the CPs for indigo (or 6,6’-dibromoindigo) with Fe adsorbed on the Ag(100) surface. DFT
calculations further shed light on the molecular adsorption, coordination motifs and
isomerization process. This investigation points to a fascinating playground for the realization
of interfacial metal-organic nanosystems, in which tuning the linker isomerization affords
different types of coordination polymers.

H N - Y '4
. O _N O + nFe on Ag(111)/Ag(100) d"Fe\N O on Ag(111) ' l
_—
o4 473K, -nHy, M 573K O 7 O

indigo 2
7o Br on Ag(100)
_N + nFe on Ag(111)/Ag(100)
n, L=
Br 473 K, -2nBr
H 4 e "/2 ”/2

Tyrian purple CP with frans-dehydroindigo (CP-A) CP with cis- dehydromd|go (CP-B)

Figure 3.1: Chemical schemes of the on-surface formation of CPs presented in this work. Trans and cis
molecular monomers of dehydroindigo afford N,O- and N,N- plus O,0-chelation within the CPs.

Results and Discussion

Deposition of a submonolayer of indigo molecules and Fe atoms on a Ag(111) surface held at
room temperature (r.t., 300 K) and subsequent annealing at 573 K leads to the formation of
isolated CPs, as shown in Figure 3.2a. Within these CPs, one can distinguish two kinds of
molecular arrangements considering the angle between the molecular axis and the CP direction.
While an acute angle of approximately 73° is measured in CP-A segments (rendered in a
magenta color scale), a right angle is obvious in CP-B segments (rendered in a cyan color scale).
The monomer of CP-A is imaged in the STM images as an S-shaped protrusion, attributed to
the organic ligand (marked by a S-line on Figure 3.2a) and a bright round protrusion, attributed
to the metal center (marked by a dot on Figure 3.2a). Notably, the S-shaped protrusion is
consistent with the STM imaging of indigo on Cu(111).!%*!>* CP-B is comprised of a clearly
distinguishable monomer: a U-shaped and a round protrusion, indicated on Figure 3.2a by a U-
line and a dot, respectively. Interestingly, further annealing of the sample at 623 K, leads to CPs
comprised predominantly of extended CP-B, which aggregate into self-assembled islands (see
Figure 3.3).

Figure 3.2: STM analys1s of CPs constituted with indigo or Tyrlan purple molecules and Fe atoms on
Ag(111). a) Representative overview STM image (0.1 V, 100 pA, 4.6 K) of the CPs on Ag(111) after
annealing a submonolayer coverage of indigo with Fe atoms at 573 K. Two types of polymers are
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observed, differing in the monomer shape and the orientation of the monomer backbone with respect to
the chain direction: CP-A and CP-B, colored cyan and magenta, respectively. b-c) High-resolution STM
images of CP-A (1.5 V, 70 pA, r.t.) and CP-B (1.0 V, 100 pA, r.t.) evolving on Ag(111) upon annealing
a submonolayer of Tyrian purple with Fe atoms. A high symmetry direction of the Ag(111) surface as
well as the angles between the molecular backbone and the chain direction are indicated. d) Distribution
of monomers in CP-A and CP-B as a function of annealing temperature of Tyrian purple and Fe on
Ag(111).

Figure 3.3: STM images of CP-B formed by annealing indigo and Fe on Ag(111) at 623 K. (a-c).
Constant current images. (d) Constant height image. Imaging parameters: (a) -500 mV, -100 pA; (b) -
100 mV, -100 pA; (c) -10 mV, -100 pA; (d) 10 mV. All STM images were acquired at 4.6 K.

Similar results are obtained by employing the same fabrication protocol after replacement of
indigo with Tyrian purple: both CP-A and CP-B segments can be found as shown in the high-
resolution images of Figure 3.2b-c. These are identified by the distinctive monomer features,
allowing us to conclude that the same CPs are formed by both natural compounds of indigo and
Tyrian purple on Ag(111). The overview STM images shown in Figure 3.4 reveal that CP-B is
predominantly expressed following annealing at 573 K. Figure 3.2d presents the relationship
between annealing temperature and the portions of the monomers within CP-A and CP-B (raw
data in Figure 3.5). Similar to the case of indigo, CP-B is clearly preferred with increasing
annealing temperature.
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Figure 3.4: STM images of Tyrian purple and Fe on Ag(111) after annealing at 573 K. (a) Overview
and (b) zoom in the area indicated by a dotted in (a). In (b), CP-A and CP-B segments are rendered in
magenta and cyan, respectively. Imaging parameters: (a) -2 V, -90 pA; (b) -1.2 V, -60 pA. All STM
images were acquired at r.t..

Total number
of monomers: 99

o Total number
of monomers: 90

Number of
monomers in CP-B: 17

Number of
monomers in CP-B: 5

Fraction of
monomers in CP-B:  17.7%

Fraction of
monomers in CP-B:  5.5%

Area: 10 nm *10 nm " Area: 10 nm *10 nm

Total number
of monomers: 206

.44 Total number
. of monomers: 373

Number of

- Number of
| monomers in CP-B: 53

monomers in CP-B: 149

Fraction of
f monomers in CP-B:  25.7%

| Fraction of
monomers in CP-B:  39.9%

Area: 15 nm *15 nm Area: 20 nm *20 nm

Total number
of monomers: 806

% Total number
" of monomers: 825

Number of
monomers in CP-B: 624

* Number of
- . monomers in CP-B: 555

# Fraction of
monomers in CP-B:  77.3%

Fraction of
monomers in CP-B:  67.3%

Area: 30 nm *30 nm Area: 30 nm *30 nm

P

LS o ’ W
Annealed at 543 Annealed at 573 K

Figure 3.5: STM images of CPs formed by annealing Tyrian purple and Fe on Ag(111) at various
temperatures. These images were used to count the CP-B monomers with changing temperature.
Imaging parameters: (a) -1 V, -70 pA; (b) -2.1 V, -100pA; (¢) -0.7 V, -60 pA; (d) -1.2 V, -60 pA; (e) -2
V, -100 pA; (f) -1.7 V, -80 pA; (g) 1 V, 70 pA; (h) 1.9 V, 120 pA. All images were acquired at r.t..

To obtain a chemical identification of the monomers within CP-A and CP-B, a series of XPS
measurements was carried out. In particular, relevant core levels were probed to investigate the
chemical alterations to the monomer deposited at r.t. on Ag(111) before and after the addition
of the second component (Fe) and heat treatment. The complete set of data can be found in
Figure 3.6, whereas Figure 3.7 shows the most informative spectra corresponding to the O 1s
and N 1s regions after initial deposition of Tyrian purple on the Ag(111) surface atr.t. (bottom),
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and following the addition of Fe atoms and annealing at 473 K (top). Without Fe deposition,
the O 1s spectrum shows a prominent peak with a binding energy (BE) centered at 530.2 eV,
which is assigned to the keto group in the indigo backbone hybridizing strongly with the
substrate metal states.!>®> A small shoulder can be noticed at 531.2 eV, which might originate
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Figure 3.6: XP spectra of the (a) O 1s, (b) N 1s, (c¢) Cls, (d) Br 3p and (e) Fe 2p 3/2 regions of Tyrian
purple (in absence and presence of Fe adatoms) on Ag(111). Proof of the presence of Br atoms on the
Ag surface visualised by STM (grey features in Figure 3.2b-c between CPs) is found in the Br 3p XP
spectra (c¢): only two peaks, located at 182.4 eV and 188.9 eV representing the Br 3p doublet, are
observed after annealing at 373 K, consistent with Br adsorbed on Ag. Therefore, all Tyrian purple
molecules on the surface are debrominated following annealing at 373 K. The debromination sites are
likely to be hydrogen-passivated as in our STM images (e.g. Figure 3.2b-c, Figure 3.5) no dimers,
oligomers nor metal intermediates indicative of Ullman-coupling are visible. Isolated CPs in samples of
Tyrian purple with Fe on Ag(111) can be observed at low temperatures, e.g., see the CP-B depicted in

Figure 3.8.
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Figure 3.7: O 1s and N 1s spectra of pure Tyrian purple on the Ag(111) surface (bottom) and with the
addition of Fe adatoms and annealing to 473 K, corresponding to the formation of CPs (top).
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from keto groups without strong substrate hybridization'>> presumably due to local
supramolecular self-assembly. Correspondingly, the N 1s spectrum shows two peaks with a BE
0f399.9. eV and 398.0 eV, in good accord with aminic and iminic N atoms on metal surfaces,
respectively.!*® 157 We thus infer that a small portion of N—H scission occurs already at r.t. on
the Ag(111). Concomitantly, we observe the scission of C—Br (cf. Br 3p spectra in Figure
3.6d).!%8 As there is no evidence in the imaging of the molecular products of reactive C atoms
resulting from the C—Br bond cleavage (as e.g. dimers, oligomers or metal intermediates
indicative of Ullman-coupling), it is proposed that this C site is passivated with H originating
from the on-surface N-H scission and/or from residual Hy in the UHV environment.'>’ Surface
Br atoms are evident both in the XPS spectra (Figure 3.6d) and in the STM data as bright
protrusions'®® between the CPs (see Figure 3.2b-c), where they mediate the CP self-assembly
into islands by hydrogen bonding.'®! After addition of Fe atoms and annealing to 473 K
triggering CP formation, the O 1s and N 1s spectra show sole peaks centered at 530.8 eV and
398.1 eV, respectively. The O 1s shift to higher binding energy is consistent with observations
of on-surface coordination between carboxylate moieties and Fe atoms.!®? Also the N 1s BE is
consistent with Fe coordination.'® Upon annealing to 673 K, these regions remain unaffected,
indicating that the O and N atoms have the same chemical state in CP-A and CB-B (Figure
3.6a-b). We thus conclude that all N and O atoms are coordinated by Fe atoms in both CP-A
and CP-B polymers.

2 nm

Figure 3.8: High resolution STM image (-5 mV, -100 pA, 4.6 K) of isolated CP-B formed by Tyrian
purple and Fe on Ag(111). The orthogonal orientation of the monomer with respect to the polymer
direction is indicated in blue.

Having the chemical identification of the monomers, we turn our attention to the high
resolution STM and nc-AFM imaging, in order to identify the monomers isomeric forms in CP-
A and CP-B. Upon close inspection, we attribute CP-A to molecular monomers of trans-
dehydroindigo stabilized by two kinds of coordination bonds (C=O---Fe and =N---Fe),
affording N,O chelation. A structural model was optimized by DFT calculations (Figure 3.9).
The model clearly demonstrates the trans-N,0-N,O coordination of Fe by two dehydroindigo
molecules. The distance d between two adjacent Fe atoms is 6.33 A, in good agreement with
the measured value of 6.3 £ 0.2 A. The assigned structure is further supported by the simulated
STM appearance (Figure 3.9c), which nicely reproduces the experimental STM image,
manifesting that the two small dots close to the center of every single trans-dehydroindigo can
be associated to the two carbonyl groups. To indisputably confirm the coordination structure,
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the bond-resolved nc-AFM technique with CO tip functionalization”® was also utilized to
inspect CP-A (Figure 3.9a, right). The confirmation of the trans-dehyroindigo configuration is
achieved via the clear visualization of the indole 6-membered ring orientation and the adatom
in the coordination node, in good agreement with the STM-simulation of the model. In addition,
images show that bright features associated with the carbonyl groups are on opposite sides of
the molecule (see also the AFM simulation'®* %% in Figure 3.10).

a CP-A b CP with trans-dehydroindigo
STM data AFM data DFT model STM sim. AFM sim.
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Figure 3.9: CP-A and CP-B structural identification. (a) High resolution STM image (left, -0.1 V, 100
pA, 4.6 K) and AFM image (right) of a representative CP-A chain formed by indigo and Fe on Ag(111).
(b) DFT optimized model of a CP chain with three frans-dehydroindigo monomers next to the
corresponding simulated STM image® (center) and AFM image!®* 19 (right). (¢) High resolution STM
image (left, 0.1 V, 100 pA, 4.6 K) and AFM image (right) of a representative CP-B chain formed by
indigo and Fe on Ag(111). (d) DFT optimized model with three trans-dehydroindigo monomers next to
the corresponding simulated STM image®® (center) and AFM image'®* ' (right). All images are on the
same scale. C, O, N, H, Fe and Ag atoms are depicted in black, red, blue, white, rust and silver,

respectively.
7
H o)

Figure 3.10: Simulated nc-AFM image of an isolated indigo molecule (structural formula on the left).
The red arrows mark the positions of the O atoms.

Likewise, we studied the CP-B that features monomers perpendicular to the chain direction,
separated by the same distance d. To account for the symmetry of the molecular monomer, we
ascribe CP-B (Figure 3.9¢) to a CP composed of cis-dehydroindigo and obtained the DFT-
optimized structural model shown in Figure 3.9d, left. Conceivably, an indole of the trans-
dehydroindigo flips around the center C—C bond, affording N,N-O,0 coordination. The
excellent match of the simulated STM (Figure 3.9d, center) and bond-resolved AFM (Figure
3.9d, right) verifies unambiguously the proposed molecular model.
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Indigo features a central C=C double bond (see inset outlined in pink, Figure 3.11a). The
isomerization observed would require a rotation around this bond, which would be indicative
of the nature of a single C—C bond. By means of DFT we investigated the central C—C bond
lengths of trans-indigo and trans-dehydroindigo (see inset outlined in orange in Figure 3.11a)
as a measure of the single vs. double bond character. Indeed, for isolated species the bond
distance increases significantly from the indigo molecule (1.368 A) to dehydroindigo (1.438 A).
An increase in the bond length is also found for the corresponding adsorbed species, indicating
that a rotation around this bond is likely feasible due to the N-H bond scission caused by the Fe
coordination.
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Figure 3.11: DFT analysis of geometry and energy of the isomerization. a) Comparison of the central
C—C bond lengths of trans indigo and dehydroindigo in different environments, as indicated. b)
Energetics of the indigo and dehydroindigo isomerization. Gas phase and Ag(111) adsorbed states are
indicated by the subscripts (g) and (a), respectively.

Next, the propensity of the indigo type dyes towards isomerization is addressed. To unravel
the related thermodynamics, extensive DFT calculations were carried out comparing the energy
difference between cis and trans configuration of the molecule in different environments
(Figure 3.11b). As expected, in the gas phase and on the surface, trans-indigo is favored over
cis-indigo for both molecules. This energy difference between the isomers decreases
significantly for dehydroindigo due to the conversion of the center C=C double bond into a
single bond. Moreover, for both, indigo and dehydroindigo, the surface environment decreases
the energy difference between cis and trans. However, in all these cases the trans isomer is
favored. It is only within the coordination polymers that the cis-dehydroindigo is clearly favored
over trans-dehydroindigo, which indicates that for this chemistry both the Fe coordination and
the surface environment are key elements.

Finally, to gain insights into the influence of the epitaxy on the isomerization, the substrate
was changed to Ag(100). Unexpectedly, only CP-A arrangements were detected in the STM
investigation, even if the sample of Tyrian purple and Fe is annealed up to 673 K (Figure 3.12a-
e). The corresponding DFT model in Figure S6f shows that all Fe atoms are located on hollow
sites and the CP periodicity matches very well the Ag(100) lattice. In comparison, for CP-A on
Ag(111), every third Fe atom is on a hollow site. A CP with frans-monomers is energetically
favored over cis-monomers on Ag(100) by 96 meV/monomer. Detailed analysis shows that the
key factor favoring the isomerization in the CP on Ag(111) is the strain imposed by the substrate;
another key factor is the stronger binding between the CP with cis-dehydroindigo to the
substrate than the CP with trans-dehydroindigo on Ag(111) (see Figure 3.13). This is not true
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on Ag(100). The stronger overall adsorption energy of dehydroindigo on Ag(100) is
presumably also hindering the rotation required for the isomerization into the cis form. As a
result, the isomerization is absent on this surface.

Figure 3.12: CP-A formation by Tyrian purple and Fe on Ag(100): (a)Overview STM image. (b)Zoom
in of the area indicated by the dotted square in (a). (c,d) Further zoom in a single CP-A marked by the
square in (b) and imaged at different sample bias. In (d), the monomer separation of 6.45 A is marked
and the angle of 101.9 ° indicates the orientation of the monomer with respect to the direction of the CP.
f) Respective DFT optimized structural model. Annealing up to 673 K affords solely CP-A. Imaging
parameters: (a-c) -500 mV, -100 pA; (d) -20 mV, -100 pA; (¢) 100 mV, 1 nA. All image are acquired at

4.6 K.
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Figure 3.13: (a) The energy of a dehydroindigo-Fe monomer in a gas phase CP vs. the monomer length
(lattice constant). The pink and the orange lines mark the CP monomer lengths on Ag(111) and Ag(100)
respectively. This shows that given the strain of the substrate, the CP with cis-dehydroindigo (cyan data)
is favored on Ag(100) (in disagreement with experiment) and the CP with trans-dehydroindigo (magenta
data) is favored on Ag(111) (also in disagreement with experiment). (b-c) The energy of a
dehydroindigo-Fe monomer in a gas phase CP plus the corresponding adsorption energy to the surface
vs. the lattice constant can additionally take into account the effect of binding to the surface. (b) Data
shifted by the adsorption energy of the monomer on Ag(111) show that CP with cis-dehydroindigo (cyan
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data) is favored on Ag(111) (now in agreement with experiment). (c¢) Data shifted by the adsorption
energy of the monomer on Ag(100) show that CP with trans-dehydroindigo (magenta data) is favored
on Ag(100) (also now in agreement with experiment).

Based on DFT modeling and analysis, it is expected that the obtained CPs on Ag(111) are
conductive, whereby the density of states in the vicinity of the Fermi level is quite similar for
both isomers. Intriguingly, the DFT calculations indicate that on both Ag(111) and Ag(100) the
CPs are spin-crossover systems, with spin-crossover energy barriers of ~100 meV. Intriguingly,
the ligand field that determines the splitting between Fe d states is different in the CPs with cis-
dehydroindigo and CPs with trans-dehydroindigo, which aspects and their implications will be
explored further in a future publication.

Conclusion

We have demonstrated that two natural dyes (indigo and Tyrian purple) are suitable to generate
high-quality, extended CPs obtained in a metal-directed assembly scenario on planar silver
surfaces (see pathways described in Figure 3.1). CPs incorporating trans-dehydroindigo
molecules and Fe adatoms are realized on Ag(111) and Ag(100). The dehydrogenation caused
by the Fe-coordination, transforms the center double bond of the molecule into a single bond,
enabling a rotation of the indole moieties on both surfaces. On Ag(111), the difference in the
binding of cis and trans dehydroindigo isomers to the surface mediates an isomerization of the
molecular linker within the CP. For this isomerization, both the Fe coordination and the
presence of the Ag substrate are crucial: their combination results in an energy gain when the
molecular monomer transforms from frans to cis. These results reveal the realization of
interfacial metal-organic nanosystems, where different types of CPs are accessible by the linker
isomerization, offering a new pathway to alter the physicochemical properties of the respective
CPs. Last but not least, with the presented strategy of employing such natural dyes,
biocompatibility and biodegradability may be imparted in such advanced composites.
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4. From indigo to on-surface synthesis, coordination and
fusion of metalated porphyrinoids on a planar gold surface

S o]
(Fe-Por),NT

Introduction

Porphyrins,'® consisting of four pyrrole subunits connected through a methine bridge, are
highly significant functional molecules in both biological processes and material science, as
they possess outstanding photophysical properties,'®’ redox activity,'®® and the ability to
coordinate with metal atoms.!®” In recent decades, significant efforts have been devoted to
synthesizing various porphyrinoids (Pors)!’%!”3 due to their diverse conformations, cavity
shapes, and m-electrons. These structural variations offer the potential for Pors to possess
unique physical and chemical properties compared to traditional porphyrins. Among these,
porphycene, which is the first constitutional isomer of porphyrin and synthesized from bipyrrole
dialdehyde through McMurry coupling (Figure 4.1a)!"* is one of the most-studied Pors owing
to its synthetic accessibility, chemical stability, and remarkable optical properties.'”

Porphyrin nanotapes,'’® such as -8, meso-meso, p-f triply-linked porphyrin arrays, have
garnered significant attention in light of their high degree of m-conjugation. The highly =n-
conjugated nature of the porphyrin nanotapes gives rise to various notable characteristics, such
as highly red-shifted absorption bands,'”” extraordinarily narrow HOMO-LUMO gaps,'’® near-
IR reverse saturable absorption,!”® and high single-molecule conductance.!” In addition to
porphyrin nanotapes, Pors'® (e.g., corrole'®!"'®5 and subporphyrin'®®) nanotapes (Pors NT),
porphyrin-Pors (e.g., porphyrin-hexaphyrin)'®’-!%° hybrid and porphyrin-graphene hybrid
nanotapes'®*1°! have been successfully explored and synthesized. However, it is worth noting
that almost all synthesized porphyrin-related nanotapes to date are limited to triple connections
due to the presence of only a maximum of three fused sites (8, meso, f) on one side of the
porphyrin or Pors used. This indicates the absence of quadruply (or further) fused porphyrin-
related nanotapes, which are highly intriguing materials because they potentially have a higher
n-conjugation network and novel electronic properties. Thus, to obtain quadruply or more than
quadruply fused nanotapes, it is necessary to explore novel Pors containing more fused sites
and develop new fusion reaction methods.

In the past decade, on-surface synthesis has been proven a versatile bottom-up strategy to
construct atomically defined nanostructures using rationally designed molecular precursors.’
For example, this method has successfully synthesized various Pors (e.g., regular’’ *>1% and
expanded phthalocyanines),’! triply fused porphyrin nanotapes,'®” and porphyrin-graphene
hybrids nanotapes.'*- Y Thus, on-surface synthesis holds great promise for creating novel Pors
and quadruply (or more than quadruply) fused nanotapes. In this article, we present the on-
surface synthesis of quadruply fused Fe-Por N'Ts made up of novel Fe-Pors using a common
natural pigment (indigo) with Fe atoms on Au(111). The novel metallated Pors, which can be
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described as porphycene derivatives, were synthesized with high yield by a series of thermally
activated reaction steps, including isomerization, selective C—H activation assisted by
coordination pocket template, and so on. Subsequently, deoxygenative and dehydrogenative C—
C coupling were employed to fuse Fe-Pors into Fe-Por NTs ((Fe-Por): NT and (Fe-Por); NT),
where Por segments are connected by quadruple linkages, forming two fused six-membered
rings and one eight-membered ring. The reaction products are identified by a combination of
STM, nc-STM, and density functional theory (DFT) investigations.
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Figure 4.1: Schemes of (a) solution-based synthesis of porphycene, Fe-Pors, and (b) on-surface
synthesis of Fe-Por and Fe-Por NTs on Au(111).

Results and Discussion

On-surface synthesis of porphyrinoids and their nanotapes

The deposition of a sub-monolayer of indigo molecules on Au(111) kept at r.t. results in linear
chain-shape structures stabilized by intermolecular hydrogen bonds (NH:--O=C, imino and
carbonyl group: NH and C=0) (Figure 4.2a-c). Subsequent annealing to 473 K leads to the
complete desorption of the molecules (evidenced by C 1s XPS in Figure 4.2d). However, a
different scenario is observed once some Fe atoms are co-deposited together with the indigo
molecules. In this case, even upon subsequent annealing to 573 K, indigo molecules remain
adsorbed on the surface and formed chain-shape structures (Figure 4.3). Our work described in
the previous chapter established that indigo molecules with Fe atoms on Ag(111) can give rise
to coordination polymers (CPs) comprising of homochiral frans-dehydroindigo molecules
(Figure 4.4a) that are generated by the deprotonation of NH group at 473 K annealing
temperature. Further annealing of the sample to 573 K leads to formation of cis-CPs that consist
of cis-dehydroindigo molecules (Figure 4.4b) generated by the isomerization of trans-
dehydroindigo. Therefore, we attribute the above chain-shape structures to Fe-coordination
polymers consisting of dehydroindigo molecules. The related XPS data provides further
evidence for our conclusion (see Figure 4.5). The O 1s spectra show that the main peak located
at Eg=530.6 eV will shift to higher Eg=531.1 eV following annealing at 573 K consistent with
C=0---Fe coordination bond formation.!®> The N 1s spectra show that once Fe atoms are
introduced into the indigo/Au(111) system, the main peak centered at Eg=399.5 eV will be split
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off into an additional peak with weak intensity located at Eg=398.0 eV. It indicates that a part
of the NH groups deprotonate and form =N---Fe coordination bonds, in good accord with the
findings on Ag(111) described in the previous chapter. However, after annealing at 573 K, the
weaker peak becomes the main and dominant peak (Eg=398.3 eV), implying that all NH groups
have been deprotonated and form =N---Fe coordination bonds. The Fe 2p spectrum (at the
bottom of Figure 4.5¢) displays two peaks at Eg=707.0 and 720.0 eV, corresponding to Fe 2p3,
and Fe 2pi1/> of metallic Fe, respectively.!”® In the Fe 2p spectrum (on top of Figure 4.5¢), the
Fe 2p32 and Fe 2p12 peaks are shifted to Eg=710.5 and 724.0 eV, respectively, corresponding
to the positively charged Fe(II) species'®” in coordination bonds. The Fe 2p spectra are in good

agreement with the evolutions of N 1s and O 1s, demonstrating the formation of Fe:--O
coordinative bonds.
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Figure 4.2: Indigo on Au(111) without Fe atoms. (a) An overview STM image of chain-like self-
assemblies of indigo. (b) Zoom-in STM image of the chain-like self-assemblies. (¢) High-resolution
STM image of a chain-like self-assembly and its chemical structure model. The straight chain-like
structure is stabilized by intermolecular hydrogen bonded. (d-f) Core level spectra of C 1s, O 1s, and N
Is for the indigo adsorbed on Au(111) at r.t. followed by subsequent annealing to 373 K, 423 K, and
473 K, respectively. Scan parameters: (a-b) Vs =-1 V, ;=100 pA; (c¢) Vs = 100 mV, [;=100 pA. All
STM images were acquired at 4.6 K.
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Figure 4.3: CPs on Au(111) forming after annealing indigo with Fe adatoms at 573 K. (a) Overview
STM image of CPs. (b) Zoom-in STM image of CPs. Scan parameters: (a) Vs =-300 mV, /;=100 pA;
(b) Vs=-100 mV, I;=10 pA. All STM images were acquired at 4.6 K.
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Figure 4.4: Chemical structures and nc-AFM simulation images of trans-dehydroindigo and cis-
dehydroindigo.

To characterize the configuration of each molecule and determine whether dehydroindigo
undergoes isomerization on Au(111), similar to the isomerization on Ag(111), we performed
nc-AFM experiments using a CO-functionalized tip. The nc-AFM image (Figure 4.6b and its
corresponding STM image in Figure 4.6a) reveals two distinct molecular configurations,
indicated by the magenta and red brackets, respectively. Two rod-shaped protrusions (indicated
by the red arrow) are observed on the same side of a single molecule in the configuration marked
by a red bracket. However, in the magenta-marked configuration, the two protrusions are
observed on both sides of a single molecule. The nc-AFM simulation results (Figure 4.4)
provide insights into the assignment of the C=O group of dehydroindigo as rod-shape
protrusion’”’ in AFM measurements. It is observed that the protrusions in trans-dehydroindigo
or cis-dehydroindigo are located on both sides or the same side of the single molecule,
respectively. Furthermore, the surface chirality of dehydroindigo, induced by the adsorption of
the molecule on the surface, which leads to mirror symmetry breaking, can also be identified
by the distribution of the protrusion (C=0O group) (Figure 4.4a). These observations are
consistent with our previous results, allowing us to confidently attribute the observed two
different configurations to trans- and cis-dehydroindigo and propose chemical structure of the
Fe-coordination polymer (Figure 4.6c).
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Figure 4.5: Core level spectra of O 1s, N 1s, Fe 2p, and C 1s for the indigo without Fe atoms at r.t. and
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Figure 4.6: Identification of dehydroindigo molecular configurations. (a-b) Constant-current STM and
constant-height nc-AFM image of the coordination polymer consisting of #rans-dehydroindigo and cis-
dehydroindigo, respectively. (¢) Chemical structure for the coordination polymer in (a). Scan parameters:
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(a) Vs=-50mV, I,=50 pA; (b) Vs=0mV, constant height. All STM and nc-AFM images were acquired
at4.6 K.

Upon annealing the sample to 633 K, new coordination polymers (Figure 4.7a-b and Figure
4.8a) prevailed in the surface. These were composed of rectangular monomers with a bright
protrusion at its center, such as the one exemplarily presented in Figure 4.7c or marked by cyan
outline in Figure 4.8a. Interestingly, the width of this rectangular structure is larger than that of
a single indigo molecule, indicating that it is composed of more than one indigo unit. The nc-
AFM images of the rectangular products (Figure 4.7d, Figure 4.8b) reveal that it consists of a
macrocycle skeleton formed by two cis-dehydroindigo molecules connected by two new C—C
bonds, as shown in the proposed molecular structure in Figure 4.7f or 4.8c (new C—C bonds in
red). Notably, the central region of the rectangular structure appears as a bright protrusion in
STM measurements but as a distorted cross of low contrast in nc-AFM measurements, in line
with images of Fe in the coordination environment of a phthalocyanine®’! 2 and in the
coordination environment of a porphyrin®®*. We, therefore, attribute these features to Fe atoms
within a tetrapyrrole pocket and assign the rectangular product as the Fe-Por. We note that the
atomic model derived from the nc-AFM can be described by various resonance chemical
structures (e.g. Figure 4.7f), however for the purposes of simplicity in the discussion that
follows we will adopt the one featuring in Figure 4.7f, with the Fe single atom in a similar
coordination environment as in a porphyrin, which is also consistent with the XPS data of the
Fe 2p core level.

LA

Figure 4.7: (a) Large-scale STM image after annealing indigo with Fe atoms at 633 K. (b) New CP
consisting of Fe-Pors. (c-¢) High-resolution STM, high-resolution nc-AFM image, and Laplace filtered
image of the Fe-Por, respectively. The red arrows indicate new C—C bonds. (f) Two resonance chemical
structures of Fe-Por. Scan parameters: (a, ¢) Vs =-50 mV, I;= 10 pA; (b) Vs=-100 mV, I;= 100 pA; (d)
Constant height, V;=-2 mV. All STM and nc-AFM images were acquired at 4.6 K.
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Figure 4.8: On-surface synthesis of Fe-Pors. (a) STM image of coordination polymer consisting of Fe-
Pors after annealing the sample at 633 K. (b) Corresponding constant-height nc-AFM image. (c-d)
Chemical structure and nc-AFM simulation of the coordination polymer, respectively. Scan parameters:
Vs =-50 mV, I;=10pA (a-b); Vi = -2 mV, constant height (c). All STM and nc-AFM images were
acquired at 4.6 K.

The tetrapyrrole core of Fe-Por is structurally similar to porphycene (highlighted by red
color in Figure 4.1), a porphyrin isomer. Porphycene (Figure 4.1a) possesses 18x electrons in
its shortest conjugation pathway and thus is denoted as [18]porphyrin-(2.0.2.0) according to
nomenclature. However, the synthesized Fe-Por has no aromaticity due to the absence of a
complete conjugation pathway. Consequently, its nomenclature is [0]porphyrin-(2.0.2.0). The
outer parts of two peripheral benzene moieties located along the longer Fe-Por dimension
exhibit a brighter appearance, indicating that they tilt out of the surface plane and the Fe-Por
possesses a part with a concave shape (Figure 4.7d and Figure 4.8b).

The STM images of the metal nodes of these CPs (Figure 4.7b and Figure 4.8a) present a
single bright protrusion between two adjacent Fe-Pors that resembles the center region of Fe-
Pors. In the corresponding nc-AFM image (Figure 4.8b), the carbonyl groups between two
adjacent Fe-Pors are found to be facing each other (indicated by red arrows), instead of a cross
feature. A model in which two Fe atoms exist between two adjacent Pors (Figure 4.8c) was
found to reproduce well the experimental data (Figure 4.8d), unlike a model with a node of a
single Fe atom. Defect nodes are also present (Figure 4.9a, b, f and h) and will be discussed
below.
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1

Figure 4.9: (a, b, f, h) High-resolution STM image of the new CPs containing of dark nodes. (c, d, g, 1)
High-resolution nc-AFM images of the new CPs presented in (b), (b), (g), and (i), respectively. (e) A
possible model for the dark node. Scan parameters: (a) Vs =-30 mV, I;=10pA; (b) V;=-50 mV, [,=10
pA (f) Vs=-20mV, ;=10 pA; (h) V;=-10 mV, ;=10 pA; (c, d, g, i) Constant height, V;=-2 mV. All
STM and nc-AFM images were acquired at 4.6 K.

The synthesis of a novel molecular species was apparent in the STM images as a structure
with two bright protrusions upon further annealing of the sample to 663 K (Figure 4.10b). We
attribute the bright protrusion to the presence of a Fe atom, as discussed for Fe-Por. Therefore,
this product could be a dimer ((Fe-Por)2 NT) resulting from the fusion of two Fe-Por molecules.
The related experimental nc-AFM images unambiguously prove our assignment (Figure 4.10c¢).
The central part of the (Fe-Por)2 NT appears remarkably flat (Figure 4.10c) and exhibits a
contracted eight-membered ring (Figure 4.12). Two Fe-Pors fuse into a (Fe-Por)2 NT, in which
the Fe-Por segments are connected by quadruple linkages to form two fused six- and one eight-
membered rings (Figure 4.10d). Co-existing in the same surface, a longer nanotape, (Fe-Por)3
NT, (Figure 4.11) could be identified along with other interesting side reaction products (Figure
4.13). The side products P3-P6 are Fe-Pors derivatives. P3 consists the two Fe-Pors, connected
by a trans 6-dehydroindigo via deoxygenative and dehydrogenative C—C coupling. The P4
could be an intermediate (or incomplete reaction) product in the formation of (Fe-Por)s NT.
The P5 containing an eight-membered ring is formed by deoxygenative and dehydrogenative
C—C coupling between the Fe-Pors and a cis-dehydroindigo. The P6 is the (Fe-Por): NT with
a defect of three missing carbon atoms. It is worth noting that these different side products are
due to the variety of reactants that include trans d-, A- and cis-dehydroindigo.
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Figure 4.10: On-surface synthesis of (Fe-Por); NT. (a-d) Large-scale STM, High resolution STM, nc-
AFM image, and chemical structure of single (Fe-Por), NT after annealing the sample at 663 K. can
parameters: Measurement parameters: (a) V; =-100 mV, ;=100 pA; (b) V;=-20 mV, I,=10 pA; (c) V
= -2 mV, constant height. All STM and nc-AFM images were acquired at 4.6 K.

Figure 4.11: (a-b) STM image of (Fe-Por); NT. (¢) Chemical structure of (Fe-Por); NT. Scan
parameters: (a) V;=-200 mV, ;=100 pA (b) V;=-133 mV, I;= 100 pA. All STM images were acquired

SLRI

Figure 4.12: High-resolution of nc-AFM image and its Laplace filtered image of center area of (Fe-
Por); NT. Scan parameters: Constant height, Vs =-2 mV. All nc-AFM images were acquired at 4.6 K.

HE [

Figure 4.13: STM and nc-AFM images of side products. Scan parameters: (a) Vs =30 mV, ;=10 pA,;
(c) Vs=-10mV, ;=10 pA (e, g) Vs =-20 mV, [,=10 pA; (b, d, f, h) Constant height, Vs =-2 mV. All
STM images were acquired at 4.6 K.

0.5 nm

Proposed mechanism for Fe-Por and (Fe-Por): NT

Based on our experimental observations, the following synthesis scheme of Fe-Por is proposed
(Figure 4.14). Firstly, the NH groups dehydrogenate due to their coordination with Fe atoms,
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resulting in the formation of trans-dehydroindigo. Subsequently, trans-dehydroindigo
thermally isomerizes into cis-dehydroindigo. Lastly, dehydrogenative C—C coupling occurs by
7,7" C—H activation of two opposite cis-dehydroindigo molecules, joined by an N,N-N,N
chelating pocket, leading to the closure of the chelating pocket and the formation of the
macrocyclic Fe-Por. The N,N-N,N chelating pocket has already been shown to provide a
pathway of the dehydrogenative on-surface C—C coupling process, albeit demonstrating
different regioselectivity.’? Here it serves as a template that aligns the two cis-dehydroindigo
molecules in a suitable spatial orientation for 7,7 C—H activation (adjacent to the N,N-N,N
chelating pocket) and subsequent C—C coupling, presumably similar to Ni template synthesis
in solution chemistry.’® The C—H activation is expected to be either surface-assisted or mediated
by the native Au adatoms of the surface.>

0 qQ & O
q g <
O N O + Fe on Au(111), @ 573 K_ p- @633 K
ZN -2H (dehydrogenation), 0. h -4H (7,7' C-H activation),
! o 3 isomerization O < O C-C coupling O Q
Indigo b 4 0. o
precursor N,N-N,N chelating pocket consisting of i

Cis-dehydroindigo Fe-Por

Figure 4.14: Proposed reaction pathway of synthesis of Fe-Por.

The synthesis of (Fe-Por): NT involves both deoxygenative C—C coupling and a
dehydrogenative (4,4’ C—H activation) C—C coupling (Figure 4.15). The aforementioned defect
nodes of the Por coordination nodes are posed to be crucial intermediates for the (Fe-Por)2 NT
fusion. High-resolution nc-AFM images of these defect nodes (Figure 4.9d, g, and 1)
consistently reveal only three C=0 groups pointing at the same point. Given the (Fe-Por) NT
observed, it is plausible to attribute these nodes to three carbonyl croup with a single Fe atom
between them (Figure 4.9¢), whereas the missing carbonyl signature would result from a
removal of an O atom as part of the deoxygenative C—C coupling. The C—C coupling involving
the 4,4' C—H activation is presumably a surface-assisted intramolecular cyclodehydrogenation,
commonly observed in the periphery of porphyrin molecules.?** We find that the yield of (Fe-
Por)2 NT is lower than that of Fe-Por, and the yield of (Fe-Por)s NT is lower than that of Por2
NT. These are attributed to the energetic barrier associated with the dissociation of the C=0
double bond which is higher than the energetic barrier associated with the dissociation of the
C—H single bond. Notably, the formation of (Fe-Por): NT with a contracted eight-membered
ring requires the dissociation of four C=0 double bonds, indicating more demanding reaction
conditions. Therefore, we propose that the O,0-O, O coordination pocket also acts as a directed
template that facilitates both deoxygenation of the C=O group and the 4,4" C-H activation.
Previous work?® has reported the synthesis of graphene-like nanoribbons consisting of eight-
membered rings through the assistance of a gold-organic hybrid intermediate product (C,C-C,C
chelating pocket). Additionally, the process of 7,7 C-H activation and C—C coupling occurs at
an annealing temperature of 633 K, which is lower than the temperature required for
deoxygenative C—C coupling (663 K). This suggests that 7,7" C-H activation and deoxygenative
C—C coupling follow a hierarchical reaction pathway and do not compete with each other.
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Figure 4.15: Proposed reaction pathway of synthesis of (Fe-Por), NT.

Finally, it is important to highlight the role of Fe in the synthesis of both Fe-Pors and Fe-
Por NTs. By XPS investigations we find that in the absence of Fe atoms, indigo molecules on
Au(111) desorb after annealing at 473 K. However, indigo molecules remain on the surface
following annealing temperatures of up to 673 K in the presence of Fe atoms, presumably due
to the higher binding energy of the Fe-indigo CPs. This binding is essential in order for the
related C—H activation. The Fe atoms also induce the deprotoisomerization of indigo, leading
to the formation of cis-dehydroindigo, which serves as an essential precursor for the synthesis
of Fe-Pors. Thirdly, Fe atoms participate in the formation of N,N-N,N coordination pockets
possessing the directed-template properties. These pockets play a critical role in the spatial
orientation of the reactant molecules, facilitating regiospecificity in the reactions. Finally, Fe
atoms likely act as catalysts for the deoxygenative C—C coupling, essential steps in the synthesis
of Fe-Por NTs. Notable, substituting Fe with holmium (Ho) atoms results in substantially
different regioselectivity of C—C coupling around the coordination pocket and consequently
different reaction products (only trans-dehydroindigo CPs) (Figure 4.16). Presumably, the
isomerization of frans-dehydroindigo into cis-dehydroindigo is not favoured in the case of Ho,
preventing the subsequent formation of Por.




Figure 4.16: STM images of trans Ho-CPs. Scan parameters: V; =-1.2 V, [;= 60 pA. All STM images
were acquired at room temperature.

In summary, Fe plays a multifaceted role in the synthesizing Fe-Pors and Fe-Por NTs,
including stabilizing indigo molecules, inducing important chemical transformations,
facilitating directed-template effects, and acting as a catalyst for specific coupling reactions.
The reactivity and size of the metal atom are critical factors that influence the success of the
synthesis process.

Electronic properties of Por, (Fe-Por): NT, and (Fe-Por)s NT.

We next investigated the electronic structure of the Por, (Fe-Por): NT, and (Fe-Por)s NT
through differential conductance (d//dV) measurements using STS. In Figure 4.17, STS
measurements on a single dehydroindigo and Fe-Por are presented. The absence of peaks
within the bias range from -2 V to 2 V indicates that the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) of single dehydroindigo and Fe-
Por are outside this range. Figure 4.18a displays characteristic local d//dV spectra collected at
the center (depicted in orange), upper-Fe position (shown in red), and the upper-right position
(represented in dark cyan) of the (Fe-Por)2 NT, along with the reference spectrum recorded on
bare Au(111) (illustrated in bright blue). At all points, peaks below the Fermi level are observed
at -1.23 V, -0.38 V, and -0.02 V, labeled as 1-3, respectively. Additionally, two peaks above
the Fermi level are observed at 0.3 V and 1.22 V, labeled as 4-5. The dZ/dV maps for these
biases are presented in Figure 4.18b. The d//dV maps labeled 1-3 in Figure 4.18b reveal that the
two Fe atoms within the (Fe-Por)2 NT appear as bright features. It is worth noting that the peak
labeled 2 coincides with the surface state of Au(111). The d//dV map labeled 5 at 1.22 V shows
a "H" shape-like feature, possibly indicating the m-conjugated backbone of (Fe-Por): NT.
Notably, the two Fe atoms in (Fe-Por)2 NT are invisible at this bias. Interestingly, the dZ/dV
map labeled 4 at 0.3 V not only displays a feature of the m-conjugated backbone of (Fe-Por)2
NT but also of the Fe atom, suggesting that this may be a mixed state. It is important to note
that, based on the available data, it is challenging to definitively identify which peaks
correspond to the HOMO and LUMO of (Fe-Por)2 NT. To gain a clearer understanding of these
peaks, further assistance from DFT calculations is required. Figure 4.19a presents characteristic
dZ/dV spectra collected at the center-Fe position (depicted in red), upper-middle position (shown
in orange), and the upper-left position (represented in dark cyan) of the (Fe-Por)s NT, along
with the reference spectrum recorded on bare Au(111) (illustrated in bright blue). Two peaks
are observed at -0.1 V and 0.79 V, respectively. The corresponding d//dV maps are shown in
Figure 4.19b. The d//dV maps labeled 1 in Figure 4.19b reveal that the three Fe atoms within
the (Fe-Por)s NT also appear as bright features. The d//dV map at 0.79 V displays a ladder-
shaped feature. These two d//dV maps are consistent with the d//dV maps of (Fe-Por); NT
located at -0.38 V and 0.3 V. However, it is also challenging to determine definitively whether
these correspond to the HOMO or LUMO of (Fe-Por)s NT.
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Figure 4.17: Characteristic d//dV spectra of single dehydroindigo and Fe-Por acquired at the positions
shown in the inset STM image (colored dots). Scan parameters: V; = -100 mV, ;=100 pA. All STM

images were acquired at 4.6 K.
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Figure 4.18: Electronic structure of the (Fe-Por), NT. (a) Characteristic d//d} spectra acquired at the
positions shown in the inset STM image (coloured dots). (b) Experimental d//d} maps in constant-height
mode. Scan parameters: (a) Vs =100 mV, I,=100 pA. All STM images were acquired at 4.6 K.

44



b STM STM
a constant current  constant heig di/dV maps

(1) (-0.1 V)

didV (a.u.)

(2) (0.79 V)

] :I i
-2000 -1000 0 1000 2000
Bias (mV)

Figure 4.19: Electronic structure of the (Fe-Por); NT. (a) Characteristic d//dV spectra acquired at the
positions shown in the inset STM image (coloured dots). (b) Experimental d//d} maps in constant-height
mode. (a) V=100 mV, ;=100 pA. All STM images were acquired at 4.6 K.

Conclusion

We have achieved the successful on-surface synthesis of novel indigo-based Fe-Pors and their
quadruply fused nanotapes. The Fe-Pors, akin to porphycene derivatives, are synthesized with
high yield through a series of thermally activated reaction steps. These steps include
isomerization, selective C—H activation facilitated by a coordination pocket template, and more.
Subsequently, deoxygenative and dehydrogenative C—C coupling are employed to fuse the Fe-
pors into Fe-Por NTs, specifically (Fe-Por): NT and (Fe-Por)s NT. These nanotapes feature
Por segments connected by quadruple linkages, forming two fused six-membered rings and
one eight-membered ring. Our research contributes to the advancement of on-surface and
solution synthesis methodologies for macrocyclic tetrapyrroles and quadruply fused Fe-Por
NTs, thereby expanding the available chemistry in this domain. Additionally, these findings
open avenues for the fabrication of novel nanostructures with unique properties.
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S. Planar m-extended cycloparaphenylenes with an all-
armchair inner edge

Introduction

Cyclic polymers, not containing end groups, demonstrate a number of unique physical and
chemical properties. For instance, the density, refractive index, glass-transition temperature,
viscoelasticity, reptation, and surface properties of cyclic polymers exhibit notable distinctions
when compared to their more conventional linear counterparts.?’® For example, a recent study
found that toroid supramolecular polymers exhibit very different luminescence in comparison
to their coil counterparts.’”” Importantly, the unique properties arising from their cyclic
topology make ring polymers promising candidates for various emerging applications, such as
drug delivery, surface modification, and hierarchical assembly.?® In the past half-century,
polymer chemists have dedicated considerable efforts to the synthesis of cyclic polymers,
exploring a variety of effective strategies such as ring-closure,?” ring-expansion, vernier
templating, and self-assembly.?*®

The [n]cycloparaphenylenes ([#]CPPs) - often referred to as carbon nanohoops - are a distinct
type of cyclic polymer, composed of 7 benzene rings linked at the para positions end-to-end.?*
Following the pioneering synthesis of a cyclic oligophenylene in 2008 by Jasti and
colleagues,’!® there has been a growing surge of interest in molecules of this kind, with the
synthesis of many different sizes of CPPs.?!!">!* In addition, some n-extended nanohoops have
been synthesized.?!>2!8 To tune the structural or optoelectronic properties of the nanohoops
beyond the size-dependent effect known for CPPs, a variety of aromatic rings other than
benzene were introduced (eg, tetra-benzothiadiazole-based [12]CPP).?!” Planarized CPP
macrocycles are fascinating due to their unique properties such as all-armchair edge topology,
exclusive global aromaticity, and ring currents. Furthermore, para-connected phenylenes
exhibit delocalized n-electrons along the carbon backbone, characterized by highly dispersed
bands, a reduced bandgap, and enhanced conductance compared to meta-conjugated phenyl
rings.”>° However, planar CPP macrocycles are challenging to synthesize using traditional
solution chemistry due to the significant strain present in the CPPs. Moreover, it has been
demonstrated that the interaction with the surface resulting from the adsorption of CPPs onto a
metal surface are insufficient to overcome the planarization energy.??! 222 Over the past few
decades, on-surface synthesis> ° has emerged as an alternative bottom-up approach for
constructing atomically well-defined carbon-based nanostructures that cannot be accessed
through traditional solution chemistry, such as cyclo[18]carbon,® cyclo[16]carbon,**
triangulene,??* biphenylene network,??® disilabenzene-bridged covalent organic framework?>?
and planar n-extended [12]CPP.??” Among them, the planar n-extended [12]CPP with an all-
armchair periphery has been first successfully synthesized by Xiang and her colleagues through
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tactfully using a meticulously designed precursor that templates the appropriate curvature of
the paraphenylene backbone while maintaining the molecular orbitals upon m-extension.??’
However, apart from this case, there have been scarce reports on the synthesis of the planar (or
n-extended) CPPs.

In this work, we report on the successful on-surface synthesis of different sized, planarized
and n-extended CPPs as well as other types of cyclic polymers using a linear precursor molecule
and utilizing on-surface intermolecular dehydrogenative C—C coupling. Specifically, we first
fabricated coordination polymers comprising a coordination pocket node (Figure 5.1b) through
annealing 1H,1'H-2,2'-bibenzo[d]imidazole (H>bbim, Figure 5.1a) molecules and iron (Fe)
adatoms to 473 K on Au(111). Subsequently, when the sample was annealed to 673 K,
intermolecular dehydrogenative C—C coupling facilitated by the coordination pocket template
in the coordination polymers led to the formation of planar n-extended [n]CPPs (n= 24, 26, 27,
28 and 31) and other cyclic polymers of varying sizes and shapes. There are two positions for
the dehydrogenation C-C coupling between two Hobbim molecules resulting in three kinds of
covalent nodes (2x one side, 1x both sides in Figure 5.1c). The cyclic polymers formed through
random combinations of these three covalent nodes, but the planar n-extended CPPs formed by
combining node-2 (or node-3) and node-1. Furthermore, the resulting covalent polymers are
capable of spanning across steps of Au(111). The investigations were carried out utilizing a
combined scanning tunnelling microscopy (STM) and non-contact atomic force microscopy
(nc-AFM) in ultrahigh vacuum at 7 = 5 K. The planarized n-extended CPPs exhibits an
exclusive all para-conjugation at their inner edge, leading to delocalized electronic states across
the entire ring. The intriguing planar ring topology and unique electronic properties make the

planar n-extended CPPs promising quantum materials.
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Figure 5.1: Schematic representation of dehydrogenative C—C coupling between two H,bbim molecules
on Au(111). a) Chemical structure of the molecular precursor H,bbim. b) The coordination pocket node
in the coordination polymers (Figure 5.2a-b) formed by step (i). ¢) The covalent nodes in the covalent
polymers (Figure 5.4) formed by step (ii). The as-formed C—C bonds are highlighted in red.

Results and discussion
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We deposited sub-monolayer of Hobbim molecules and Fe atoms onto a clean Au(111) surface
kept at room temperature. Subsequent annealing of the sample to 473 K led to the formation of
flexible coordination polymers (CPs) that adsorb preferentially in the face-centered cubic
domains of the Au(111) surface reconstruction, as illustrated in Figure 5.2a-b. The connecting
node of the CPs is a four-fold coordination site, the earlier introduced N,N-N, N chelating pocket,
as presented in Figure 5.1b. The pocket comprises two =N---Fe and two -N-Fe bonds that form
through the dehydrogenation of -NH groups and bond with Fe atoms. Notably, some CPs
exhibit bright spots on top of them and a high-resolution STM in Figure 5.2b reveals that these
bright spots appear on the end of individual Hobbim molecules. Although providing an
unambiguous explanation for these bright spots is challenging, we speculate that they may
correspond to intermediate products involved in the dehydrogenative C—C coupling process.
We expect C—H activation to occur at four specific carbon sites (7, 7', 4, and 4', Figure 5.1a) in
the Hobbim molecule according to our investigation presented in the previous chapter. Upon
annealing the sample to 573 K, dehydrogenative C—C coupling occurs between parts of Hobbim
molecules (Figure 5.2¢-d). In Figure 5.2d, two distinct types of dehydrogenative C-C coupling
can be observed, indicated by red and white arrows, respectively. The red arrow represents the
“both sides” dehydrogenative C—C coupling, where Hobbim molecules undergo C-H activation
at positions 7 and 4' (or 7' and 4), followed by subsequent C—C coupling and formation of two
new C-C bonds (Figure 5.1¢, node-1). On the other hand, the white arrow corresponds to “one
side” dehydrogenative C—C coupling, where only one new C—C bond forms between molecules
(Figure 5.1c, node-2 and node-3).

Figure 5.2: (a-b) Coordination-polymers forming after annealing at 473 K. (a) Large-scale STM and (b)
zoom-in STM images. (c-d) Chain structure of mixed coordination and covalent polymers following
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annealing at 573 K. (¢) Large-scale STM and (d) zoom-in STM images. Dehydrogenative C—C coupling
occurred between some of the Hobbim molecules, and the resulting nodes 2/3 and nodes 1 are indicated
by red and white arrows, respectively. Scan parameters: (a-b) Vs = 100 mV, ;=100 pA; (c-d) Vs =300
mV, I;=100 pA. All STM images were acquired at 4.6 K.

ICovaIent cyclic polymer

Figure 5.3: (a-c) Overview, large-scale, and zoom-in STM images taken after annealing the sample to
673 K. Scan parameters: (a) Vi = -1V, [,=100pA; (b-c) Vy =-200 mV, /,=100 pA. All STM images
were acquired at 4.6 K.

Figure 5.4: On-surface synthesis of the covalent cyclic polymer after annealing the sample to 673 K.
(a) STM image of a cyclic polymer on Au(111). Magnified STM (b), nc-AFM (¢) images and chemical
structure (d) of a zigzag structure framed in red in (a). Zoom-in STM (e), nc-AFM (f) images and
chemical structure (g) of a rectangular structure framed in orange in (a). Zoom-in STM image (h) and
chemical structure (i) of an arched structure framed in cyan in (a). Scan parameters: (a) Vy = 100 mV,
;=100 pA; (b, e, h) Constant height, V; = 50 mV; (c, f) Constant height, V; = 0 mV. All STM and nc-
AFM images were acquired at 4.6 K.

After annealing at 673 K, dehydrogenative C-C coupling occurred in almost every Hobbim
molecule within the coordination polymers, resulting in the formation of covalent open-chain
and cyclic polymers with varying shapes (Figure 5.3). Figures 5.3b and 5.4a depict one large
cyclic polymer (consisting of ~125 Hobbim molecules) and one medium-sized cyclic polymer
(consisting of ~90 Hobbim molecules), respectively (for open-chain polymer please refer to
Figure 5.3b-c). We observed that the Fe atoms still remain between Hobbim molecules within
the covalent polymers and show as dot-like features, indicating that high-temperature annealing
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process possibly did not cause the removal of Fe atoms from the polymer structure. Notably,
the polymers form through random combinations of the three covalent nodes depicted in Figure
5.1c. For example, Figure 5.4b, which is a zoom-in STM image of a red marked area in Figure
5.4a, reveals a zigzag structure composed of node-2 and node-3, with the corresponding
chemical structures presented in Figures 5.4d. The nc-AFM image of this structure in Figure
5.4c confirms covalent connection between molecules. Furthermore, Figure 5.4e shows a
rectangular structure and its nc-AFM in Figure 5.4f presents a macrocyclic feature. Thus, the
rectangular structure is attributed to metalloporphyrinoid comprising of node-1, resembling a
structure we previously reported. We do not delve further into its discussion in this chapter but
more detailed information on the metalloporphyrinoid and longer Hobbim-based nanoribbon
can be found in Appendix A. Additionally, Figure 5.4h displays an arched structure composed
of fourteen Hbbim molecules connected solely by node-2 or node-3. The inner side of the
arched structure forms a [14]poly(p-phenylene) with armchair edge (Figure 5.41). To further
confirm the covalent nature of the structure in Figure 5.4a, we performed a series of tip
manipulations on it, as shown in Figure 5.5. The results demonstrate that although the shape of
the cyclic polymer changes under tip manipulation, it remains intact, indicating its robustness
and flexibility. For comparison, we also performed these manipulations on a non-covalent
cyclic structure containing a single coordination node indicated by a white dashed circle in
Figure 5.6a. It can be observed that the non-covalent cyclic structure easily disassembles into a
covalent open-chain polymer after the tip manipulation (Figure 5.6¢). Based on these findings,
we can conclude that the structure in Figure 5.4a is covalent and that we can distinguish between
covalent and non-covalent structures by analyzing the node motif. Interestingly, we observed
that some of the synthesized polymers were able to span across the step edges of the Au(111)
surface, probably suggesting that the process of formation of these polymers was not limited
by steps, as shown in Figure 5.7. This phenomenon is rarely reported since reaction products
typically reside on the same terrace. Additional intriguing covalent polymers, showcasing
diverse shapes, feature in Appendix B. These polymers are mobile at r.t. (c.f. Appendix C).

Figure 5.5: (a-j) A series of tip-manipulation operations on a cyclic polymer. Red arrows indicate
manipulation trace of the STM tip. Although the shape of the cyclic polymer changes under tip
manipulation, it remains intact, indicating its robustness and flexibility. The red arrow indicates the path
of tip during manipulation. Tip-sample distance is defined at tunneling condition of /;= 1 nA, V;=3 mV
with the tip placed above the polymer; the tip was then moved with a speed of 100 pms™! in the constant
height mode. Scan parameters: (a-j) Vs=-100 mV, I;= 100 pA. All STM images were acquired at 4.6 K.
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Figure 5.6: (a-c) A series of tip-manipulation operations on a non-covalent cyclic structure containing
a single coordination node indicated by a white dashed circle. The red arrow indicates the path of tip
during manipulation. Tip-sample distance is defined at tunneling condition of /;=1 nA, V=3 mV with
the tip placed above the polymer; the tip was then moved with a speed of 100 pms™ in the constant
height mode. Scan parameters: (a-c) Vs =-100 mV, [;=100 pA. All STM images were acquired at 4.6
K.

Figure 5.7: Certain synthesized polymers can span across the steps of the Au(111) surface. (a, d) Large-
scale STM images of covalent polymers. (b-c, e-f) Zoom-in STM images of the polymers at the edge of
the step. The arrows highlight the polymers that can span across the steps. Scan parameters: (a-c) V= -
80 mV, [;=100 pA; (d, f) Vs=-100 mV, ;=100 pA; (e) Vs =-50 mV, /,= 100 pA. All STM images were
acquired at 4.6 K.

The synthesis scheme of these polymers appears to be quite versatile. For example, polymers
with similar topologies were found when employing Ho atoms instead of Fe atoms, however
their presence in the polymers could not be verified by the STM imaging (Appendix D). To
probe the role of the metal substrate, the chemistry of Hobbim and Fe was investigated on
Ag(111) (Appendix E) and Ag(100) (Appendix F). Whereas on Ag(111) similar results as on
Au(111) were obtained, the Ag(100) clearly favored the formation of distinct Fe-porphyrinoids
(node 1) which were incorporated mostly in coordination rather than covalent polymers.
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In addition to large and medium cyclic polymers, small cyclic polymers composed of 20 ~
40 Hzbbim molecules have also been found (Figure 5.8a-d). Interestingly, the small cyclic
polymers tend to have a more circular shape than the large and medium ones, and one example
is give in Figure 5.9. This round polymer comprises 24 Hbbim molecules connected by node-
1, node-2, and node-3. Notably, the corresponding high-resolution constant-height STM image
(Figure 5.9c) reveals that its interior is not a continuous covalent ring (planar
cycloparaphenylene) since it contains a defect marked by a red arrow. This defect is most likely
caused by the simultaneous presence of node-2 and node-3 in the round polymer, as shown in
Figure 5.4b. But also a round polymer was found and is presented in Figure 5.10a, which
consists of 24 Hobbim molecules interconnected through combinations of node-2 (or node-3)
and node-1. A constant-height STM image of this polymer (Figure 5.10b) distinctly displays an
unbroken ring without any defects along its inner edge. The high-resolution nc-AFM image
(Figure 5.10c) and its Laplace-filtered nc-AFM image (Figure 5.10d) confirm that the inner
edge of this round polymer is indeed a cycloparaphenylene. Notably, phenylenes have subtle
differences in their tilts towards the surface plane; some of them appear as very bright features,
indicating that they bent toward the vacuum while others appear as depression, suggesting that
they bent toward the substrate. Based on these observations, a plausible chemical structure of
this polymer is proposed in Figure 5.10e, and the covalent ring can be identified as an overall
planar [24]CPP, indicating that this round polymer is a m-extended [24]CPP. The electronic
structure of the planar m-extended [24]CPP on Au(111) was investigated through d//dV
measurements using STS. In Figure 5.11a, characteristic d//dV spectra collected at the inner
side (depicted in red) of the planar m-extended [24]CPP, along with the reference spectrum
recorded on bare Au(111) (shown in green), are presented. At the red points, a distinct broad
resonance at 1.5 V is observed for the unoccupied levels, presumably associated with the
LUMO. The planar n-extended [24]CPP’s constant-current d//dV map (Figure 5.11b) at this
bias shows that the inner side of the planar n-extended [24]CPP, cycloparaphenylene, appears
as a bright protruding ring, indicating delocalized electronic states along the entire carbon
backbone of the cycloparaphenylene. It's noteworthy that the highest occupied molecular orbital
(HOMO) is not observed within the bias range from -1 V to 0 V. Apart from the planar =n-
extended [24]CPP, various sizes of n-extended CPPs, such as [31], [28], [27] and [26], have
been found, as shown in Figure 5.12. Nevertheless, it is worth noting that these planar -
extended CPPs show a preference for forming at the edges of steps. Therefore, we hypothesize
that the step edge play a crucial role in facilitating the formation of these nanohoops. Moreover,
we noted that the yield of small cyclic polymer is not so low, but the yield of the planar n-
extended CPPs is not very high. This is primarily because node 2 and node 3 often coexist in a
polymer, leading to a discontinuous covalent ring in its interior, as shown in Figure 5.8.
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Figure 5.8: Small cyclic polymers composed of 20 ~ 40 H.bbim molecules. (a, ¢) Constant-current STM
images of two small cyclic polymers, respectively. (b, d) Constant-height STM images of corresponding
two small cyclic polymers, respectively. Scan parameters: (a) Vs =-100 mV, I;= 100 pA; (b) Constant
height, V; =100 mV; (¢) Vs =50 mV, I;=100 pA; (d) Vs =50 mV, [;=100 pA. All STM images were
acquired at 4.6 K.

Figure 5.9: A cyclic polymer with a rounded shape. (a-b) Large-scale and magnified constant-current
STM images of the cyclic polymer, respectively. (¢) Corresponding high-resolution constant-height
STM image. The red arrow indicates a defect in its interior. Scan parameters: (a) Vy = -200 mV,
1,=100pA; (b) Vy = -20 mV, [,=100 pA; (c) Constant height, Vs = 100 mV. All STM images were
acquired at 4.6 K.

53



Figure 5.10: On-surface synthesis of planar n-extended [24]CPP. (a) Constant-current STM image, (b)
constant-height STM image, (c) nc-AFM image, (d) Laplace-filtered nc-AFM image and (e) structure
of the planar m-extended [24]CPP. Scan parameters: (a) Vy=-100 mV, ;=10 pA; (b-c) Constant height,
Vs=10mV and 0 V, respectively.
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Figure 5.11: Electronic structure of the planar m-extended [24]CPP. (a) Characteristic d//dV spectra
acquired at the positions shown in the inset STM image (colored dots). (b-c) STM image and constant-
current d//dV mapping of the m-extended [24]CPP at 1.5 V (LUMO), respectively. All STM images and
di/dV mapping were acquired at 4.6 K.

[28]

Figure 5.12: Different sizes of planar n-extended CPPs. They are composed of 31, 28, 27 and 26
molecules, respectively, and adsorb at the edge of the step. Scan parameters from left to right side:
L,=10pA, Vs=50mV; ;=10 pA, V; =50 mV; ;=100 pA, V=50 mV; ;=10 pA, V;=-50 mV. All
STM images were acquired at 4.6 K.

Conclusion

We have achieved the successful on-surface synthesis of planar n-extended [n]CPPs (such as n
=24, 26, 27, 28 and 31) through intermolecular dehydrogenative C-C coupling assisted by
coordination pocket templates. The planar n-extended CPPs features an all-armchair edge and
solely para-connected phenylene units at its inner periphery. The unique para-conjugation at
the inner edges produces electronically delocalized states. Our synthetic strategy,
intermolecular dehydrogenative C—C coupling facilitated by the coordination pocket template,
opens new avenues toward macrocyclic nanostructures and provides a rich playground to
investigate fundamental electronic properties of these macrocyclic nanostructures. Additionally,
these groundbreaking macrocyclic nanostructures may pave the way for innovative atomically
precise quantum materials.
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6. Conclusions and outlook

In this thesis, various macrocyclic nanostructures were synthesized through intermolecular
deoxygenative and dehydrogenative C—C coupling facilitated by special coordination pocket
templates on atomically flat metal surfaces. A comprehensive study of the synthesis’s process
as well as structural, electronical and chemical properties of the macrocyclic nanostructures
was conducted by a combined approach of scanning tunneling microscopy, bond-resolved non-
contact atomic force microscopy, X-ray photoelectron spectroscopy and supported by
complementary DFT calculations.

Chapter 3 presents the fabrication of high-quality, extended CPs on planar silver surfaces by
using two natural dyes (indigo and Tyrian purple). CPs incorporating frans-dehydroindigo
molecules and Fe adatoms have been successfully .
realized on Ag(l11) and Ag(100). The
dehydrogenation induced by iron-coordination
transforms the central double bond of the molecule into
a single bond, enabling the rotation of the indole
moieties on both surfaces. On Ag(111), the difference
in the binding of cis and trans dehydroindigo isomers
to the surface mediates an isomerization of the
molecular linker within the CP. For this isomerization,
both the Fe coordination and the presence of the Ag substrate are crucial: their combination
results in an energy gain when the molecular monomer transforms from ¢rans to cis. These
results reveal the realization of interfacial metal-organic nanosystems, where different types of
CPs are accessible by the linker isomerization, offering a new pathway to alter the
physicochemical properties of the respective CPs. Finally yet importantly, with the presented
strategy of employing such natural dyes, biocompatibility and biodegradability may be
imparted in such advanced composites.

In Chapter 4, we synthesized a novel indigo-based porphyrinoind (Fe-Por) and its quadruply

fused nanotapes (Fe-Por NTs) on Au(111). The Fe-Por, akin to porphycene derivatives, with
high yield through a series of thermally activated reaction steps. These steps include
isomerization and selective C—H activation facilitated by a coordination pocket template.
Subsequently, deoxygenative and g Q
dehydrogenative C—C coupling lead to 5 I
fusion of Fe-Por molecules into Fe-Por -
NTs, specifically (Fe-Por): NT and (Fe- %’%’
Por)s NT. These nanotapes feature Por Indigo 5 4 1
segments connected by quadruple linkages, Fe-Por C () o
forming two fused six-membered rings and Fe-PorNTs
one eight-membered ring. Our research contributes to the advance of on-surface synthesis
methodologies for macrocyclic tetrapyrroles by presenting quadruply fused Por NTs, thereby
expanding the available chemistry in this domain.

In Chapter 5, building on the findings presented in Chapter 4 (intermolecular highly selective
dehydrogenative C—C coupling assisted by the coordination pocket template) we extend this
method to Hobbim: a molecule similar to indigo and it features N atoms in place of the carbonyl
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groups. We synthesized planar nt-
extended [n]CPPs (such as n =24,
26, 27,28 and 31) and other types
of cyclic polymers through
intermolecular dehydrogenative
C—C couplings assisted by
coordination pocket templates.
The planar n-extended CPPs
features an all-armchair edge and
solely para-connected phenylene
units at its inner periphery. The
unique para-conjugation at the
inner edges produces
electronically delocalized states.
Our synthetic strategy, intermolecular dehydrogenative C—C coupling facilitated by the
coordination pocket template, opens new avenues toward macrocyclic nanostructures and
provides a rich playground to investigate fundamental electronic properties of such macrocyclic
nanostructures. Additionally, these fascinating macrocyclic nanostructures may pave the way
for innovative atomically precise quantum materials.

H

N, N + Fe on Au(111)

vy o EWOMAUIAL) o
@N’ HID 673K

H,bbim

m-extended [24]CPP

In addition to the pockets explored in this thesis, we also plan to extend our method to
accommodate larger pockets. For instance, the 2,4,6-tris(2-pyridyl)-1,3,5-triazine (TPTZ)
molecule has been designed. We foresee that TPTZ molecules will undergo intermolecular
cyclization and intermolecular dehydrogenation C—C coupling, assisted by the coordination
pocket, to form nitrogen-doped porous graphene nanoribbons or macrocycles. However,
specific results require further experimental investigations.

or

Nanoribbon
Macrocycle

To conclude, this thesis presents systematic studies of novel low dimensional metal-organic
materials by coordination pocket templates on noble metal surfaces. Of particular interest are
the macrocyclic nanostructures synthesized by intermolecular C—C coupling assisted by the
coordination pocket. Especially the novel synthesis method introduced in this comprehensive
studies, high selectivity intermolecular C—C coupling assisted by coordination pocket templates,
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offers novel insights into fundamental aspects of on-surface synthesis and paves the way for the
fabrication of novel macrocyclic nanostructures with unique properties.

58



A. Appendix — Supplementary data for H:bbim-based
nanoribbon fragments on Au(111)

H,bbim + Fe on Au(111)

20 nm 10 nm 4 nm

20 nm

Figure A1: Nearly a full monolayer coverage of Hobbim molecules and Fe atoms on Au(111), followed
by subsequent annealing. (a-c) Overview, large-scale and zoom-in STM images of mixed structure
comprising both self-assembly and coordination structures. The region highlighted in red in (c) is a
coordination structure, and within a chain marked by a red line, Fe atoms are identifiable as ball features.
(d) The result of annealing the sample at 673 K, revealing the formation of covalent polymers. Notably,
these polymers encompass longer Hrbbim-based nanoribbon fragments rather than solely dimers
(porphyrinoid) compared with the results present in Chapter 5. Scan parameters: (a) Vs = -500 mV,
;=100 pA; (b-c) Vs=-1V, ;=100 pA; (d) Vs =-100 mV, ;=50 pA. All STM images were acquired
at 4.6 K.

In Chapter 5, we reported that only dimer fragment (that is porphyrinoid synthesized by both

sides intermolecular dehydrogenation C—C coupling) could be found after annealing sub-

monolayer of Hobbim molecules and Fe atoms to 673 K. Longer nanoribbons, such as trimers,

tetramers, and beyond, could not be obtained. Remarkably, by depositing nearly a full

monolayer coverage of H>bbim molecules and Fe atoms on Au(111) and subsequently

annealing the sample to 673K (Figure A1), we observed the formation of longer Hobbim-based
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nanoribbon fragments, including dimers, trimers, tetramers, and even pentamers (Figure A2).
Various tip height nc-AFM images and bias-dependent STM images of trimers, tetramers, and
pentamers are depicted in Figure A3, A4, and A5, respectively. This contrasts with the previous
observation where only dimer fragments were obtained. In the nc-AFM image of trimers,
tetramers, and pentamers (Figure A2), a conspicuous bright feature is evident in the
corresponding nanoribbon, suggesting that these longer nanoribbons deviate from being
entirely planar structures. Specifically, the central part of one Hobbim (two five-membered rings
connected by one single C—C bond) within the nanoribbon protrudes into the vacuum. It means
that these longer nanoribbon fragments carry significant stress and may not be kinetically and
thermodynamically favored. This could potentially explain why longer nanoribbons, such as
decamers, are not obtained in the experimental results.

STM AFM Chemical structure

trimer

:\Ztt
:\\: etramer

O H\ O
CL >—<\ () pentamer
O H\ O

w
[
>

>

-44

Figure A2: H,bbim-based nanoribbon fragments on Au(111). Arranged from top to bottom, the
structures depicted are a dimer, trimer, tetramer, and pentamer. From left to right are STM images, nc-
AFM images, and chemical structures. Scan parameters: Vs =-100 mV, ;=10 pA (all STM images);
Constant height, V; =0 mV (all nc-AFM images). All STM and AFM images were acquired at 4.6 K.
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Figure A3: Various tip height nc-AFM images and bias-dependent STM images of the trimer. Scan
parameters: /;= 10 pA (all STM images); Constant height, V; = 0 mV (all nc-AFM images). All STM
and AFM images were acquired at 4.6 K.
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Figure A4: Various tip height nc-AFM images and bias-dependent STM images of the tetramer. Scan
parameters: /;= 10 pA (all STM images); Constant height, V; = 0 mV (all nc-AFM images). All STM

and AFM images were acquired at 4.6 K.
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Figure AS: Various tip height nc-AFM images and bias-dependent STM images of the pentamer. Scan
parameters: /;= 10 pA (all STM images); Constant height, V; = 0 mV (all nc-AFM images). All STM
and AFM images were acquired at 4.6 K.
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B. Appendix — Supplementary data for interesting and
different shape of covalent polymers on Au(111)
. -

Figure B1. Interesting and different shape of covalent polymers. (a) A cyclic polymer with a shape
similar to the number "8". (b) A cyclic polymer with a shape similar to the "circular runway". (c) A
cyclic polymer with a shape similar to the "spherical chandelier". (d) A covalent polymer with a shape
of "S". (e) A covalent polymer with a shape similar to "question mark". (f) A cyclic polymer with a
shape similar to "heart". Scan parameters: (a) Vo= 100 mV, I;=10 pA; (b) V;=-100 mV, ;=50 pA; (¢)
Vs=-100 mV, I,=10 pA; (d-f) V;=200 mV, ;=100 pA. All STM images were acquired at 4.6 K.

It's fascinating that after annealing the sample of Hobbim molecules and Fe atoms to 673K on
Au(111), various covalent polymers with intriguing shapes were also obtained. The cyclic
polymers in Figure Bl(a-c, f) exhibit forms reminiscent of the number "8", "circular runway",
"spherical chandelier", and "heart", respectively. Additionally, the covalent polymers in Figure
B1(d-e) take on shapes resembling "S" and "question mark", respectively. This diverse array of
shapes adds an interesting dimension to the structural diversity of the synthesized covalent
polymers.
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C. Appendix — Supplementary data for cyclic and open-
chain polymers at room temperature on Au(111)

Figure C1: (a-c) Overview, larger-scale, and zoom-in STM images of the polymers at 673 K annealed
temperature, respectively. Scan parameters: (a) V;=-1V, [;=200 pA; (b) Vs=1.2V, ;=100 pA; (c) Vs
=12V, I;=30pA. All STM images were acquired at room temperature.

To assess the stability and robustness of the synthesized cyclic and open-chain polymers at
room temperature, we conducted additional experiments using variable-temperature STM. We
deposited a sub-monolayer of Hobbim molecules and Fe atoms onto Au(111) and annealed the
sample to 673 K. Subsequently, the sample was scanned at room temperature. The obtained
cyclic and open-chain polymers are illustrated in Figure C1. A closer examination in Figure
Clc reveals that the polymers observed are similar to those in Chapter 5. However, these
polymers exhibit mobility at room temperature, as indicated in Figure Clb, indicating the
interaction between these polymers and substrate is weak.
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D. Appendix — Supplementary data for H,bbim + Ho on
Au(111) at 673 K annealing temperature

a ' ~ Anne
AN QC\

Figure D1: Synthesis of covalent polymers by using H,bbim and Ho on Au(111). (a-c) Overview, large-
scale, and zoom-in STM images of covalent polymers, respectively, after annealing a sample of Hbbim
molecules and Ho atoms to 673 K. (d-e) STM images of nanohoop structures. Scan parameters: (a) Vs =
-1 V,1,=100 pA; (b-c) Vs=-100 mV, ;=100 pA; (d) Vs=-50 mV, I;= 100 pA; (e) Vs=-20 mV, ;=100
pA. All STM images were acquired at 4.6 K.

Out of curiosity regarding the influence of metal size on intermolecular dehydrogenation C—C
coupling, we substituted the Fe atom with a larger lanthanide metal, Ho (holmium), and
conducted a parallel experiment. Following the same experimental procedure, covalent
polymers, including cyclic and open-chain polymers, were obtained upon annealing a sub-
monolayer of Hobbim molecules and Ho atoms on to 673 K Au(111), as depicted in Figure D1.
Zoom-in STM images in Figure D1c indicate that Ho atoms are not visible, suggesting that Ho
atoms either move away from the polymer or are sandwiched between the polymer and the
surface. Two distinct nanohoop structures are presented in Figure D1(d-e) respectively, but both
consist of 23 Hobbim molecules. These results demonstrate the universality of intermolecular
dehydrogenation C—C coupling assisted by the coordination pocket, as it remains effective
across various metal sizes.
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E. Appendix — Supplementary data for H,bbim + Fe on
Ag(111)

Annealing to 423 K
Coordination po =

Figure E1: Synthesis of covalent polymers on Ag(111). (a-b) large-scale and zoom-in STM images of
coordination polymers consisting of Hobbim molecules and Fe atoms, respectively, at 423 K annealing
temperature. (c-d) Overview and zoom-in STM images of covalent polymers, respectively, at 523 K
annealing temperature. Scan parameters: (a) Vs =-1.5V, ,=70pA; (b) Vs =-1.6 V, ;=80 pA; (c) Vs =
-1.5V, ;=80pA; (d) Vs=-1.2 V, ;=70 pA. All STM images were acquired at room temperature.

The identical experimental procedures were applied to the Ag(111) surface. Annealing a sub-
monolayer of Hobbim molecules and Fe atoms to 423 K resulted in the formation of
coordination polymers, as depicted in Figure El(a-b). However, STM images of these
coordination polymers acquired at room temperature appear fuzzy, suggesting significant
mobility of the coordination polymers at room temperature. Covalent polymers are observed
after annealing the sample to 523 K, as illustrated in Figure E1d. Overview STM images of the
polymers in Figure Elc indicate the same substantial mobility at room temperature, suggesting
a weak interaction between the synthesized polymers and the substrate.
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F. Appendix — Supplementary data for H;bbim + Fe on
Ag(100): high-yield H:bbim-based Fe-porphyrinoids

Figure F1: Synthesis of H,bbim-based Fe-porphyrinoids with high yield at 623 K annealing temperature
on Ag(100). (a-c) Overview, zoom-in and zoom-in STM images of coordination polymers consisting of
Fe-porphyrinoids, respectively. (d) A rough chemical structure model for two adjacent Fe-porphyrinoids.
(e) A possible ball-and-stick model for coordination polymers consisting of Fe-porphyrinoids. C, N, H,
Fe and Ag atoms are depicted in black, blue, white, red and silver, respectively. Scan parameters: (a) Vs
=-250 mV, ;=100 pA; (b-c) Vy=-50 mV, I;= 100 pA. All STM images were acquired at 4.6 K.

In an effort to understand the influence of epitaxy on intermolecular dehydrogenation C—C
coupling assisted by the coordination pocket, the substrate was changed to Ag(100). Employing
identical experimental procedures, unexpectedly, annealing a sub-monolayer of Hobbim
molecules and Fe atoms to 623 K led to the formation of coordination polymers consisting of
Fe-porphyrinoids with a very high yield, as depicted in Figure F1. It was observed that the
distance between two adjacent Fe-porphyrinoids within the coordination polymers is large due
to an uncertain factor and the distance between two adjacent centers of Fe-porphyrinoids is
11.49 A, as shown in Figure Flc. A tentative chemical structure model for two adjacent Fe-
porphyrinoids is presented in Figure F1d, indicating the presence of one Fe atom between two
adjacent Fe-porphyrinoids. A plausible ball-and-stick model for the coordination polymers
consisting of Fe-porphyrinoids is illustrated in Figure Fle. The distance between two adjacent
centers of Fe-porphyrinoids in this model is 11.56 A, matching the experimental measurement
value. Notably, in this potential model, all Fe atoms align with the hollow site of the Ag(100)
surface.
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