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Abstract

Selective confinement of atoms and molecules is of paramount importance in order
to address them individually, understand their physicochemical properties and fab-
ricate potential single molecule devices. In two-dimension (2D), such confinement
could be achieved by capturing individual species using molecular porous networks
or hosting them on dense packed molecular arrays. In the present thesis, distinct
supramolecular networks are tailored in 2D on noble metal surfaces and character-
ized with an STM at low temperatures (~ 6 K). The networks are further used
as templates for confining individual molecules or atoms which are investigated
with angstrom scale precision. Firstly a threefold symmetric molecule is examined
on Ag(111) and Cu(111), where robust nano-porous networks evolve, stabilized by
pyridyl-pyridyl or metal-organic interactions or a combination of both. A Ce(TPP),
sandwich complex is confined in the porous network created on Cu(111). Further-
more, dense-packed islands of Ce(TPP), are created by sublimation onto the Ag(111)
surface. These networks are used for the confinement of Cgy molecules which are
studied individually, as extended arrays and mixed Cgo/Ce(TPP), architecture. Fi-
nally, Fe atoms are positioned on the macrocycle of Cobalt-tetraphenyl porphyrin
(Co-TPP) molecules adsorbed on Ag(111). The individual Fe atoms were manip-
ulated by the STM tip to create an atomic switch. Various coverages of Fe were
studied on the Co-TPP arrays. X-ray magnetic circular dichroism (XMCD) experi-
ments on the Fe-CoTPP system complement the structural information and reveal
detailed insights into the electronic configuration. DFT studies provide additional
explanation for the STM and XMCD results on the Fe-CoTPP system.
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1 Introduction

1.1 Background

Long long ago, around the year 500 B.C, the greek philosopher Leucippus suggested
that when matter is divided smaller and smaller, it would at some point lead to an
indivisible unit which he called ’atom’. Aristotle dismissed that idea as worthless and
hence the concept of atoms lay hidden for more than 2000 years. In the early 1800’s
the English naturalist Dalton, proposed that matter consists of minute particles and
his experiments hinted towards something fundamental. From then on, 19th and
the 20th century saw a huge development in the scientific understanding that not
only proved beyond doubt the existence and nature of atoms, but also the subatomic
constituents of it.

Even though atoms make up all of the universe’s matter, we have little control in
directing their behavior into more complex matter. It was nature’s business to make
complex matter and all the knowledge about fundamental particles were arrived at
by investigating macroscopic objects and theoretical understanding. However, once
we have such control over matter in atomic dimensions, we are already on the way
to understand nature’s way of building things into more sophisticated systems like
organic or bio-molecules and their chemical composition. This understanding in
turn leads to decipher the role of atoms or molecules in more convoluted systems
like molecular self-assemblies, symmetries in nature, phenomena at the quantum

scale and the nature of chemical bonds.

A fairly good understanding of atomic structure was achieved by the mid-20th cen-
tury through the help of a rich theoretical platform of quantum mechanics. This un-
derstanding led to miniaturization of practical devices like electronic circuits, which
began with the advent of the transistor in 1947 and consequently the efficiency of

electronic devices was progressive over the years.

Richard Feynman, in 1959, suggested that the miniaturization of devices achieved

by that contemporary electronics were nowhere near that of what could be achieved
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1.1. Background

with controlled manipulation of atoms. [1] Feynman prophesied that if we could
arrange the atoms in the way we want, we could miniaturise electronics and infor-
mation storage to unimaginably small dimensions. For example, he mentioned that
if we could write each word with only atoms, the whole 24 volumes of Encyclopedia
Brittanica could be written on the head of a pin. And instead of writing the exact
words with atoms, if we use codes to store information by arranging atoms in certain
ways, all the information ever published in the world could be stored in the size of
a dust particle. The technology present at the time when he gave his talk was not
developed enough to see the manifestation of his ideas.

Over the years after Feynman gave his talk, techniques like electron beam lithogra-
phy and ion beam lithography became more common for etching designs in micro-
scopic dimensions. But the resolution of these techniques were still bigger than the
dimensions of an atom. It was only after the invention of the Scanning Tunneling
Microscope (STM) by Rohrer and Binnig in 1982, a phenomenal development was
seen in imaging at the nanoscale. Even though older techniques like field ion mi-
croscope (FIM) were capable of making atomic resolution images, the imaging was
restricted to the outer area of a tip made of specific materials and the experiments
required complicated set-up and high electric fields. After the invention of the STM,
it was possible for the first time to visualize atoms and molecules on all conducting
surfaces in real space with considerable ease. Since its invention STM has become

an indispensable tool in the field of surface science.

1.1.1 Scanning tunneling microscopy

STM is a very convenient and important instrument to study surfaces and atoms or
molecules adsorbed on these surfaces. In the initial experiments after the invention
of STM, a Si(111)-7 x 7 surface was resolved with atomic resolution. [2] But over
the years STM grew more than a mere tool for imaging. Several successful manip-
ulation experiments were performed by individually addressing single metal atoms
or molecules with an STM tip. Eigler et al. reported the positioning of individual
Xe atoms on a Ni surface using an STM. [3] A few years later Crommie et al. used
an STM to pattern Fe atoms on a Cu(111) surface to create a ‘quantum corral’. [4]
Researchers from the IBM arranged and manipulated carbon monoxide molecules
on a surface to create the world’s smallest movie at 242 frames, called "the boy and
the atom", in which a character befriends an atom and dances and plays with it. [5]
Such experiments not only proved that it was possible to manipulate single atoms
but it was also possible to study the effect such adatoms had on the immediate en-

vironment. Various studies have reported how atoms can be arranged on a surface
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1.1. Background

in the way we want to confine electrons like water in a well. A recent experiment
shows that atoms could be arranged on surfaces to write information not directly
with the atoms, but by influencing the substrate to confine electrons in a specific

pattern, thereby making information storage electronic rather than atomic. [6]

Serious consideration of single molecule studies began when Aviram and Ratner
demonstrated a rectifier like behavior using a single organic molecule confined in a
nano gap. |7] In order to study a molecule’s electronic properties, nanometer sized
gaps, usually made of gold, were used for anchoring single molecules. Current was
passed through the molecules to study various mesoscopic effects like quantized
conductance, coulomb blockade etc. [8] [9] Eventually single molecules were used
for demonstrating the behavior of various electronic devices like diodes and tran-
sistors for use in molecular electronics. Molecular studies using nano gaps could
be useful for studying conductance related properties of single molecules due to
the effect of molecule-electrode bond on the conductance. However self-assembly
and intermolecular interactions are difficult to understand using this method. This
could be achieved by anchoring the molecules on conducting substrates where they
have a possibility to form extended and stable islands, given the appropriate con-
ditions. A molecule can also be decorated with appropriate functional groups to
steer their self-assembly in a particular pattern or direction. The self-assembled
islands can then be characterized using the STM and their ability to form various
covalent and non-covalent architectures, host additional molecules, confine electrons
etc. could be studied in detail. Hence the STM aids in obtaining a variety of such
interesting information including topographical appearance at various voltages, ap-
parent height of adsorbates, visualizing molecular orbitals, electron distribution on
surfaces, molecule-molecule interactions, spin related properties etc. that can be ex-
tracted with angstrom scale precision. The extensive information about molecules
on surfaces in particular that has been documented in the past two decades is largely
due to the use of STM. STM also led to the invention of other similar instruments
like atomic force microscope (AFM), chemical force microscopy (CFM), kelvin probe
force microscopy (KPFM), magnetic resonance force microscopy (MRFM) etc. On
the whole, the role of scanning probe techniques in bringing the field of surface
science to the forefront of modern nanotechnology research is unprecedented.

1.1.2 Thesis overview

In the present thesis, dense-packed molecular assemblies and molecular porous net-
works have been studied in detail with an STM. The assemblies and porous networks

are tailored as a template for hosting other molecules and atoms. This method of us-
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ing extended molecular networks as templates to confine ’guest’ atoms and molecules
offers certain advantages like addressing the guest species individually, weakening
the substrate’s influence (c.f. chapter 4) and preventing diffusion on the surface and
formation of clusters. Since STM is limited in use to conducting surfaces and hence
the nobel metal surfaces, Ag(111) and Cu(111) single crystals have been used for
the experiments.

The molecules used in the experiments mentioned in this thesis are 1,3,5-tris(pyridin-
4-ylethynyl)benzene, Cgo, Ce(TPP), and a Cobalt-tetraphenyl porphyrin (Co-TPP).
The present thesis is arranged in the following way:

e Chapter 2 of the thesis following this introduction, describes an overview of the
working principle of the STM, theoretical background of the tunneling mechanism,
experimental set-up of the STM used for the results presented in the thesis and
the details of the simulations and XMCD technique used in respective chapters.

e Chapter 3 of this thesis describes how the three-fold molecules is used to cre-
ate porous networks that are stabilized by lateral pyridyl-pyridyl interactions
and metal-organic interactions. The molecule is studied on both Ag(111) and
Cu(111). On Ag(111), the molecule forms an intricate architecture stabilized by
pyridyl-pyridyl bonds. When Cu atoms were deposited onto this network, the net-
work slowly dissolves to form various architectures mediated by metal-organic and
pyridyl-pyridyl interactions. The same molecule was studied on Cu(111) where
the molecule uses the free Cu adatoms, that are already present in the surface,
to form a flexible but robust porous network thereby exhibiting a novel type of
arrangement at the nanoscale: a 2D disordered crystalline network. As a first
trial, a double decker molecule (made of two porphyrins and a Ce atoms) was
deposited as a candidate for confining inside the flexible Cu pores.

e Chapter 4 details a study of Ce(TPP), double decker complexes and Cgq fullerene
molecules studied on Ag(111). The Ce(TPP); complex is a 3D system where
two free base porphyrin molecules are joined together through a cerium atom
in-between thereby evidencing a sandwich-like appearance. The complex was
deposited on the Ag(111) substrate to create extended dense packed arrays that
serve as a platform for confining molecules. Fullerene molecules were our choice for
studying the confinement capabilities of the double decker array. Three different
phases of fullerene arrangement was found on Ce(TPP)s named as «, 5 and +.
When deposited at low temperature (phase «), the fullerene molecules were found
to confine at the center of the macrocycle of top porphyrin in the double decker
complex thereby forming a dyad. The porphyrins in the Ce(TPP)y also have
a bowl-like structural distortion that facilitates the fullerene confinement. The



1.1. Background

fullerenes thus confined were studied topographically and electronically. They
were further manipulated mechanically to create a molecular switch. In phase 3,
the fullerene-double decker structure was annealed at room temperature to create
highly ordered arrays of Cgy. The ordered arrays evidenced an interesting bi-layer
arrangement. The bi-layer arrangement was again annealed unto 504 K (phase )
to create another interesting architecture where the Cgy molecules form a square
like arrangement with the double decker complexes positioned in the center of
the square. This study further advances our understanding of the long studied
fullerene-porphyrin supramolecular architectures.

e Chapter 5, porphyrin molecules were used as templates for atomic confinement.
Fe atoms were deposited in-situ at low temperature (6 K) on a highly ordered
dense packed array of cobalt-tetraphenyl porphyrin (Co-TPP) assembly grown on
Ag(111). The Fe atoms were seen to be adsorbed on four distinct positions on
the porphyrin macrocycle. On increasing the amount of Fe deposited on the por-
phyrin arrays, the Fe atoms start to cluster on the porphyrin macrocycle, thereby
still maintaining a site selective adsorption on the molecule. The individual Fe
atoms were mechanically switched between the aforementioned four locations on
the macrocycle evidencing an atomic switch. The magnetic behavior of the Co
ion in the Co-TPP molecules were studied before and after the deposition of Fe
atoms with another surface analytical technique, X-ray magnetic circular dichro-
ism (XMCD). The magnetism of the Co that was quenched on the Ag(111) sample
was revived after the deposition of Fe atoms. The STM and XMCD results were
complemented by DFT studies.

e The last chapter summarizes the results presented and discusses future ideas and
perspectives.






2 Experimental Methods

The focus of this thesis is on the confinement properties of organic molecules ad-
sorbed on metallic surfaces studied with a Createc low-temperature scanning tunnel-
ing microscope (LT-STM). In recent years several STM studies have been performed
on organic molecules and most of them at low temperatures and pressures. These
conditions offer advantages like lowering the thermal diffusion of molecular adsor-
bates, lesser gaseous contaminants, increase in resolution of energy etc. [10] [11] [12]
which facilitates our purpose of exploring the geometric and electronic structure of
molecules in great detail. In the present chapter, an overview of the experimental
set-up used for this thesis is presented and the corresponding theoretical concepts

and complementary simulations are introduced.

2.1 Ultra High Vacuum (UHV) - Set-Up

UHV systems are extremely critical for studying nanoscale structures since they
ensure a highly clean environment with no contamination. UHV corresponds to a
pressure of less than ~ 7 x 10~ mbar, which is a trillion times less than atmospheric
pressure. Such low pressures are necessary since even at a pressure of 107¢, a layer of
gas atoms from the environment will form on the surface in ~ 3 seconds. [13] This is
clearly not a conducive environment for carrying out studies involving single atoms
and molecules. UHV is achieved by using custom-built vacuum chambers made
of materials specifically designed for this purpose. The chambers are constantly
pumped by various pumps to eliminate contaminants until a desired pressure is
achieved. The three most important pumps used in order to achieve UHV pressures
are rotary, turbo molecular (TM) and the ion getter (IG) pumps. Each of them
have their own unique function and appropriate use (see text below). The low-
temperature scanning tunneling microscope (LT-STM) system which we have used

throughout this study was constantly maintained at UHV conditions.
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2.1. Ultra High Vacuum (UHV) - Set-Up

J/ Cryostat
A

— STM chamber

Preparation
chamber

Load lock

ion getter pump

Manipulator

Vibration isolation

Figure 2.1: The LT-STM used for measurements presented in this thesis is shown. Below the
cryostat is the STM chamber hosting the piezos and the scanner. The preparation chamber
is separated from the STM chamber through a gate valve. A manipulator is attached to the
preparation chamber for preparing and transferring samples. Molecules are deposited on to
the sample in the preparation chamber and later transferred to the STM chamber. A load
lock is used for introducing the samples in to the UHV chamber. Each chamber is pumped
separately by various pumps [see text|. Adapted from [14]



2.1. Ultra High Vacuum (UHV) - Set-Up

2.1.1 Preparation and STM chambers

The LT-STM system consists of a preparation and an STM chamber. These two
chambers are separated through a gate valve. The preparation chamber contains
a Turbo Molecular (TM) pump, an Ion Getter (IG) pump, Titanium Sublimation
Pump (TSP) and the sample preparation instruments: a sputter ion gun, a four cell
molecule evaporator, metal evaporators, pressure gauges and a mass spectrometer.
The STM chamber is pumped via an IG pump and contains the STM apparatus (see
section 4) which is cooled down by cryostats to achieve the liquid helium tempera-
tures (< 10 K) required for sample measurements. A manipulator attached to the
preparation chamber is used for transferring sample to and from the STM chamber
to the preparation chamber. The manipulator is equipped with feedthroughs for
measuring the sample temperature, annealing and cooling the sample. A load lock
is attached to the preparation chamber for introducing new samples and tips into
the chamber. [figure 2.1]

2.1.2 Pumps

In the process of reaching UHV pressures, the TM pumps play a critical role. There
are various stages of pumping carried out by the TM pump. The preparation cham-
ber is pumped by a Leybold TM pump connected directly to the chamber. This
pump is capable of pumping the chamber unto a pressure of 1071° mbar. However
this Leybold pump needs background pressure to start operating and this back-
ground pressure is provided by a smaller Alcatel TM pump which creates a pres-
sure in the range of 107% mbar. This TM pump apart from creating the background
pressure, is used for pumping parts of the manipulator. This smaller TM pump is
connected to a rotary pump which is capable of creating a rough vacuum upto a
range of 1072 mbar. Such a pressure is needed for the turbo molecular pump to start
functioning efficiently. The TM pumps are not connected to the STM chamber in
order to minimize vibrations to which the STM operation is extremely sensitive.
Since the TM pumps operate at very high speeds, the friction created during its op-
eration limits its operation. This is overcome by the use of magnetic bearings which
suspends the rotor during operation, eliminating the risk of contamination while
minimizing noise, vibration, and maintenance requirements due to reduced ’touch-
ing’ of the internals of the pump. [15] IG pumps are however connected to both the
chambers and capable of reducing and maintaining the pressure in the 10~!° mbar
range. IG pumps need a base pressure of 10~® mbar to start operating smoothly.
Occasionally the TSP is used to reduce the pressure still further when extremely

clean and delicate sample preparations are needed. The TSP consists basically of

9



2.2. Sample preparation

rods of titanium connected to the base of the IG pumps. When high current (~ 40
A) passes through the Ti rods, clouds of Ti evaporate from the rods and sticks to
the chamber walls dragging any contamination along with it. A cerium getter pump
is used in addition to the TSP. The Ce pump works in the same manner as the
TSP and is capable of reducing the systems base pressure to the range of 10~

mbar

2.1.3 Vibration isolation

The STM measurements are extremely sensitive to external vibrations. In order
to isolate the system from these vibrations, three typical damping mechanisms are
employed. (i) The heavy chambers of the system are mounted on a frame and four
strong damping legs are fixed at the corners of the frame. The legs are then filled
with compressed air which lifts the frame and thereby makes the whole system float.
This prevents the system from low frequency vibrations transmitted by the floor.
(7i) In addition, the STM head that usually rests on a base plate for cooling is
now suspended on four springs during measurement. This ensures that the STM
is not in contact with the base plate inside the chamber thereby attenuating the
possibility of noise. (74) Magnetic eddy current damping is another solution to
minimize vibrations. In the STM used in this thesis, three normal magnets surround
the STM base plate and the magnetic field thus created acts as a damper when the
STM is suspended on the springs. KEddy current dampers are a good isolation
support because of its vacuum compatibility and its ability to vary the damping

coefficient if necessary. [16]

2.2 Sample preparation

All the experiments relating to this thesis were performed on silver (Ag) and copper
(Cu) single crystals with a (111) orientation. Ag(111) and Cu(111) has an fec
arrangement of atoms with a nearest neighbor distance of ~ 2.89 A and ~ 2.55 A
respectively. The crystal is mounted on a sample holder containing six electrical
contacts, two of which are used for measuring the temperature of the sample and
two for heating the sample. All the instruments necessary for sample preparation

are attached to the preparation chamber.

The first step of the cleaning procedure starts with sputtering the sample. Sputtering
consists of bombarding the sample with high energy gas ions. The ions react with

the top layer of the surface and removes dirt and contaminations sticking on to the
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2.3. Scanning Tunneling Microscope

surface. At higher energy, the ions could also remove the surface atoms. In our case
the sample is sputtered with an energy of 800 eV with Ar™ ions (Ar is introduced
through a leak valve which is ionized in a high electric field) resulting in a sputter
current of around 4 pA (measured on the sample) and a background pressure of
3 x 107 mbar.

Following the sputtering cycle, the sample is annealed to 725 K for 10 minutes (for
both Cu and Ag) in order to achieve atomically flat and extended terraces. The
annealing is carried out through an oven attached to the bottom of the sample on
the sample holder.

The deposition of molecules on the sample was carried out by organic molecular
beam epitaxy (OMBE). The OMBE evaporator contains three quartz crucibles for
hosting organic molecules and one cobalt evaporator. The crucibles are heated by
resistive heating and the molecules are thoroughly degassed until their sublimation
temperatures. The free base porphyrins used in the concerned experiments were
deposited at 603 K, the Ce(TPP)y at 705 K, Cgo at 673 K and Co-TPP at 625 K
at a rate of 0.4, 0.6 and 1.2 monolayer/h respectively. The sample temperature was
different for each particular experiment and is mentioned in the corresponding chap-
ters. In one particular experiment, Fe atoms were deposited on cobalt tetraphenyl
porphyrin (Co-TPP) molecules directly in the STM chamber and the details of this
deposition is also given the respective chapter. After the deposition of molecules,
the sample was cooled down through the manipulator with liquid helium (< 150K)
and transferred to the STM chamber. There the sample is cooled down to ~ 6 K
(at an average rate of 1K/second) and subsequently inspected in the STM.

The tip used for scanning purposes was made of tungsten. Geometrically sharp tips
are achieved by electrochemically etching tungsten wires. The tip can be inserted or
taken out of the STM using a tip-holder that could be attached to the manipulator.
The tip is sputtered once in a while to remove molecules and adsorbates that might
be strongly attached to it during measurement.

2.3 Scanning Tunneling Microscope

2.3.1 The concept of tunneling

The phenomenon of tunneling has been an extremely fruitful consequence in the
history of quantum mechanics. Tunneling is a purely quantum mechanical concept
with no classical counterparts. In simple words, tunneling is described as the ability

of a particle to pass through a potential barrier with a certain probability, where the
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U >0

Energy

Potential Barrier

Figure 2.2: Depiction of a particle-wave tunneling through a potential barrier. According to
classical mechanics the potential is considered to be impenetrable. Schrédinger’s equation
gives a solution to the wave function suggesting that the particle could tunnel through the
barrier. The wave function exponentially decreases inside the barrier.

height of the barrier is higher than the energy of the particle. [Figure 2.2] However
in classical mechanics, the particle has no possibility to cross through the barrier.
The concept could be understood based on the idea of Heisenberg’s uncertainty prin-
ciple and the wave-particle duality of Louis de-Broglie. Schrédinger’s equation is
commonly used to describe the probable position and time evolution of the particle

in the tunneling barrier.

Over the years, the concept of tunneling has been used to understand many funda-
mental processes like alpha decay, nuclear fission, chemical reaction kinetics and even
certain biological processes. More recently, the theory was exploited to implement
novel, ultra-precise instruments that serve as remarkable tools for the development
of nanotechnology like Tunnel diodes, Josephson Junctions, Magnetic Tunnel Junc-
tions (MTJ) ,Scanning Tunneling Microscopes (STM) etc.

Based on the tunneling effect, the Scanning Tunneling Microscope (STM) was in-
vented in 1982 [2| and has been a milestone in the field of surface science. A year
later, the (7 x 7) reconstruction on a Si (111) surface was imaged with atomic res-
olution with an STM. [17]. Over the years, STM studies have evolved to reveal
hitherto unseen structural, [18] [19] electronic, [20] [21] magnetic [22] and supercon-
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2.3. Scanning Tunneling Microscope

ducting 23] signatures of conducting surfaces and adsorbates on these surfaces with
atomic resolution. In addition, the STM has been used to study various on-surface
chemical reactions and induce mechanical manipulation of adsorbates, [24] molecular

switches, [25] and visualize various mesoscopic phenomenon. [26] [27] [28]

An STM consists primarily of a sharp metal tip and a conducting sample and the
electronics controlling the movements of the tip and bias applied to the sample. In
the STM, a tunnel current is achieved by bringing the tip very close to the sample
in the order of a few Angstroms separation. The tunneling current is extremely
sensitive to the tip-sample distance. Initially the Fermi level of the tip and sample
are aligned and the electronic states of the tip and sample overlaps and this overlap
provides a channel for the tunneling current to traverse though the net current is
zero. By applying a voltage between the tip and the sample, a directional tunneling
current is achieved. The signs of the voltage determines the direction of the current
(See below).

2.3.2 Theoretical description of the tunneling mechanism

This section gives a short introduction to the theory of tunneling that has been
commonly used to understand STM functionality. There are various theories of
tunneling that consider metal-barrier-metal junctions and various voltage ranges.
[29] In this section, only a brief introduction to the tunneling descriptions of Bardeen

and Tersoff-Hamann are mentioned.

When an electron encounters a potential barrier, classical mechanics considers the
barrier impenetrable such that the electron cannot pass through it. In a quantum
mechanical view, the electron can still penetrate the barrier and can even pass the
barrier. There is a probability of an electron to be found inside the barrier at a
given position x and this probability depends on the voltage applied to the sample.
This probability can be obtained by solving the Schrédinger equation for a particle
in 3D which is not easy and requires different degrees of approximation. However
a first insight for finding the probable state of an electron is achieved by treating
it as a simple one dimensional time-independent wave. This equation is a quantum

mechanical counterpart of a classical energy equation Eyp = Ejin, + Epor.-

R
—5 s V(@) + U @)V () = BV(), (2.1)

Here m is the mass of the electron, & is h/27 where h is the Planck’s constant, 1
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2.3. Scanning Tunneling Microscope

the wave function, E is the energy of the electron and U is the potential of the
barrier. The above equation is a partial differential equation in z, whose solution in
the barrier is given by

U(z) = W(0)e*e (2.2)

where k£ =

\/2m(E-U)

h
initial position x = 0.

is called the wave vector and (0) is the wave function at

In the case of an STM, the tunneling scenario is seen as a metal-insulator-metal
junction and the probability P of finding an electron in the n'” state in the insulator
(vacuum) region in the 1D approximation is given by

P, (z) = |< U(z) >|? (2.3)

where x is the tip-sample distance. The tunneling probability could be written

as,

Py(x) = [T, (0)" e~ (2.4)

V2m(U-E) _ /2m®.;
n - h

finite value and hence there is a possibility to find the electron from the sample (or

where k = . The above probability in equation 2.4 is still a
the tip) in the barrier. (Figure 2.3a) When a finite positive (negative) bias, V is
applied to the sample, the Fermi level, E; of the sample is shifted by the amount
eV and the electrons from the occupied states of the tip (sample) tunnel into the
unoccupied orbitals of the sample (tip) through the barrier. Here (eV << &)
where ®; is the work function of the sample (®; for the tip) - see Figure 2.3b,c.
The barrier between the tip and the sample is modified after the application of
the sample bias. Then the barrier experienced by the electron of energy F is the

otletV) B, The tunneling

effective barrier height which is given by ®.;; =
current is proportional to the number of states on the tip (sample) 1, within the
energy interval (Ey — eV, Ey) defined by the bias voltage V. Hence the tunneling

current after applying the sample bias is defined as,
Ey Ey
Loc Y Pux)= Y [Wa(a)]' =V py(e Ey) (2.5)
Ef—eV Ef—eV
where py(z, Ef) is the LDOS of the sample at the position z i.e. at the tip. In
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Figure 2.3: Energy diagram describing the electron tunneling through the vacuum junction
(a) when no sample bias is applied, when a (b) negative and (c) positive sample bias is
applied. Initially the Fermi levels (Ey) of the tip and sample are aligned (red line). But
when a negative bias of energy eV is applied to the sample, the Fermi level of the sample
shifts by that magnitude eV. The electrons from the occupied states of the sample (in the
energy window E; - eV) tunnel through the vacuum into the unoccupied states of the tip.
The electrons are marked as green arrows and the electron close to the E; experiences the
least barrier. In the case of positive sample bias, the inverse happens: electrons from the
occupied states of the tip tunnel into the unoccupied states of the sample.

addition taking into account that

ps(x, Ef) = ps(0, Ef)e_%:c (2.6)

and substituting it into equation 2.5, the tunneling current can be written as

I <V - pg(0, Ey) - e7 25 (2.7)

where ps(0, E) is the local density of states, LDOS of the sample at x = 0 i.e. at
the surface of the sample. Hence the tunneling current depends on the LDO.S of the
sample at the Fermi level. In addition the tunneling current depends exponentially
and monotonically on the tip-sample distance. A change in 1 A in the tip-sample
distance changes the tunneling current by one order of magnitude. [29] Both these
characteristics of the tunneling current are important in the real implementation of
the STM instrument (see below).

The problem with the previous tunneling current expression is that it does not de-

scribe the rate of tunneling. To solve this problem, Bardeen, in 1961 proposed a
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2.3. Scanning Tunneling Microscope

tunneling mechanism [30] through a barrier between two metal electrodes. This
model can be used to understand the mechanism of tunneling in the STM case
considering certain assumptions like a low sample bias. In this formalism, the in-
teraction between the tip and sample is sufficiently weak and could be neglected
and the tunneling current can be evaluated from the eigenfunctions ¥, and v, with
eigen energies F, and F; of the sample and tip respectively. Herein, instead of
considering the tip and sample as one quantum mechanical system, the electronic
structure of the tip and the sample can be considered separately and the tunneling
current is calculated from the overlap of the tails of ¢ and ¢, in the barrier. [31]
The theory dictates that if the tunneling current in the barrier is the net effect of
scattering events that transfers electrons across the barrier, no specific assumptions
about the shape of the tip or sample are necessary. Hence the electronic states of the
tip and sample are calculated separately and the electron transfer between the two
is calculated using time-dependent perturbation theory. The tip-sample distance is
assumed to be sufficiently big so that the presence of the tip is considered to be
a small perturbation of the electronic properties of the sample. [32] Based on first
order perturbation theory, the probability of the electron to tunnel from the tip to
the sample is given as

27T 2
P = ;?MT! 3(E, — E) (2.8)

where |Mr7| is the tunneling matrix element and F; and FE, are the energy eigen
values of the states of the tip (1);) and the sample (¢). d(E; — FE) is an element
that ensures elastic transport between the junctions.
The tunneling matrix |My| is expressed as

h2

Mp=— [ (¥;VV, —¥;VVU,)d 2.
r= g (VY- UiV (29)

where dS' is the infinitesimal surface element in the vacuum barrier S, between the
tip and the sample. From the above, the tunneling current for low voltages can be
calculated [33]

\%

ps(Ef — eV + €)pi(Es + €) M?de (2.10)
h Ef—eV

where € is an integration variable denoting that the integral is calculated as a function
of energy.
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2.3. Scanning Tunneling Microscope

In the Bardeen formalism, the tip and the sample are considered to be two indepen-
dent electronic systems. However in practice, this may be not the case. The tip and
the sample come close enough and that might influence each other and distort the

electronic states.

The Bardeen formalism considered tunneling in a 1D case but Tersoff and Hamann
in 1983 extended the previous result to arrive at a quantitative result in 3D. [34]
Herein, in order to calculate a precise value for the tunneling matrix element, the tip
and sample wave functions must be known. But the exact geometrical structure of
the tip is difficult to know. Tersoff and Hamann assumed a model tip wave function
to arrive at a more accurate answer. In this model, the wave function of the final
atom on the tip is assumed to be an s-wave function. Since mainly the orbitals
localized at the atomic tip plays a big role in the tunneling mechanism, the atom
corresponding to this orbital is assumed to be spherical with a curvature R. With
these assumptions about the geometry of the tip, Tersoff and Hamann arrived at

the following expression for tunneling current, [31]

Iy o< Vie > py(Ep)ps(ri, Ey) (2.11)

where pg(r¢, Ey) is the LDOS of the sample surface at the Fermi level calculated at
ry, which corresponds to the distance from the sample to the center of curvature of

the tip. k is the decay length.

It is important to realize that pg(r:, Ey) includes the exponential decay of the cur-
rent with distance, ps(re, Ef) = ps(0, E¢)e=2""*. It can be seen that the form of the
tunneling current derived by the Tersoff-Hamann formalism is similar to the one
derived by the Bardeen approach. Both the equations highlight that the tunneling
current is proportional to the LDOS of the tip and the sample and is exponentially
dependent on the distance between tip and sample. The Tersoff-Hamann model is
currently the widely used method to understand topographic and electronic infor-
mation extracted from STM.

2.3.3 Scanning tunneling spectroscopy

In the previous section, we saw how tunneling equations are helpful in acquiring
information about LDOS. The tunneling equations could be extended to to get
information about the conducting substrate’s electronic structure. This method is
called scanning tunneling spectroscopy (STS) and can be used to identify the elec-

tronic signatures of metals and adsorbates. STS is particularly effective in detecting
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2.3. Scanning Tunneling Microscope

standing waves of confined electrons on metallic substrates, [35] and probing the
occupied and unoccupied orbitals of molecular adsorbates [36] [37] etc. with high
real space precision. [4]

The STS technique is based on the proportionality of the differential conductance
to the LDOS. In order to find the differential of the tunneling current, a generalized
expression of [ is required. This is achieved by summing all the electronic states
of the sample Fg that contribute to the tunneling current in the available energy
range after applying a sample bias, written as follows:

(V) o /0 C E— eV 4+ Opu(E + ) T(E. V. 2)dE (2.12)

where T(FE, eV, z) is the transmission coefficient through the barrier. T(E, eV, x) =

Qm:# where @ = %((I)S + &, + eV) — E, the bias depen-

dent effective barrier height. If we assume a constant density of states for the tip

e 2@HR)E With k =

and a smoothly changing background signal in the case of small voltages, then the
differential of the tunneling current expression could be written as, 38|

dl/dV o ps(e)pe(eV +€) T(eV,eV) (2.13)

As we can see, the dI/dV is proportional to the LDOS of the tip and the sample.
Experimentally, probing the electronic structure through STS is achieved by placing
the tip fixed at a constant height (feedback loop opened) and sweeping the sample
bias V at a constant rate between two voltage values, while recording the tunneling
current. In this way the tip would sense the most prominent electronic state of the
adsorbate as it exposes specific states at specific biases. Apart from acquiring the
I(V) curve separately, two methods can be employed to yield the desired dI/dV vs.
Viias dependence. (i) The I(V},) measured by the tip is then differentiated in order
to get the dI/dV signal. (ii) The other method is applying a small sinusoidal wave
modulation to the sample bias, which is then translated into a modulation of the
current. In this thesis, the second method using a lock-in amplifier with an open
feedback loop is employed due to the fast data acquisition time and increased signal

to noise ratio.

The measurement of STS using the lock-in amplifier technique works in the fol-
lowing way: The lock-in amplifier compares two signals in the time domain and
electronically gives the correlation in time of both signals. In the case of STS, an
AC modulation denoted as V, sin(wt) is sent as a reference signal to the lock-in and
also used to modulate the bias voltage V', where V,, is the amplitude and w is the
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2.3. Scanning Tunneling Microscope

frequency. Consequently this small modulation in the bias voltage, V,, causes also a
modulation in the measured tunneling current given as I(Vj, + V}, sin(wt + ¢)). This
modulated tunneling current is fed into the lock-in amplifier and correlated with
the original reference signal and integrated over time and this gives the output of
the lock-in. ¢ is the phase difference between the sent-in signal and the reference
signal.

The relation between the modulated tunneling current and the reference signal can
be understood by expanding the tunneling current in a Taylor series,

2

. dl . d“1
I(Vy+V,, sin(wt+¢)) = I(%)JrW-Vm s1n(wt+¢)+d—v2-

Vi sin® (wt+¢)+... (2.14)
In the first order term of the above equation, we can see that the output of the lock-
in is proportional to the differential conductance (dI/dV) x (reference sinusoidal
signal). Hence information about the differential conductance dI/dV could be ex-
tracted from the lock-in output based on the reference signal. As the bias voltage of
the sample is swept between certain distinct values and the tip is help at a constant
height, the respective change in current dI/dV gives the peaks corresponding to
specific orbitals of the sample, in the STS. In this thesis, the bias modulation of the
reference signal was set to, V,,, = 25 mV and frequency w = 969 Hz.

2.3.4 Modes of operation

STM operates mainly in two modes. The two modes can be exploited to obtain not
only topographic measurements but also detailed information about the electronic
structure of the sample. Both of these operation modes depend mainly on the
feedback loop. The feedback loop is responsible for maintaining a constant tunneling

current.

The feedback response in time is an important parameter in determining the spatial
resolution of the sample during measurement. Typically the tunneling current is
of the order of 100 pA and is measured with an acquisition bandwidth of B ~ 1
kHz, where B is determined as (spatial frequency of sample features) x (scanning
speed). Hence for a spatial frequency of 4 atoms/nm and a scanning speed of 250
nm/s, a bandwidth of B = 1 KHz is sufficient to map each atom as a separate
entity. [39]

e Constant current mode: This is the most common mode of STM operation.
The images presented in this thesis were obtained by this mode of operation.
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In this mode, the bias voltage and value for the tunneling current is kept
fixed. The tunneling current is kept constant by the feedback system, which
is on (feedback loop closed). The STM tip as it scans across the sample
records the tunneling current. But since the current is fixed, whenever dents
or adsorbates on the sample that affect the magnitude of the tunneling current
are encountered, the tip retracts or approaches accordingly in order to maintain
a constant current. The advantage of this method is the preservation of the

tip during scanning.

e Constant height mode: In this mode, the tip is maintained at a constant
height over the sample. To do so, the sample is set at a constant bias V,
and the feedback is off (feedback loop opened). As the tip scans over the
sample, it experiences variations in the tunneling current. These variations
are monitored to obtain a topographic image. When this mode is in use, it
is important to ensure that the sample is more or less flat. Topographical
variations like clusters, step edges etc might affect the movement of the tip.
Hence constant current mode is usually preferred over this mode.

2.4 STM configuration

Taking into account that the tunneling current decreases monotonically and expo-
nentially with the tip-sample distance, in order to obtain topographic images of high
resolution, certain points are to be considered. We need to implement an instru-
ment which (7) is able to move a tip in the z, y and z directions with sub-angstrom
precision. (ii) is able to keep the tip-sample distance at a desired value and (i)
can measure small currents in the range of pA. In addition to that, the performance

should produce a reasonable signal/noise ratio.

The technological implementation of the STM is based on piezoelectricity on the one
hand and the set-up of electronics (pre-amplifier, feedback system, I/V converter,
DSP etc.) on the other, as described below:

e Piezo-electric scanner

e STM electronics

2.4.1 STM Scanner

The tip movement should be sensitive and respond flexibly to the feedback elec-

tronics that controls the tip movement. This is achieved in STM by using piezo
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electric components to which the tip is attached. Piezo electric components by
nature contract and expand depending on the electric potential applied to them.
It is a core component of many modern day high precision instruments including
almost all the scanning probe techniques. Piezo electric materials help to achieve
nanometer scale movement of the tip by applying high potentials. The STM design
used to measure the data in this thesis was developed by Gerhard Meyer at Freie
Universitat Berlin. [40] The design is now commercially sold by Createc GmBH. [14]
The principle of operation of the STM head is shown in figure 2.4. The design is of
Besocke-Beetle type [41] with some modifications. In this model, four piezo electric
tubes are employed.

Each piezo tube is divided into four external sections, which provide four electrodes,
while simultaneously the inner part of the tube constitutes the fifth electrode. These
four outer electrodes will be responsible for applying a high voltage required to move
the piezo tubes in  and y whereas the inner one controls z movement. The piezos

are installed in the following arrangement:

e Outer piezos: Three of the four piezo tubes constitute the outer piezos and
are located around the edge of a base plate (The base plate is a square of side 1
cm) forming a triangle. The top end of the three outer piezos are mounted with
sapphire spheres.The sample is placed at the center of the triangle. On top of
the sapphire spheres is an approach plate that is divided into three sections.
Each of the piezos is confined to one of the sections and each section covers
120°. The three piezos facilitate approaching and retracting movements of a
ramp positioned on top of the sapphire spheres on which the tip is held. The
limit of such rotation (hence the approach limit) is defined and limited by the
three sections. The outer piezo carry out a fast mechanical motion of the tip
and brings it close to the sample. This is called the coarse approach.

e Inner piezo: The central or inner piezo is attached to the ramp which holds
the tip. The central piezos is used in combination with the outer piezos for
bringing the tip into the tunneling regime through the fine approach by using
the Createc STM software. Once the tip is close to the sample in the tunneling
regime, the central piezo is chosen for moving the tip in z,y and z directions.
The central piezo can also be used in combination with the outer piezos for
scanning the sample. In our case the central piezo was solely used for x,y and
z directions of tip movement, while the outer piezo was used to approach the
tip close to the sample until a tunneling current is achieved.

The speed of operation is limited by the resonance limits of the piezo elements.
Resonance frequencies of 100 kHz for the stretching and 10 kHz for the bending for
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STM-scanner piezo element
ramp contacts
inner piezo sapphire
sphere
outer piezos
P STM-tip

Figure 2.4: A graphic of the scanner holding the tip is shown in a). This scanner constitutes
three outer piezos fixed to a base plate and one inner piezo holding the tip. In order to scan
the sample, either a combination of the central and outer piezos or or only the central piezo
can be used. An inner zoomed in view of the piezo element is shown in b). A photograph
of inner and outer piezos mounted with a sapphire ball, the tip and the sample is seen in
c¢). Adapted from [42]

the piezos were measured as the limits, which serves for our typical bandwidths of
~ 1 kHz. [41]

The sample rests below the base plate and in contact with a metal for cooling down

to measurement temperatures.

Once the sample reaches a steady temperature of ~ 6 K, the sample is allowed to
hang on springs in order to isolate it from vibrations and the measurements are

performed.
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Figure 2.5: Schematic of the Createc LT-STM electronics. Voltage applied to the piezos,
sample bias and tunneling current amplification are all controlled by a DSP unit through
different D/A channels. The whole electronic unit is connected to the computer through a
ESB 2.0 port. [14]

2.4.2 Electronic Set-Up

The operation electronics for the LT-STM are based on a digital design (figure
2.5). The digital signal processor (DSP) acts as the main mediator between the
STM and the computer. The DSP controls helps in the control of the feedback
loop, sample bias and the high voltages applied to move the piezos. Both the high
voltage amplifier and the sample bias controller are connected to a 20 bit Digital-
Analog (D/A) processor which is in turn connected to the DSP board. However the
tunneling current is sensed and amplified using a separate pre-amplifier through a
18 bit D/A which is also connected to the DSP board. The gain of the pre-amplifier
is manually controlled. All the DSP mechanism are controlled through the STM 3.0
software by CreaTec. The electronics is connected to the computer via a USB 2.0

link.
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2.5 X-ray magnetic circular Dichroism

X-ray magnetic circular Dichroism (XMCD) measurements were performed as part
of an experiment where Fe atoms were confined on the macrocycle of Co-TPP
molecule. XMCD experiments helped to identify the magnetization of the Co ion
in the Co-TPP molecule before and after the adsorption of Fe atoms. The measure-
ments were preformed at the ID0O8 beam line at the European Synchrotron facility
in Grenoble.

XMCD is an extension of the X-ray absorption spectroscopy technique. In X-ray
absorption spectroscopy (XAS), when an photon is incident on a metal, the energy
of the photon is absorbed by the core electrons of the metal and the electrons makes
a transition to an excited state. At certain specific photon energies, sharp increases
in absorption are observed. These specific energies are called ‘absorption edges’.
However in the region near the absorption edges, the electrons could be excited into
unoccupied bound states, producing a photoelectron. [43] The absorption occurs
when the photon energy matches the ionization potential of the bound electrons at
K, L, M etc. shells. The choice of the X-ray energies at these absorption edges (or
the absorption coefficient o of the element) determines the specific element being
probed. [44]

XMCD is a technique where the XAS experiment is performed with certain modi-
fications. [see Figure 2.6] In XMCD, the desired sample is placed under a uniform
high magnetic field (~ 7 T) and is then irradiated with left and right circularly
polarized X-rays. At specific energies of the photons, X-ray absorption occurs which
is measured for both polarization at two different incident angles (0° and 70°). The
difference between the absorption spectra of both polarizations gives the XMCD
peak. XMCD can give information about spin and orbital magnetic moments and
their magnetic anisotropies of the sample with high resolution. The technique is
element specific and chemical sensitive and is an extremely useful tool in analyzing

the magnetic properties of metals. [45]

2.6 Simulations

e Hyperchem 7.5 software [46] was used for building molecular models of por-
phyrins, Cgo and 1,3,5 -tris (pyridine-4-ethynyl) benzene and the geometry of
the molecules were optimized using a semi-empirical routine (AM1).

e Extended Hiickel theory (EHT) was used to calculate the electronic structure
(frontier orbitals) of free and confined fullerenes. EHT is a semi-empirical
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Figure 2.6: A schematic representing the working principle of the XMCD method. The
sample is placed in a uniform magnetic field and left and right circularly polarized X-ray
photons are incident on the sample. The XAS spectra is measured for the both polarizations.
The difference between the two absorption spectra gives the magnetic signature of a species.
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quantum chemistry method used for calculating the molecular orbitals that
takes 7 and o orbitals into consideration. [47] It can also be used for calculating
the relative energies of different geometric configurations of the molecule and
the total energy of the system. [48] EHT was calculated using Hyperchem 7.5
software. LUMO charge densities mimicking constant current STM images
were obtained by using an STM generator software. [49]

Density functional theory (DFT) was used for simulating geometrical struc-
ture, electronic and magnetic properties of various molecular systems through-
out this thesis. The description of the specific DFT procedure is given at the
respective chapters and sections. DFT was performed by Ari P. Seitsonen
from the university of Ziirich, Switzerland and Marie-Laure Bocquet from the
Ecole Normale Supérieure, Lyon, France.

Molecular Dynamics (MD) simulations were carried out for calculating long-

range electrostatic interaction in the assemblies of 1,3,5 -tris (pyridine-4-ethynyl)
benzene molecule. Introducing the inputs from MD, the bonding and temper-

ature stabilities of the same molecule was calculated using Monte Carlo (MC).

Both (MD) and (MC) simulations were performed by Pawel Szabelski from

Marie-Curie Sklodowska University, Lublin, Poland.
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3 Metal-organic porous networks

3.1 Introduction

One of the largely explored aspects of nanoscience is the design of non-covalent self-
assembled architectures by the use of organic molecules. These architectures help
us (i) achieve highly ordered patterns and (ii) understand the chemical interactions
that stabilize such patterns. A principle direction of such self-assembled networks
has been the creation of porous networks using organic molecules. Porous networks
are self-assembled architectures, where equally spaced molecules create cavities with
molecular borders. Porous networks are used as a means to achieve insight into the
nature of chemical bonds, create robust platforms and to direct the confinement
and assembly of ’guest’ species into the cavities or nodes of the porous structure.
[50]

3.2 Porous networks

(i) In nature, porous networks occur in bio-organisms and such self-assembled nat-
ural porous networks are a big inspiration for designing its synthetic counterparts.
[51] [52] These natural porous structures are models of perfect geometric adaptation
for carrying out specific biological functions efficiently. A few examples of porous
structures in nature include adenosine triphosphate (ATP) synthase for the pro-
duction of ATP molecules which supplies energy to the cells in most bio-organisms,
light harvesting protein complexes LH1 and LH2 in bacterium Rhodospirillum pho-
tometricum that are essential components of photosynthesis, [53] Alveopore corals
from the great barrier reef which has a porous skeleton that helps to maintain a
stable yet lightweight skeleton, [54] hexagonal structure of honeycombs and pore-
forming protein like acanthaporin from acanthamoeba. [55] (figure 3.1)

(ii) Artificially created porous structures have used organic and inorganic modules

and have been of tremendous interest to chemists due to their interesting appli-
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cations and ability to confine guest molecules that would otherwise be difficult to
isolate. [56] [57] [58] Several open porous structures have been tailored with or-
ganic and inorganic ingredients as 3D bulk crystals, [59] in solutions [60] and as 2D
networks stabilized by non-covalent interactions like metal-organic, [61] hydrogen
bonds, [62] van der Waals interaction [63] and dipole-dipole interactions. [64] Such
networks have in turn been used to confine and study materials ranging from metal
ions to molecules. [65] The final structure of the 2D porous network is determined by
a very subtle balance between molecule-substrate and molecule-molecule interaction.
Due to operational purposes, these networks should be robust, present sufficient pe-
riodic spatial extension between pores and adequate pore size. [66] Self assembled
2D molecular porous networks on surfaces has been studied with progressive interest
after the advent of many surface analytical and scanning probe techniques especially
STM. [67] [68] [69] [70] The main use of 2D porous networks on surfaces is the con-
finement of guest molecules and surface electrons. In some cases the guest molecules
adsorbed in these porous networks have itself been shown to modify the host net-
work or develop 3D architectures. [71| Therefore bottom-up fabrication of porous
networks have reached a level of maturity where growth, stability and dimensions
of these networks can be controlled to a high level of precision.

In the present chapter, a tripod molecule equipped with terminal pyridyl groups
is studied on Ag(111) and Cu(111). Metal-organic porous networks based on the
simultaneous expression of metal-organic bonds and pyridyl-pyridyl interactions are

presented on Ag and Cu substrates.

e On Ag(111), the molecule evidences a highly regular porous network stabilized
by pyridyl-pyridyl interactions when directly sublimated onto the substrate.
On deposition of Cu adatoms, the molecules form various metal-organic coor-
dination networks (MIOCN) depending on the Cu adaptors density: a scenario

in which an interplay between molecular bonds of different nature is visualized.

e Even though the molecule appears rigid on the Ag(111) surface, the situation
is different on Cu(111), where the molecule evidences a flexibility which results
in the formation of 2D short-range disordered crystalline networks. Extended
phases of these disordered crystalline domains form as a consequence of a fine
interplay between metal-organic and N- - -H non-covalent interaction. The main
aspects of the results on Cu(111) were summarized by our group in a recent
publication. [73|
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Figure 3.1: Porous networks in
nature:

a) Photograph of coral Alveopora
Japonica. The coral is character-
istic of having a extremely light
mass due to an intricately designed
porous skeleton. The inset shows a
zoom-in of the skeleton. [54]

b) A honeycomb showing perfectly
symmetrical and ordered hexago-
nal pores. The combs are made of
wax and are geometrically stable.
The hexagon shaped pores con-
sume less wax than circular ones
and gives maximum storing space
per unit volume. |72]

c¢) Photosynthetic apparatus in the
bacterium Rhodospirillum photo-
metricum. The larger circles are
identified as LH1 and the smaller
ones as LH2, both of which are
proteins that harvest the light and
convert it into electro-chemical po-
tential that is used by the bacte-
ria. [53]
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3.3 2D molecular porous network on Ag(111)

Here, we are interested in the formation of regular porous networks based on com-
peting interactions, i.e., binding forces of similar strength. To this aim, we exploit
the supramolecular linking characteristics of a tripod molecule equipped with three
pyridyl functional groups (cf. module 1 in Figure 3.2a).

The threefold symmetric molecule used is referred to as molecule 1. Molecule 1:
1,3,5-tris(pyridin-4-ylethynyl)benzene, consists of three pyridyl groups connected to
a central aryl ring through alkyne moieties (cf. Figure 3.2a). The functional terminal
groups are programmed to steer simultaneously metal-organic interactions through
pyridyl-metal-pyridyl coordination motifs, [74] [75] [76] [77] [78] [79] [80] together
with lateral pyridyl-pyridyl links. [73]

3.3.1 Results and discussion

The deposition of submonolayer coverage of 1 on Ag(111) held at 350 K results
in the formation of extended 2D molecular hexagonal porous networks (cf. Figure
3.2b), to be named phase «, with an average pore to pore distance of 20 A+1Aand
a circular pore size of ~ 35 A2, as estimated from a careful inspection of the cavities
in high resolution STM images. It is likely that an increase in the molecular coverage
to saturation promotes the formation of a perfect porous molecular monolayer.

High resolution STM data (cf. Figure 3.2¢) allow us to discern individual molecules
with submolecular features. Each molecule is characterized by four lobes, which
correspond to the central aryl and the three peripheral pyridyl groups, respectively.
Remarkably, the molecular appearance in the STM images preserve a strict 3-fold
symmetry, i.e., the apparent opening angles between pyridin-4-ylethynyl functions is
120°. Thus, the intrinsic flexibility attributed to the ylethynyl moietie, and visual-
ized on Cu(111), as detailed in the next section. In addition, we observe two different
molecular orientations related by a 60° rotation. As clearly depicted experimentally
in Figure 3.2c and by the corresponding atomistic model in Figure 3.2d, the network
is stabilized by just one type of recognition motif between molecules: an interaction
of one pyridyl group with an adjacent pyridyl ring (to be called lateral pyridyl-
pyridyl interaction), following a design in which each molecule is connected to three
opposite oriented neighbors via two lateral pyridyl-pyridyl bonds, resulting in six
pyridyl-pyridyl bonds per molecule. In analogy to the deposition of 1 on Cu(111),
we assign this recognition motif to a non-covalent interaction with a characteristic
N-H length of 1.8 + 0.5 A similar to the values encountered on Cu(111) [73] and
at the solid-liquid interface. [81] Based on this recognition motif, we observe that
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Figure 3.2: 2D hexagonal
molecular  porous  network
obtained by the deposition of
molecule 1 on Ag(111). a)
Scheme of compound 1. b)
Large-scale STM image dis-
playing the porous assembly. c)
Submolecular resolution STM
image of a zoom-in region of
b) exhibiting the three-fold
appearance of the compound
on the surface. d) Atomistic
model of the assembly. The
Rosetta pore described in the
text is highlighted by a violet
hexagon. The closed-packed
directions of silver are depicted
by white or black crosses.
Image size: b) 403 A x 325
A and ¢) 129 A x 129 A
Tunneling parameters: b-c) I
= 0.2 nA, V, = —1.7 V. ¢)
Adsorbed configuration of a
pair of model molecules 1 used
in the MC simulations, leading
to development of the phase
. The N---H interactions
stabilizing the configuration are
shown in orange. f) Snapshot
of the equilibrium configuration
of 1000 molecules 1 obtained
from the MC simulations in
which only the directional
N--- H interactions from e)
were assumed. g) Magnified
fragment of e).
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each pore is made of six molecules, exhibiting a global Rosetta-like aspect. On the
other hand, and within the experimental error, the assembly is commensurate with
respect to the Ag(111) substrate. We tentatively propose a molecular adsorption
site geometry in which the compound is placed with an aryle on top of a hollow site

and the remaining pyridyl substituents are located on top positions. [82]

The supramolecular network features organizational chirality and accordingly two
mirror-symmetric domains of the hexagonal porous network have been observed,
designated o and as - network. Hereby, the unit cell vectors of the supramolecular
hexagonal porous pattern form an angle of —23° for chirality a; and of +23° for
chirality as with respect to the close-packed directions of Ag(111)

In order to get a deeper insight into the stability and the porosity of phase o we
have performed Molecular Dynamics simulations assuming islands of six molecules
under periodic boundary conditions on Ag(111). We observe that a configuration of
six linkers arranged like a Rosetta pore is stable, presenting six N---H interactions
with a N-H length of 3.7 A . In addition, two different close-packed assemblies of the
modules turn out to be not stable. Finally, a simulation employing tripod modules
equipped with phenyl substituents instead of pyridyls is not able to originate a
Rosetta pore. Altogether, these results prove that the directional lateral pyridyl-
pyridyl interaction is responsible both of the stability and porosity of phase . This
conclusion was also confirmed by separate lattice gas Monte Carlo simulations in
which large assemblies of molecule 1 were modelled assuming the dominant role of
the directional N---H interaction in the formation of the Rosetta motif (cf. Figures
3.2e-g).

In order to obtain deeper insight [83] into the stability and the porosity of phase
a, we have performed Molecular Dynamics (MD) simulations assuming islands of
six molecules under periodic boundary conditions on Ag(111). A configuration of
six linkers arranged like a rosetta pore is stable at 100 K, presenting twelve N---H
associations. Importantly, two different close-packed assemblies of the modules turn
out to be unstable. Finally, a simulation employing tripod modules equipped with
phenyl substituents instead of pyridyl termini is not able to create a rosetta-like
pore. Altogether, these results prove that the lateral directional non-covalent inter-
actions are responsible both for the stability and the porosity of phase . To further
corroborate this conclusion, we have performed separate lattice gas Monte Carlo
(MC) simulations (cf. Figures 3.2e-g), which are parameterized according to the
former MD output to account for the dominant contribution of the lateral pyridyl-
pyridyl interactions in the stabilization of the rosetta motif, i.e., only the interactions
marked in orange in the configuration from (cf. Figure 3.2e) are considered. As a

result, large assemblies of the molecule are modeled confirming the dominant role

32



3.3. 2D molecular porous network on Ag(111)

of the lateral pyridyl-pyridyl contacts in the formation of phase a.

3.3.2 Polymorphism via competing interactions at submonolayer cover-

age

The deposition of small amounts of Cu atoms on a previously prepared submono-
layer a-network changes dramatically the self-assembly scenario. Up to three new
phases appear, coexisting with phase «, to be named phase 3, phase v and phase
0. As we will describe below, phase § and phase v are based on competing lat-
eral pyridyl-pyridyl interactions and pyridyl-Cu-pyridyl bonds, whereas phase ¢ is a
fully metallated phase stabilized by pure pyridyl-Cu-pyridyl links. Remarkably, the
deposition of enough Cu atoms, verified by the presence of Cu clusters on the steps,
dissolve phase « into different patches of phase [, phase v and phase §. In any
scenario, the presence of phase ( is majority, highlighting its higher stability.

Figure 3.3a.b,c displays a long range STM image, a high resolution STM image and
an atomistic model of phase 3. The assembly is a complex porous network made of
four types of pores: a small quasi-circular pore of ~ 20 A? (displayed in violet in
Figure 3.3a) and three different oriented pores, related by a 60° rotation, presenting
the same size and distorted-hexagonal shape of ~ 200 A2 (colored in white, green
and red, respectively in Figure 2a). The small pores are arranged on the surface
following a hexagonal pattern, separated by 51 4 0.5 A. The unit cell vectors of this
hexagonal pattern form an angle of 23° with respect to the closed-packed directions
of the Ag(111). On the other hand, the arrangement of the distorted-hexagonal

pores follows a Kagomé assembly, as depicted by pink lines in Figure 3.3a.

A zoom in this image (cf. Figure 3.3b) displays the molecules with submolecular
resolution. Like in phase «, the molecular species are visualized as a tripod building
block, exhibiting perfect three-fold symmetry, made of four lobes, corresponding to
the central aryl and the peripheral pyridyl groups, respectively. In addition, we
distinguish four different molecular orientations.

The stability of the network is provided by two different recognition motifs (cf. Fig-
ure 3.3c): i) a head to head orientation between two neighbor pyridyl groups with a
projected N-Cu distance of 2.2+ 0.5 A | and ii) a lateral interaction of one pyridyl
group with an adjacent pyridyl ring. In analogy with phase «, motif ii) is assigned
to a noncovalent interaction with an average projected N-H length of 1.8 + 0.5 A.
In addition, based on the assembly of species 1 on Cu(111) [73] we assign mo-
tif i) to a non-straight (dihedral angle of ~ 15°) pyridyl-Cu-pyridyl metal-organic
interaction, in which the mediating Cu adatom is not resolved, 73] [74] [76] [77]
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presumably due to an electronic effect. [84] Remarkably, in any phase of this study
exhibiting a Cu-pyridyl interaction we have detected an increase of the apparent
height of the molecular moieties involved in the Cu-pyridyl bond in comparison
with other moieties establishing lateral pyridyl-pyridyl interations, which reinforces
our assumption of the formation of a metal-organic bond. In summary, the net-
work is stabilized by a competition between non-covalent interactions of different
nature, which is expressed in a complex hierarchic organization: Six molecules are
forming a Rosetta-like structure, identical to the Rosetta found in phase «, via six
lateral pyridyl-pyridyl interactions per molecule. This Rosetta-like tecton gives rise
to the small circular pore. Simultaneously, the Rosettas are connected with each
other following a hexagonal design by establishing pyridyl-Cu-pyridyl bonds with
two different oriented molecular species. The remaining surface voids originate the
distorted-hexagonal pores, to be named B pores. In summary, phase [ is a hier-
archic porous network exhibiting two levels of hierarchy: a first level to create the
Rosetta tecton involving lateral pyridyl-pyridyl interactions and a second level to
join the Rosettas together based on metal-organic coordination. Overall, the local
Cu:molecule stoichiometric ratio is 0.75 : 1. In principle, the pyridyl-pyridyl interac-
tion could be considered weaker than the pyridyl-Cu-pyridyl counterpart. However,
as a whole, the Rosetta tecton is robust enough to be part of the first level of chiral-
ity. This is unprecedented in hierarchic assemblies involving a level of metal-organic
coordination, since in these cases the metal-organic bonds form part of the first level
of assembly, whereas the remaining (and typically weaker) forces intervene in the
next levels of hierarchy. [85]

Due to the presence of the Rosetta, the self-assembly of phase (3 is exhibited in the
form of two mirror-symmetric domains, non- coexisting in the same island, to be
named [-network and [(’-network (cf. Figure 3.3d). Hereby, the unit cell vectors
describing the hexagonal arrangement of the Rosettas form an angle of +23° for
chirality 8 and of —23° for chirality 8’ with respect to the closed-packed directions
of Ag(111).

Figure 3.4a displays a long-range STM image of phase ~, which is visualized as a
2D molecular porous assembly based on alternating rows of two different kind of
pores. The small pores present a mean area of 200 A2, forming a row with an
interpore distance of 31 & 0.5 A. Simultaneously, the bigger voids exhibit a size of
350 A2 and a separation between pores of 31 + 0.5 A. High resolution STM data in
Figure 3.4b and its corresponding tentative model in Figure 3.4c reveal that phase
~ exhibits striking similarities to phase f regarding its building motifs: i) The same
molecular aspect and four different molecular orientations identical to those of phase
f; ii) Phase ~ is also stabilized by a simultaneous expression of a lateral pyridyl-
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Figure 3.3: Phase #: A 2D hierarchic molecular porous assembly based on competing
interactions obtained by the deposition of 1 and Cu atoms on Ag(111), for a local 0.75 : 1
(Cu:molecule) stoichoimetric ratio. a) Large scale STM image of the porous assembly. The
Rosetta pores are highlighted by a light violet hexagonal contour. In the top right part
of the image, the different oriented pores B are filled in with colors white, red and green,
respectively, whereas the Rosetta pore is filled in with blue. The assembly of pores B in
positions of a Kagomé lattice is displayed by the pink lines. b) Zoom in of image a) exhibiting
submolecular resolution features of the assembly. ¢) Atomistic model of b) displaying two
types of recognition motifs: a lateral pyridyl-pyridyl interaction and a non-straight two-
fold pyridyl-Cu-pyridyl bond. d) High resolution STM images showing the organizational
chirality displayed by phase 3, respectively termed 8 and 3’. The closed-packed directions
of silver are depicted by white or black crosses. Image size: a) 443 A x 443 A b) 140 A x
140 A and d) 144 A x 287 A each image. Tunneling parameters: I = 0.2 nA, V, = —0.7 V.
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pyridyl interaction and a pyridyl-Cu-pyridyl metal-organic coordination, exhibiting
the same bond distances. iii) The small pore is identical to pore B found in phase
[ (depending on chirality, see below), whereas the big void is novel and, thus,
will be named pore C. There are not traces of Rosetta pores in this phase. Thus,
the differences between phase v and [ arise from different organizational routes,
which employ for phase 5 a local 1.25 : 1 (Cu:molecule) stoichiometric ratio, higher
than in the v case. Hereby, two different oriented molecules (displayed in green
in Figure 3.4c) are involved in a simultaneous expression of interactions, a lateral
pyridyl-pyridyl link and a non-straight pyridyl-Cu-pyridyl contact (dihedral angle
of ~ 15°), whereas the other two different oriented molecules are just establishing
straight pyridyl-Cu-pyridyl contacts (depicted in pink in Figure 3.4c).

Regarding the self-assembly of phase 7, an statistical analysis of long-range STM
images exhibits the presence of three organizational domains, to be named domain
1, 72 and 73, respectively rotated by 60°. As depicted in Figure 3.4a-c¢, domain
~1 is forming an angle of 11° with respect to the closed-packed directions of the
Ag(111). In addition, due to the presence of the lateral pyridyl-pyridyl interactions,
which express chirality on the surface, phase ~ displays the corresponding three
organizational chiral domains, to be named 7}, 75 and ~4 (cf. Figure 3.3d for a

comparison of the two mirror-symmetric domains y; and +}).

Figure 3.5a shows a long-range STM image of phase d, which is a 2D molecular
porous network, exhibiting distorted hexagonal pores with a pore size of 500 A?
and arranged in a hexagonal fashion with an interpore distance of 32.0 £1 A. High
resolution STM images and a tentative atomistic model (cf. Figure 3.5b,c) decipher
the building protocol stabilizing the network: two different oriented molecules are in-
volved in a pure pyridyl-Cu-pyridyl interaction following a stoichiometry (Cu:molecule)
= 1.5 : 1. Remarkably, like in phases g and =, the metal-organic bond presents the
same bond distance and it is not straight (dihedral angle of ~ 15°), which, together
with the assembly protocol, gives rise to a distorted hexagonal appearance of the
pore, to be named pore D. Since there are no traces of the lateral pyridyl-pyridyl
interaction, phase d can be considered as a fully Cu-metalated network

Concerning the organizational self-assembly, phase § presents two orientational do-
mains related by a 36° rotation. Figure 3.5a-c displays domain 1, in which the unit
cell vectors describing the hexagonal assembly of the pores form an angle of —13°
with respect to the closed-packed directions of Ag(111).
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Figure 3.4: Phase v: A 2D molecular porous assembly based on competing interactions
obtained by the deposition of 1 and Cu atoms on Ag(111), for a local 1.25 : 1 (Cu:molecule)
stoichoimetric ratio. a) Large-scale STM image displaying the alternating rows of pores.
b) High resolution STM image of a zoom-in region of a) exhibiting submolecular resolu-
tion. ¢) Atomistic model of the assembly revealing the simultaneous expression of lateral
pyridyl-pyridyl and pyridyl-Cu-pyridyl interactions. d) STM images comparing two chiral-
symmetric domains. The closed-packed directions of silver are depicted by white or black
crosses. Image size: a) 251 A x 251 A b) 111 A x 111 A and d) 300 A x 150 A each
image. Tunneling parameters: a) I = 0.1 nA, V, = —0.7 V; b) I = 0.2 nA, V;, = -1 V; d)
I=01nA V,=-1V.
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Figure 3.5: A 2D molecular porous network based on pyridyl-Cu-pyridyl interactions ob-
tained by the deposition of 1 and Cu adatoms on Ag(111), presenting a local stoichiometry
(Cummolecule) = 1.5 : 1. a) Large scale STM images of the two domains of the 2D porous
assembly. b) High resolution STM image of a) displaying submolecular recognition and
exhibiting the head to head pyridyl-Cu-pyridyl recognition motif stabilizing the network. c)
Schematic model of image b). The closed-packed directions of silver are depicted by white
or black crosses. Image size: a) 443 Ax 443 A, b) 221 Ax 221 A. Tunneling parameters:
a) [ =02nA, V,=—-1V;b) I =02nA, V, =-0.6V.

3.3.3 Self-assembly modified by molecular pressure:

The coexistence of phases «, (, v and 0 at submonolayer coverage is due to a
very subtle balance between molecule-substrate interactions and the simultaneous
expression of lateral pyridyl-pyridyl and metal-organic bonds. Clearly, from phase
«, to phase 7, there is an increase in the porosity of the networks. Thus, a rational
way to promote a better homogeneity of the molecular coverage of Ag(111), i.e.,
to select a phase, is based on the intrinsic in-plane compression pressure built up

by the molecules confined on the surface, which, in principle, could enhance phase
B 179

For a molecular coverage of 0.8 ML, after the dosage of Cu adatoms, we observe the
coexistence of phases « (non coordinated phase) and 3, whereas phases v and 0 are
not detected.

Surprisingly, for a molecular coverage close to the monolayer (above 0.9 ML), fol-
lowed by Cu deposition, a new phase appears, termed phase €, which just coexists
with a minority of phase a. A long-range STM image, a high resolution STM image
and a tentative atomistic model of this phase are depicted in Figure 3.6. Remark-
ably, we observe the formation of a 2D hierarchic porous assembly exhibiting two
levels of hierarchy. The first one corresponds to the Rosetta tecton, previously
described above and stabilized by lateral pyridyl-pyridyl interactions. Secondly,
these Rosettas are positioned on the surface in a hexagonal lattice, being joined
together by three-fold pyridyl-Cu bonds. As a result, phase ¢, like its phase § and
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~ counterparts, is based on a simultaneous expression of interactions, though in
this case the metal-organic bond is three-fold, whereas for phases § and v is two-
fold. A comparison in Figure 3.6a between phase v and phase ¢, reveals that the
same two molecular orientations are involved in the formation of both phases. In
particular, phase € follows a design pattern in which each molecular module estab-
lishes four lateral pyridyl-pyridyl interactions and one pyridyl-Cu bond, presenting
a1 :3 (Cwmolecule) stoichoimetric ratio. Within the experimental error, the lateral
pyridyl-pyridyl interactions presents a identical N---H distance to that of phase «,
whereas the N-Cu bond distance is of 1.9 + 0.5 A. Interestingly, as a result of the
hierarchic design, phase e exhibits the Rosetta pores in an hexagonal lattice, like
phase «, but with a different interpore distance and orientation with respect to the
substrate. Thus, the molecular pressure together with the simultaneous expression
of interactions hints a way to tune the porosity of molecular networks. In particular,
for phase e the interpore distance between the Rosetta tectons is of 33.5 4+ 0.5 A,
whereas the unit cell vector of their hexagonal assembly forms an angle of +18° with

respect to the closed-packed directions of Ag(111).

On the other hand, due to the presence of the Rosetta tecton, phase € should exhibit
two mirror-symmetric domains on the surface. However, we could only detect the

formation of domains of one type of chirality, i.e., domains €, but not €.

We have tried to estimate the binding energy per molecule of each phase, taking
into account recent results, which report a binding energy of 0.101 eV [86] for a
pyridyl-hydrogen interaction and of 0.2 eV/molecule [87]| for a Cu-pyridyl bond.
Our calculations show a preference for the fully metalated phase, which is not con-
sistent with a simultaneous expression of a lateral pyridyl-pyridyl interaction and a
Cu-pyridyl interaction, as experimentally visualized by the coexistence of different
phases. These results suggest that in order to have a competition between interac-
tions the pyridyl-hydrogen binding energy could be closer to the Cu-pyridyl value

in our scenario than in the previous reports.

3.3.4 Simulations:

The Molecular Dynamics (MD) and Monte Carlo (MC) simulations were car-
ried out by Pawel Szabelski from the Maria-Curie Sklodowska University, Lublin,
Poland.

All Molecular Dynamics (MD) simulations were performed with the Gromacs 4.5.5
Software Package. [88] [89] The calculations were carried out in a canonical (NVT)

ensemble at 100 K using the Nos — Hover thermostat. The interaction parameters
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Figure 3.6: Phase e: A 2D molecular porous network exhibiting a simultaneous expres-
sion of three-fold Cu-pyridyl interactions and lateral pyridyl-pyridyl links, obtained by the
deposition of 0.9 ML of module 1 and Cu on Ag(111). a) Long-range STM image of the
coexistence of phases o (non metallated) and €. b) Zoom-in of image a) displaying submolec-
ular resolution of phase €. ¢) Atomistic model of phase e. The black and violet hexagon
represent the countour of the Rosetta tecton in phase « and in phase €, respectively. The
closed-packed directions of silver are depicted by white or black crosses. Image size: a,d)
440 A x 344 A b,e) 111 A x 111 A. Tunneling parameters: a) I =0.2nA, V,=—-1V;b)
I=04nA V,=-1V.
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for molecule 1 were taken from OPLS-AA force field while for the Ag (111) surface
the modified GolP model [90] with the parameters for silver from Ref. [91] was
used. The simulation box (58 Ax 50 Ax 80 A) consisted of four layers of silver
atoms (400 atoms each) and 6 molecules 1. Long-range electrostatic interactions in
the system were calculated using the particle mesh Ewald method with cutoff equal
to 12 A. To calculate van der Waals interactions the same cutoff (12 A) was used.
All MID runs were done for 5 ns.

The Monte Carlo simulations were performed on a 120 x 120 triangular lattice
of equivalent adsorption sites using the conventional canonical ensemble Monte
Carlo method with Metropolis sampling. [92] (93] To eliminate edge effects peri-
odic boundary conditions in both directions were applied. The tripod molecule
3.2 was represented by the rigid C3-symmetric planar structure comprising four
identical segments (core and three one-membered arms) showed in Figure 3.2. It
was assumed that one molecular segment occupies one lattice site. The molecules
were assumed to interact via a short-ranged segment-segment interaction potential
limited to nearest-neighbors on a triangular grid. To account for the dominant con-
tribution of the directional N- - -H interactions in stabilization of the Rosetta motif,
only the interactions marked in orange in the configuration from Figure 1 were con-
sidered and their energy was set to —2.5, expressed in kT units. For all remaining
molecular configurations (not shown) the segment-segment interaction energy was
equal to zero. The simulations were performed for 1000 molecules 1 . To equilibrate
the system up to AAA MC steps were used. [92] [93]

3.4 2D Short-Range Disordered Crystalline Networks From
Flexible Molecular Modules

In this section, a 2D short-range disordered molecular crystalline networks with
the module 1 is presented, which, regarding spatial organization, can be consid-
ered as surface analogues of 3D flexible crystals. It is interesting to note that the
molecule 1, which appeared rigid on the Ag(111) substrate, evidences a flexibility
on Cu(111) substrate. The flexibility of the molecule 1 gives rise to distinct phases,
whose characteristics have been examined in real space by STM: a 2D short-range
distortional disordered crystalline network and a 2D short-range orientational disor-
dered crystalline network, respectively. Both phases exhibit a random arrangement
of nanopores that are stabilized by the simultaneous presence of metal-organic and
pyridyl-pyridyl interactions. In the 2D short-range distortional disordered crys-
talline network, the framework displayed unprecedented flexibility as probed by the
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STM tip that modifies the pore shape, a prerequisite for adaptive behavior in host-
guest processes.

3.4.1 Introduction:

Unraveling the nature of complex condensed matter systems like glasses, glassy
crystals, quasicrystals, protein and virus crystals is of paramount importance in
actual material science. [94] [95] [96] [97] [98] [99] The traditional conception of a
crystal based on translational symmetry has been widened upon the discovery of
quasicrystals and since 1992 a crystal is defined by the International Union of Crys-
tallography as any solid having an essentially discrete diffraction pattern. [100] On
the other hand, in three-dimensional (3D) materials science, an amorphous solid
is considered as a material that possesses a non-crystalline structure. [101] In par-
ticular, it is called a glass if it undergoes a glass transition when heated to the
liquid state. [95] [101] In addition, a flexible molecular crystal is a material exhibit-
ing a glass transition involving a rotational disorder of the constituting molecular
units, whereas these constituents span a regular crystalline lattice. [102] [103] [104]
[105] [106] [107] [108] [109] [110] Recently, by exploiting self-assembly protocols
on surfaces, [67] two-dimensional (2D) supramolecular random networks have been
fabricated on metallic surfaces and associated with glasses. [111] [112] To simplify
terminology (cf. Scheme 1.b) and transferring the former definitions and concepts
into the 2D space, in this paper we employ the term 2D short-range disordered
crystalline network to describe a 2D material that displays a discrete diffraction di-
agram and presents any of the following ordering characteristics: 1) the constituents
are positioned following a crystalline lattice, but at the same time disordered with
respect to their orientational or distortional degrees of freedom or 2) the inter-
molecular links span a crystalline lattice, but the molecular building blocks present
distortional (cf. bottom left of Scheme 3.7b) or orientational (cf. bottom right of
Scheme 3.7b) short-range disorder. Therefore, regarding the spatial organization,
a 2D short-range disordered crystalline network could be considered as a surface
analogue of a 3D glassy crystal, though a temperature dependent glass transition

should be identified for certainty from the thermodynamic point of view.

Traditionally, most insights into the structure of non-crystalline materials have
been based on diffraction techniques that rely on space averaging. Only recently,
the employment of self-assembly protocols on surfaces to create surface-confined
supramolecular random networks and their in-situ visualization with Scanning Tun-
neling Microscopy (STM) have provided crucial breakthroughs regarding the local
order characteristics of the 2D amorphous structures. [111] [112] [113] [114] The
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Scheme 1: a) Schematic model of compound 1 (top view), in which molecular dimensions
were obtained for an isolated molecule in the gas phase using the Hyperchem software
(MM+ method). Black arrows indicate the flexibility of the terminal groups. b) Types
of assembly of a 2D supramolecular structure with different short- and long-range order
characteristics for a tecton with 3-fold symmetry and geometrical flexibility. The blue

network represents a crystalline lattice.
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extension of this approach to other complex condensed matter systems could allow
us to develop new materials and to greatly enhance our understanding of the physi-
cal phenomena associated with crystallization and vitrification, which are of crucial

importance in a variety of fields like pharmacology or materials science.

Regarding the supramolecular approach, for many surface-confined self-assembled
nanostructures, the enthalpies associated with lateral intermolecular interactions are
relatively weak thus implying that a fine interplay of enthalpic and entropic contri-
butions determines the final self-assembled pattern. In particular, upon formation
of a nanostructure, freezing conformations of a flexible molecule can make loss of
the conformational entropy more significant to the self-assembly process, [115] even
leading to non crystalline condensed matter states. The realization of 2D disordered
systems thus requires a specific balance between molecule-surface and intermolecular
interactions and entropic contributions in the self-assembly to avoid the formation
of patterns dictated by the surface lattice periodicity.

In this section, exploiting the self-assembly route to organize an inherently-flexible
molecular module (molecule 1), we report the formation of 2D porous short-range
disordered crystalline networks on Cu(111): a 2D short-range distortional disordered
crystalline phase (¢) and a 2D short-range orientational disordered crystalline phase
(n). Our study visualizes with submolecular resolution a molecular self-assembly ex-
hibiting simultaneously short-range disorder and crystalline long-range order. Fur-
thermore, we probe the flexibility of the nanoporous phase ( by inducing a flipping
of the terminal groups with an STM tip, suggesting an adaptive behavior of the
hosting networks towards molecular guests, a crucial property for exploitation in
molecular recognition. [116] [117] Consequently, phase ( represents a soft porous
crystal in 2D. [118]

3.4.2 Results and discussion:

Molecule 1, 1,3,5-tris(pyridin-4-ylethynyl)benzene, consists of three pyridyl groups
connected to a central aryl ring through alkyne moieties (cf. scheme 3.7.a). The
functional terminal groups are programmed to steer metal-organic interactions through
pyridyl-metal-pyridyl coordination motifs. [74] [75] [76] [77] [78] A key characteris-
tic of this molecular module is the inherent flexibility of the substituents (=CPyr)
at the central aryl group, which can substantially deviate from the ideal 120° in-
ternal angle between two pyridin-4-ylethynyl peripheries, distorting the expected
three-fold symmetry. This phenomenon has been previously observed by us with
porphyrin derivatives equipped with identical pyridyl functional groups exhibiting
a distortional adaptation upon surface adsorption. [77] [119]
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The deposition of compound 1 on Cu(111), at a substrate temperature of 350 K, re-
sults in an assembly that exhibits polyamorphism controlled by the coverage. Images
taken at very low coverage (< 0.01 ML) show that the molecular species completely
decorate the steps before ordering on the terraces, indicating a high mobility at 350
K. For increased coverages below 0.2 ML, module 1 self-assembles in a 2D porous
short-range distortional disordered crystalline network (phase ¢, cf. Figure 3.8 a,c,d
and 3.9). Phase ( appears in coexistence with a minority 2D porous random network
(cf. Figure 3.9a,b). At intermediate coverage (0.2 — 0.5 ML) phase ( coexists again
with residues of the 2D random network and an additional phase labeled n, which
represents a 2D porous short-range orientational disordered crystalline network (Fig-
ure 3.8). At higher coverage (> 0.5 ML), phase ( is not detected and densely packed
crystalline molecular islands emerge, coexisting with phase n domains, which dimin-
ish with the coverage. For all coverage ranges an annealing procedure close to the
temperature of desorption (Tgesorption = 393 K) had no noticeable impact on the or-
ganization. Whether the 2D short-range disordered crystalline phases are kinetically
frustrated or thermodynamically stable is still under debate.

3.4.3 Low coverage polymorphism:

As depicted in Figure 3.8a, for coverages below 0.2 ML the deposition of compound 1
results in the formation of a 2D porous short-range distortional disordered crystalline
network (phase (, cf. Figure 3.8¢) that coexists with a minority 2D porous random
network (cf. Figure 3.8b). For clarity, the structural nature of phase ( as a 2D short-
range disordered crystalline network will be addressed below. Phase ( is based on
pores formed by the combination of six molecules (named as pores A); whereas the
2D random network exhibits pores formed by six, eight, nine, ten, eleven and twelve
molecules (named as pores A, B, C, D, E and F, respectively, cf. Figure 3.8b).
Remarkably, phase ( and the 2D random network share pore A as a constituent
motif. A statistical analysis of the fractional pore occurrence at ~ 0.2 ML coverage
reveals a distribution where pores of type A dominate (=~ 60%), followed by those
of type B (= 20%). With a probability of less than 10%, bigger pores of type C
(= 9%), D (= 9%) and F (=~ 2%) are observed. Rarely, pores constituted of eleven
molecules were also detected (named as pore E, cf. Figure 3.8b).

High-resolution data (cf. Figure 3.8d) allow us to discern individual molecules with
submolecular features. Fach molecule is characterized by four lobes, which cor-
respond to the central aryl and the three peripheral pyridyl groups, respectively.
Notably, the molecular appearance in the STM images deviates from a strict three-

fold symmetry (cf. Scheme 1), which highlights the intrinsic flexibility of molecule
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1 upon adsorption on Cu(111). Herein, a minor contribution of the out-of-plane
rotation of the pyridyl end groups caniit be neglected. [120] A structural analysis
displayed apparent opening angles between pyridin-4-ylethynyl functions ranging
from 99° to 155° (cf. Figure 3.8e and Figure 3.8h). The intramolecular flexibility
is the major element for the formation of the 2D short-range disordered crystalline
networks and the minority 2D random network, respectively, as it leads to multi-
ple configurations of the molecule, [121] to be called scissomers, in analogy to the
scissoring vibrational mode. In addition, as clearly displayed in Figure 3.8d, the
networks exhibit two different recognition motifs (cf. Figure 3.8g): i) a head-to-
head orientation between two "dim" pyridyl groups of neighboring molecules with
a projected N-N distance of 3.4 £0.4 A [74] [75] [76] [77] [78] and ii) an interaction
of one bright pyridyl group per molecule with an adjacent pyridyl ring. The lat-
ter motif is assigned to a noncovalent interaction with a characteristic N-H length
of 1.8 = 0.4 A, similarly identified at the liquid-solid interface. [81] The pyridyl
groups involved in this lateral pyridyl-pyridyl interaction are visualized as bright
protrusions independent of the applied bias voltage, suggesting a non-parallel orien-
tation of the heteroaromatic ring relative to the surface. Based on the N-N spacing
and previous reports, motif i) is identified as a pyridyl-Cu-pyridyl metal-organic
interactions, where the mediating Cu adatom (supplied by the surface) [122] [84] is
not resolved. |74] [76] [77] [84] [123] [124] Summarizing, each molecule is engaged
in two metal-organic coordination bonds and two lateral pyridyl-pyridyl contacts.
This demonstrates for the first time a simultaneous expression of these two different
interactions, in contrast to previous studies based on the same terminal functional
groups, where only metal-organic interaction dominates. 74| [76] [77] [78] The preva-
lent expression of type A pores signals a more favorable bonding configuration as
compared to pores of type B and C. [125]
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Figure 3.8: Self-assembly of compound 1 on Cu(111) into a 2D short-range distortional
disordered crystalline network (phase () coexisting with a 2D random network, for coverages
below 0.2 ML. a) Large scale STM image displaying one 2D random network island (blue
square) and one 2D short-range disordered crystalline island (green square). b) Zoom in
the 2D random network region of Figure la. The different types of pores are labeled with
the letters A, B, C, D, E and F, respectively. ¢) Zoom in the 2D short-range disordered
crystalline region of Figure la. Only the pore of type A is present in this assembly. The
red star represents the close-packed directions of Cu(111). d) High resolution STM image
obtained with a CO terminated tip depicting with submolecular resolution phase (. e)
Model of Figure 1d in the "stick" representation, in which each stick reflects the angular
deviation from the ideal three-fold molecular symmetry. Molecular units exhibiting the same
apparent opening angles are depicted with the same colors. Cu adatoms are represented by
an orange circle. f) Zoom-in of white-doted area of Figure 1c and superposition of the stick
model on two molecules. g) Model of the two bonding motifs stabilizing the network in the
Hyperchem framework: a two-fold pyridyl-Cu-pyridyl bond (highlighted by a purple ellipse)
and a pyridil-pyridyl interaction (highlighted with a red circle). h) Stick representation of
the different molecular configurations of Figure 1d, scissomers, as adapted upon surface
adsorption. Images sizes: a) 2963 x 1380 A2; b-c) 443 x 443 A2; d) 110 x 110 A%, f) 25 x 25
A2, Tunneling parameters: a-c) I =0.03nA, Vb=1V;d, f) I =0.05 nA, Vb= -0.075 V.
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3.4.4 2D short-range distortional disordered crystalline network

A close inspection of phase ( reveals to be constituted by pores of type A with
slightly different shapes and a mean area of 576 A% which combine to an assembly
exhibiting long-range order (cf. Figure 3.9). The corresponding 2D autocorrela-
tion plot, a mathematical technique to identify repeating patterns by depicting the
cross-correlation of a measured image with itself, clearly shows a six-fold symmetric
pattern with a periodicity of 44 A (cf. inset of Figure 3.9a), with a deviation of
1.5+ 0.5 A, deriving from identical oriented protruding pyridyl-pyridyl contacts.
These results are in full agreement with the Fast Fourier Transformation of the
same image (not displayed). Due to the flexibility of the terminal groups, the
molecules present distortions through the assembly, giving rise to pores A of dif-
ferent shapes (labeled with subscripts An in Figure 3.9b), which are responsible of
the deviation of the lateral pyridyl-pyridyl motifs from a perfect lattice. Herein,
the influence of the substrate is manifested in the presence of two organizational
chiral domains, in which the lattice of the pyridyl-pyridyl contacts of the clockwise
(counterclockwise) chiral domain is rotated 25° 4+ 5° (—25° £ 5°) with respect to
the close-packed directions of Cu(111) (cf. Figure 3.8c, 3.8d and 3.9a for clockwise
chirality). Based on the features of a 2D short-range disordered crystalline network
introduced in the first paragraph and considering the deviation due to the flexibility
of the modules, we conclude that phase ( represents a molecular 2D short-range
distortional disordered crystalline network. This visualization of a supramolecular
2D short-range disordered crystal represents a distinct condensed-matter state as
compared to well-established 2D crystalline phases or 2D random networks. Such
type of molecular architectures exhibiting a coexistence of amorphous and highly
correlated structures are occasionally observed at the 3D mesoscale, for example in
virus crystals. [126]

3.4.5 2D short-range orientational disordered crystalline network

For coverages exceeding 0.2 ML a second 2D short-range disordered crystalline phase
appears. Figure 3.10a depicts a high-resolution image of the molecular assembly in
phase n, in which, as in phase (, the molecular appearance deviates from a three-
fold symmetry. However, in contrast to phase ¢ and within the limits of the STM
intramolecular resolution, we identify only a single molecular configuration (scis-
somer) constituting phase 7, which exhibits apparent intramolecular opening angles
between two legs of 107°, 120° and 133°, respectively. In addition, we distinguish
six different molecular orientations of the scissomer (cf. Figure 3.10b). The bond-

ing motifs of the assembly are identical to phase (, i.e., each molecule presents
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Figure 3.9: Self-assembly of compound 1 into a molecular 2D short-range distortional dis-
ordered crystalline network (phase (). High resolution STM images of an arrangement of
type A pores in phase ¢ obtained with a CO terminated tip. a) The inset displays the
autocorrelation plot of the figure. Blue lines are used to describe the repeat motif with a
unit cell vector length of 44 A. b) Filling of the pores by assigning one color to each type
of pore. The different pores are labeled with the term A,, (from A; to Aig). Images sizes:
a-b) 242 x 242 A2, Tunneling parameters: a-b) I = 0.052 nA, Vb = —0.075 V.

two lateral pyridyl-pyridyl contacts and two pyridyl-Cu-pyridyl links with adjacent
molecules (cf. Figure 3.10c). However, the density and topology of phase n differs
from phase (: in phase 1 the links between adjacent pores rely on pyridyl-Cu-pyridyl
bonds, whereas in phase  the connection between pores is solely based on the lateral
pyridyl-pyridyl interactions. The resulting porous network comprises different pores
of rhombic shape, with a mean area of 184 A2, each one characterized by a particular
combination of orientations of the scissomers. The repeatedly observed pore shapes
are labeled in Figure 3.10b,d (F1 to F9) and displayed with a color-coded filling in
Figure 3.10d. Within the assembly, the spatial distribution of the pore shapes is
random (Figure 3.10d). Nevertheless, the autocorrelation plot of the assembly (inset
of Figure 3.10a) displays a periodic order with a rectangular repeating motif of size
29.5 A x 17.7 A, defined by the lateral pyridyl-pyridyl contacts (see blue rectangular
lattice in Figure 3.10a). Herein, the influence of the substrate is again visualized by
the presence of a chiral organization, constituted by three orientational domains per
chirality giving a total of six domains, in which the long unit vector of the lattice of
the lateral pyridyl-pyridyl contacts forms an angle of 17° 4+ 5° in chirality of type I
and —17° £ 5° in chirality of type II with respect to the close-packed directions of
Cu(111) (cf. Figure 3.10a for chirality of type I). Thus, by analogous arguments as
those used for the description of phase ¢, we conclude that the assembly of phase n
constitutes a 2D short-range orientational disordered crystalline network.
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Figure 3.10: Self-assembly of compound 1 into a supramolecular 2D short-range orienta-
tional disordered crystalline network. a) High resolution STM image depicting different
types of rectangular pores obtained with a CO terminated tip. To clarify the visualiza-
tion of the molecular units a green "stick" model is superimposed on the top right of the
image. The inset represents the autocorrelation plot of the image. The repeating motif
is displayed as a blue lattice with unit cell vector lengths of 29.54 A and 17.7 A. The red
star represents the close-packed directions of Cu(111). b) Model of Figure 3a in the "stick"
representation, in which each stick reflects the angular deviation from the in-gas three-fold
molecular symmetry. Molecular units exhibit the same configuration (scissomer) and six
different orientations upon adsorption on the surface. ¢) Model of the two bonding motifs
stabilizing the network: a two-fold pyridyl-Cu-pyridyl bond and a lateral pyridyl-pyridyl
interaction. In Figures 3a-3c Cu adatoms are represented by an orange circle. d) Filling of
the pores of Figure 3a, assigning one color to each type of pore and labeling them with the
term Fn (from F1 to F9). Tmages size (a,d): 184 x 184 A2, Tunneling parameters: I = 0.2
nA, V, =-0.2 V.
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The molecular flexibility resulting in different configurations upon adsorption that
deviate from a strict three-fold symmetry is a key ingredient for the assembly of
the above-discussed 2D short-range disordered crystalline network and of interest
for engineering functional templating structures. Remarkably, the flexibility of the
terminal groups is directly proven by STM experiments that can simultaneously in-
duce and visualize distortional changes in the networks. To this aim, we modified
the STM scanning conditions that were initially established to image the assembly
under non-perturbative conditions. Thus, it was possible to induce modifications
of the networks and directly observe the resulting temporal variations of the pore
shapes in phase ¢ (cf. Figure 3.11a-h). A detailed analysis reveals that these al-
terations are mediated by a subtle variation in the opening angle of the pyridyl
legs involved in the two-fold pyridyl-Cu-pyridyl bond, thus inducing a change in the
size and shape of some pores (c¢f. Figure 3.11i-k). This intrinsic flexibility of the
metal-organic motif has been already observed for porphyrin-based coordination-
polymers on Cu(111) presenting the same peripheral pyridyl groups. [76] [119] It
was attributed to the inherent flexibility of the substituted leg (= CPyr) combined
with a low-energy cost for deflecting the pyridyl-Cu-pyridyl bond angle away from
180°.

Our results suggest that phase ( represents a soft porous crystal in 2D. Analogous
materials are established in 3D as third generation porous coordination polymers
revealing to be of paramount importance in the field of host-guest complexation,
because they exhibit dynamic frameworks that are able to respond /adapt to external
stimuli such as light, electric fields or particular guest species, while retaining high
regularity. [118]

3.5 Guest confinement in a flexible porous network

Inspired by the flexibility of the porous network and taking into account that this
assembly on Cu(111) presents pores of different size and shape, we have focused
on the adaptive behavior of the host framework towards a functional module, in
particular, a molecular rotor, [127] [128] a Bis(porphyrinato)cerium double decker,
i.e., Ce(TPP)s. [129] The structure and electronic properties of Ce(TPP), (referred
here as module 2) and its capabilities as a rotor is described in chapter 4. Due to
its rotor capability, the double decker is a promising candidate for confining them
on flexible porous networks because by confining the double decker in a flexible
pore, the top porphyrin of the double decker can be manipulated in the azimuthal
angle with the STM tip while the bottom porphyrin remains fixed in the adapted
pore.
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Figure 3.11: Dynamics of the (-short-range disordered crystalline network probed by scan-
ning with an STM tip. a-c) STM images of an a) initial, b) intermediate and c) final
configuration of an assembly of phase (, after recording three subsequent STM images. d-f)
Vectorization of images a-c, respectively, outlining the contour of the pores by a trace. Blue
line in d) and e) represents those pores which change their shape while scanning from d) to
e) and from e) to f), respectively. g) Zoom in and superposition of figures d) (red rectangle)
and e) (green rectangle). h) Zoom in and superposition of figures e) and f) (orange rectan-
gle). Black line is used to depict those pores which does not modify their shape; whereas
red, green and orange line represent pores of d), e) and f), respectively, which change their
shape while scanning from one image to another. i,j) Initial and final configuration of a pore
of type A at the border of an assembly, displaying the change in geometry of the pyridyl-Cu-
pyridyl bond, marked with a white arrow. k) Superposition of a zoom-in of image i) (green
rectangle) and j) (red rectangle), to address the change between both images. Images sizes:
a-c) 140 x 140 A2; ij) 48 x 48 A2 k) 29 x 29 A% Tunneling parameters: a-c) I = 0.1 nA,
Vp=—-0.7V;ik) I =0.1 nA, V;, = —0.07 V.
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As detailed in chapter 4, the Ce(TPP), consists of a double decker complex with a
rare-earth ion (Cerium) connecting two macrocycles of a porphyrin. This sandwich
structure provides rotational degrees of freedom, where the top molecular plane
(rotor) is able to rotate with respect to the bottom one (stator), anchored on the
surface. [130] [131] [132] [133] In order to block any undesired lateral translation of
the whole module 2 during rotation attempts, it is crucial that the bottom porphyrin
of the Ce(TPP), complex is well fixed by the host pore. In this sense, the porous
network made by module 1 constitutes the ideal playground to test the behavior
of module 22 on surfaces, regarding the confinement of the stator within pores of
different sizes by the host framework.

Figure 3.12 exhibits the adaptation of pore a to the molecular guest. By a careful
inspection of the shape and size of pores of kind a before (¢f. Figure 3.12a and 3.12d)
and after the insertion of a host molecule (cf. Figure 3.12b and 3.12¢), we detect
that the opening angles of the molecular species 1 that build pore a are modified
in order to host the double decker complex. As a result, the area comprised by
pore a is increased, but also the adjacent pores of type A are modified. In addition,
by a comparison of the topographic appearance and apparent height of the double
decker complex in pores of bigger size, we observe that compound 2 is adsorbed
directly on the metal whenever it is trapped on any type of pore, thus establishing
molecule-substrate interactions through its bottom porphyrin.

One important consequence of the adaptation of pore a to the double-decker com-
plex is that the bottom porphyrin of the guest module is locked by the surrounded
framework. As a result, by scanning with the STM tip at normal imaging condi-
tions (I = 0.09 nA, V, = 1.4 V) we are able to rotate ~ 60° the top porphyrin of
the double-decker species with respect to the bottom porphyrin, without translating
the whole species (cf. Figure 3.12c and 3.12f), which is in further agreement with
tip induced rotations of these double decker species on Ag(111). [129] Herein, since
no alteration of the host pore was observed while inducing the STM manipulation,
we discard any rotation of the bottom porphyrin. Further experiments on bigger
pores like B, C or D lead to a combined movement of rotation and translation.
These results open the way towards novel techniques to anchor functional modules
on surfaces by exploiting inherent flexibility of the host framework, while keeping
the functionalities of the designed guests.

3.5.1 Conclusion

In summary, we have studied the self-assembly on Ag(111) and Cu(111) of a tripod
molecular compound explicitly synthesized to exhibit a coexistence of supramolec-
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Figure 3.12: Accomodation of a molecular rotor guest (compound 2) on a pore of type A
of the flexible porous network made by module 1 on Cu(111). The chirality of the porous
network is different in a) than in b) and c). a-c) STM images: a) Flexible porous network
exhibiting two types of pores, a and A; b) One of the pores of type a is decorated by a
double decker complex; c¢) Rotation of the double-decker depicted in b) by STM scanning
at I =0.09 nA, V, = 1.4 V. STM image a) corresponds to a different substrate orientation
than b,c). d-f) Schematic representation of the STM images. d) Initially, pores of type A
present a quasi-hexagonal shape. e) After the dosage of Ce(TPP)s, pore of type a adapts to
fix tightly a molecular rotor unit, through the folding of some pyridyls groups, which results
in a distortion in the shape of both pore a and adjacent pores A. f) The nice match between
the bottom porphyrin of double-decker complex and the host frameworks allows rotation by
an STM tip. For better clarity, molecule 1 is modeled by tubes, while Ce(TPP)s exhibits
the functional groups from a top-view perspective, depicting only the top porphyrin. Images
sizes: a-c ) 111 x 111 A2, Tunneling parameters: a) I = 0.7 nA, V;, = —0.05 V; b) I = 0.9
nA , V,=1V;¢) I=09nA,V,=2V.
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ular interactions in the presence of Cu adatoms, i.e., lateral pyridyl-pyridyl and
pyridyl-Cu links. The deposition of the linkers on bare Ag(111) results in the for-
mation of a 2D molecular hexagonal porous network (coined phase «) based on
lateral pyridyl-pyridyl interactions, with a characteristic pore shape (Rosetta) made
of six interacting molecules. At submonolayer molecular coverage, subsequent de-
position of Cu alters dramatically the scenario giving rise to a coexistence of three
different 2D molecular porous phases: 3, v and ¢. Phases 5 and « are based on a si-
multaneous expression of the expected interactions, whereas phase d corresponds to
a fully metalated network, being stabilized by just pyridyl-Cu-pyridyl metal-organic
bonds. Remarkably, phase 5 exhibits a two-level hierarchic design protocol by which
the Rosettas pores are placed in a hexagonal arrangement, with a higher interpore
distance than in phase «a, being connected together thanks to additional linkers es-
tablishing two-fold Cu-pyridyl bonds with the Rosettas. By increasing the molecular
coverage, the influence of the molecular pressure is manifested in a reduction of the
previous polymorphism. At a coverage of 0.8 ML, only phase 3 is detected coexist-
ing with phase «. Close to the monolayer, a new phase evolves (phase €), coexisting
only with residues of phase . Phase € is described as a two-level hierarchic porous
assembly in which the Rosettas are hexagonally distributed on the surface being
directly linked to each other by three-fold Cu-pyridyl bonds, giving an intermediate
interpore distance, when compared to phases o and £.

In addition, phases «, 3, v and J present organizational chirality, which enhances the
potential of the 2D molecular porous networks described above for future molecular

recognition process.

Thus, on Ag(111) we have described in detail the potential use of the simultaneous
expression of interactions on a surface as a route to promote hierarchic porous de-
signs, which, in our particular case, resulted in the formation of porous networks

exhibiting a tuning of the interpore distance.

On Cu(111) we report the formation of novel porous networks, which exhibits 2D
short-range distortional or orientational disorder respectively. The networks exhibit
the disorder due to the inherent flexibility of the molecule. They have been produced
on a Cu(111) support by exploiting supramolecular self-assembly protocols relying
on a programmed flexible molecular module and characterized at the molecular level
by scanning tunneling microscopy. These 2D short-range disordered crystalline net-
works are stabilized by a combination of pyridyl-pyridyl links and metal-organic
bonds. The intermolecular pyridyl-pyridyl links follow a regular lattice, but through
the network either the distortion (phase () or the orientation of the molecular mod-
ules (phase 7) is random. Two coexisting 2D short-range disordered crystalline

networks exhibiting a different topology were observed at intermediate molecular
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coverage. One is described by a rectangular repeating motif in the autocorrelation
plot (phase 1), whereas the other one exhibits a hexagonal symmetry (phase ¢). The
flexibility of phase ( is addressed via STM stimuli that results in slight distortional
changes of the pores, whereby the network structure is retained. This represents a
2D representation of soft porous crystals, suggesting a dynamic adaptive behavior,
crucial in molecular recognition and self-repairing processes. In this sense, the simul-
taneous stabilization by metal-organic coordination bonds and pyridyl-pyridyl links
provides an advantageous balance between robustness and adaptability for future
applications. Altogether, our results open new avenues towards the fabrication and
understanding of novel condensed matter systems.

Finally, to conclude, this host framework which is made of an inherently flexible
molecule allows the smallest type of pore to accommodate an azimuthal molecular
rotor based in a double-decker porphyrinato complex. By manipulation with an
STM tip, we show that it is possible to induce a rotation of the top porphyrin of
the double-decker complex, without translation of the module.

Taking into account the versatility of both organic chemistry and surface-confined
supramolecular chemistry, we consider our work will pave new avenues towards the
design of complex 2D molecular porous networks that are useful for confining ex-
plicitly synthesized organic guests.

3.5.2 Experimental details

For all the experiments, a submonolayer coverage of molecular derivative 1 was
deposited by organic molecular beam epitaxy from a thoroughly degassed quartz
crucible held at 463 K. During deposition of module 1 the surface was kept at 343
K and the pressure remained < 5 x 107'° mbar. All data were acquired at a sample
temperature of ~ 6 K using electrochemically etched W tips. In the figure captions,
V,, refers to the bias voltage applied to the sample. Simulations were performed in
the framework of the Hyperchem 7.5 Software Package. The Monte Carlo simulation
details for the molecule 1 on Ag (111) is described in the appropriate section.
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4 Cs0-Ce(TPP)y architectures
on Ag(111)

4.1 Outline

In the present chapter, we focus our attention on a potential technologically relevant
binary system composed of a donor and an acceptor molecule on a noble metal
surface, Ag(111). A non-covalent dyad consisting of a Ce(TPP), double decker
(DD) complex and a Cgy molecule is presented.

To begin with, the protocols used for creating extended and ordered dense packed
arrays of the Ce(TPP), complex is mentioned followed by a description of its struc-
ture and electronic properties. The well ordered double decker island serves as an
ideal platform for positioning individual molecules that could be addressed at a sin-
gle molecule level. Herein Cgy, molecules are chosen for confinement on the double
decker islands due to their interesting electronic properties. The electron rich double
deckers and the electron accepting Cgos together make quintessential ingredients for
potential donor-acceptor systems and photovoltaic devices.

The confinement of Cgg on the double decker islands is studied in three separate
phases named «, § and . Phase o denotes an individual Cgy confined on top
of a Ce(TPP), (which is embedded in a dense packed island) thereby forming a
dyad. After the single Cgp molecules are studied, the sample is annealed at room
temperature to create well ordered islands of Cgg named as phase 3. Phase [
evidences a highly regular bi-layer arrangement where the Cggs lie in a unique zig-
zag fashion. Further annealing of the sample leads to phase v where the Cgps form
a square like arrangement with a Ce(TPP)y molecule confined in the square. We
first proceed by giving a brief introduction to porphyrins and the Cgy molecules in
the two following sections before describing phases a, § and ~. All the phases are
studied at low temperatures. A major portion of the results reported in this chapter

is reproduced from our previous publications. [129] [134]
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4.1. Outline

4.1.1 Porphyrins

Porphyrins are extremely important molecules that occur naturally and play a key
role in many biological processes and they have also been extensively studied in a
chemical perspective. The structure of a porphyrin consists of four smaller pyrrole
rings. Each pyrrole ring is made up of a nitrogen atom and four carbon atoms.
The rings are linked to each other by a carbon atom that bridges one carbon atom
nearest to the nitrogen atom of one ring to the carbon atom nearest to the nitrogen
atom of the next ring (called the o carbon). Two hydrogen atoms are bound to
two orthogonally placed nitrogen atoms resulting in a vacancy at the center. This
parent molecule is called a freebase porphine and the central space in the molecule
is helpful for metallating the porphyrin. The structure is aromatic and has delocal-
ized 7 electrons spreading throughout the structure. [135] This delocalization of the
electronic structure gives the porphyrin is unique structure when imaged through
an STM.

Due to their interesting electronic structure and versatile geometry, porphyrins
have been studied extensively alone and also in combination with various atoms,
molecules and gases. Herein they have been an important ingredient in organic
chemistry for creating extended metal-organic networks, [136] supramolecular ar-
chitectures, [137] charge transfer systems, [138| photovoltaic devices [139] and host-
guest chemistry. [140] Since several bacteria and plants contain chromophores based
on light-harvesting porphyrins, these molecules play a key role in artificial photo-
synthetic devices. [141] Porphyrins have also been successfully used as donors in
several donor-acceptor complexes and more recently as critical components in dye-
sensitized solar cells especially due to their assistance in enhanced charge separa-
tion. [142] [143] [144] [145]

Sandwich complexes made of tetra pyrrole backbones that comprise lanthanide metal
centers are extremely interesting. Such complexes can play an important role as
single-molecule magnets, [146] [147] [148] field-effect transistors, [149] receptors for
metal ions and functional units that express positive allosterism based on the rota-
tion between the porphyrin planes, [150] and molecular multibit information storage,
as a result of their rich redox properties. [151] Among the series of rare-earth double-
decker complexes, those with cerium centers are especially interesting because they
can exist in both +3 or +4 oxidation states. [152] [153] These kind of complexes have
been studied in liquid [154] [155] and novel surfaces [131] environments in details
but only recently they were successfully confined and imaged on surfaces. These
sandwich structures provide rotational degrees of freedom, where the top molecu-

lar plane (rotor) is able to rotate with respect to the bottom one (stator) that is

o8



4.1. Outline

anchored on the surface. Hence the double decker molecules have been shown to
behave as a molecular rotor that has a special appeal for next generation synthetic
machines. [132]

4.1.2 Cg

After their discovery in 1985, Fullerenes have been widely researched for their fasci-
nating properties like high temperature stability, tensile strength, geometry and elec-
trical conductivity and also in combination with several other materials. Fullerenes
are considered to be a third form of stable carbon structure after graphite and dia-
mond. The most common form of Fullerene is the Cgg. Their interesting chemical
properties and various technological implications have made Cgps one of the key
components in contemporary materials science and electronics. The Cgy comprises
of 60 carbon atoms and has a truncated icosahedron structure with a van der
Waals diameter of ~ 1 nm. Cg fullerenes also occur in nature when carbon atoms at
sufficient pressure and temperature nucleate to form the structurally stable spher-
ical carbon ball. This method has been mimicked to synthesize high purity Cggs
commercially. [156]

With regard to surface science Cgos have been studied extensively by STM and other
surface sensitive techniques leading to a wealth of information on their electronic
and geometrical structure. The structure of a Cgy molecule has 20 hexagons and
12 pentagons and evidences two different bond lengths: the shorter double bonds
between the hexagons and the longer ones between a hexagon and a pentagon. Due
to their geometrical shape and rehybridization effects, Cgos are excellent electron
acceptors. [157] They have an electron affinity of 2.65 £ 0.05 eV [158] and are shown
to accept unto 12 electrons under special circumstances. [159] Hence Cgos have been
considered for various donor-acceptor and charge transfer systems. [160] Due to its
symmetrical structure, the molecular orbitals of Cg are largely degenerate. [161]
The energy of highest occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) resonances of a Cgy in gas phase has been accurately
determined by photoemission and inverse photoemission techniques and a band gap
of ~ 4.9 eV has been identified. [162] However when deposited onto a surface, fac-
tors like screening effects from neighboring molecules, coulomb repulsion from the
substrate alter their band gap significantly. Even molecular orientation and ad-
sorption sites can have an influence on the energy level alignment of the Cgys on
surfaces. [163] For example one molecule embedded in an extended Cgp island on a
Au(111) substrate, was shown to have a band gap reduced by 400 meV compared
to a free Cgy. This is because in an island the molecular states of the Cgps overlap
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4.1. Outline

and the local charges on the Cgy are screened by free charge carriers due to this
overlap. On various surfaces, STM studies have proven useful in addressing this
issue of modified electronic structure of a Cgy on a single molecule level. [164] [161]
Consequently it is of high interest to study an individual Cgy molecule which is fur-
ther decoupled from the substrate, such that influence from neighboring molecules
and screening effects are reduced.

4.1.3 Donor-acceptor dyads

In the present work, an attempt has been made to create a donor-acceptor dyad
where the Ce(TPP), porphyrin complex would act as a donor with Cgg as the ac-
ceptors. The dyad has been addressed and characterized at a single molecule level

in order to understand that intramolecular forces that stabilize the dyad.

A donor-acceptor (D-A) system consists of an electron rich donor and an electron
acceptor forming a chemical bond that is capable of charge transfer. Such systems
are essential pre-requisites for creating a photovoltaic devices. A photovoltaic de-
vice is a material in which visible light (UV and IR light in some cases) is converted
into electric current. The operating principle of the device is described as follows:
a photon is absorbed in the electron donor material leading to the formation of an
electron-hole (exciton) pair. When the exciton reaches the (D-A) interface, they
dissociate and the electrons and the holes are collected by separate electrodes. The
exciton dissociation is typically mediated by using electric fields or heterojunctions.
In recent years, many organic molecules have been studied for use in (D-A) sys-
tems since the optical absorption coefficient of organic molecules is high. Organic
photovoltaic materials have some disadvatanges like low efficiency and stability, but
certain advantages like cost effectiveness and ease of engineering overrule the draw-
backs. Hence molecular donor-acceptor systems are crucial ingredients to build
organic photovoltaic devices and to construct novel organic solar cells based on het-
erojunction interfaces [165] [166] [167] that serve to dissociate strongly bound photo-
generated excitons. [168] [169] Herein, research efforts focus both on the combination
of different D-A materials and the intermolecular coupling mechanisms aiming at
the maximization of the power conversion efficiency of the device. [170] Specifically,
fullerene-porphyrin architectures attract considerable interest given their remarkable
photoactive, structural and magnetic properties. [171] [172] Fullerenes present ex-
traordinary electron accepting characteristics, promoting ultra fast charge separation
and exhibiting very slow charge recombination characteristics. [173] On the other
hand, as key players in natural photosynthesis, porphyrins are ideal light harvesting
units to be combined with electron acceptors as fullerenes. Recently, sandwich-type
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porphyrin and related tetrapyrrole complexes incorporating large central rare-earth
ions have attracted widespread attention. [174] [146] [151] [150] [129] In particular,
their unique electronic and optical properties include tunable broadband absorp-
tion, large exciton delocalization length, and ultrafast energy transfer between the
macrocycles, which make these complexes as promising donors for photovoltaic de-
vices. [175] [176] Accordingly, recent articles report successful photovoltaic cells with
increased power conversion efficiency based on such complexes. [177] [178] [179] [180]
In order to improve the performance of these devices it is of paramount importance
to thoroughly characterize the D-A interface, where the decisive exciton dissocia-
tion takes place. [170] In the system presented in this thesis, no significant charge
transfer was observed to make it an efficient photovoltaic system, but an attempt
has been made to study a potential (D-A) system at a single molecule level.

Beyond being prototypes for donor-acceptor heterojunctions in organic photovoltaics,
surface-confined dyads (bi-molecular units) provide significant potential for organic
light emitting diodes, molecular switches or molecular machinery. The binding char-
acteristics and the inherent electronic and mechanical properties of such bi-molecular
nanostructures can be controlled by appropriately choosing the type of intermolec-
ular interactions. Especially interesting are dyads where molecular recognition and
stabilization occurs via weak van der Waals interactions, thus preserving the main
electronic structure of the components and potentially permitting the molecular ma-
nipulation of the constituents. Herein, a particularly favorable situation is encoun-
tered with fullerene-porphyrin systems, where close intermolecular contats and selec-
tive supramolecular interactions prevail, [181] [182] [183] [184] however, to date only
limited progress was made regarding the realization of related nanoscale arrange-
ments amenable to single-molecule investigations. For an in-depth understanding of
the physico-chemical principles of such systems, a thorough characterization of the
geometric, mechanical and electronic properties of the dyad and the donor-acceptor
interface is required.

To this end, we construct Cgo/Ce(TPP), dyads via self-assembly on Ag(111) as a
model system to study the coordination of a promising donor (Ce(TPP),) [175] [176]
and a well established acceptor unit Cgo. [185] This approach is advantageous as the
size and limited thermal stability of covalently linked Ce(TPP)y/Cgy dyads [186]
generally prevents a direct sublimation of the entire complex onto surfaces. In
addition, studies of D-A dyads assembled by non-covalent interactions at solid-
liquid interfaces lack the resolution to elucidate the nature of the intermolecular
interactions involved, and, thus, cannot address the essential details of the D-A
interface. [187] In particular, by combining STM and STS experiments we report
the site-selective adsorption, electronic characterization, molecular orientation and
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4.2. Topographic analysis of the Ce(TPP)2 complex

controlled manipulation of Cgy molecules on regular arrays of Ce(TPP)y double-
decker complexes adsorbed on a Ag(111) single crystal support. The in-situ formed
dyads exhibit a predominant face-to-face geometry between a porphyrin derivative
and fullerenes which, despite considerable efforts, was not achieved previously at

interfaces under ultra-high vacuum conditions. [188] [189]

The sample containing individually confined Cgps on Ce(TPP), was was annealed
at room temperature to create extended and ordered arrays of Cggs. This ordered
array, phase f evidences a unique bi-layer arrangement of Cgy where the bottom
layers are still positioned on top of the double deckers. Hence we describe a way
to conveniently create an organized Cg, architecture that could potentially lead
to bigger charge transfer systems as an extension of the single molecule system
described previously.

Further annealing of the Cgo/Ce(TPP), leads to phase v which is a square like
arrangement of the Cgos with the Ce(TPP), molecules confined in the center of the
square. The Ce(TPP)y complex presumably undergoes a rotation that facilitates

the square arrangement of the Cggs.

Hence we present three interesting surface architectures with the Cgy/Ce(TPP),y
combination. This highly controlled environment allows us to characterize the ge-
ometric, electronic and mechanical properties of the system. Our findings thus
advance the understanding of surface-confined porphyrin-fullerene D-A dyads and
the intricate supramolecular interactions involved. In view of the importance of a
fullerene-porphyrin dyad structure in various potential photo-physical applications,
it is useful to have a brief overview of the Cgq fullerenes and porphyrins before de-
scribing the procedure to prepare a dyad made of these two molecules: the Cgy and
porphyrin related compounds.

4.2 Topographic analysis of the Ce(TPP); complex

In this section, a platform of porphyrin double decker sandwich complexes mediated
by a cerium atoms is described. After a highly regular 3D surface architecture
of Ce(TPP);y (double decker) is created, this structure is used as a platform for the
confinement of Cgy molecules that could lead to a potential donor-acceptor complex.
A DFT model of the Ce(TPP), complex is shown in Figure 4.1.

In order to tailor extended islands of Ce(TPP)y complexes on a surface, two differ-
ent protocols could be employed. (i) The first is an in-situ bottom-up fabrication

approach where the porphyrins and the lanthanide metal are supplied separately
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4.2. Topographic analysis of the Ce(TPP)y complex

b)

Figure 4.1: Top (a) and side (b) views of the DFT models of cerium double decker
(Ce(TPP32)) porphyrinatos. The bottom porphyrin is depicted in gray and the top por-
phyrin in green. The top porphyrin evidences a bowl-shaped geometry and has its axis
rotated by ~ 45° with respected to the bottom porphyrin. The central brown lobe corre-
sponds to a cerium atom. Hydrogen atoms are not shown for clarity.

and appropriate conditions implemented to allow the growth of Ce(TPP),. Such
an approach helps in understanding the fabrication pathways, stability, appearance
and electronic structure of the complex. [129] (i) The other approach is where the
Ce(TPP), molecules are sublimated directly as-synthesized, on to the surface to pro-
vide a ready made platform for guest adsorption. However such sublimation has to
be performed carefully lest a risk of thermal decomposition and unclean molecular
islands is encountered. Once the structure and electronic properties of Ce(TPP),
is understood, a platform of dense-packed Ce(TPP), array is ready be used for

manipulation or additional guest confinement.

In this thesis protocol (i) is used for studying the appearance of Ce(TPP),; and

protocol (ii) is used for fullerene confinement.

Figure 4.2 shows a double decker array prepared by the in situ procedure. In the
islands prepared by (i) it is observed that the upper porphyrin of the double decker
lies exactly on top of the bottom porphyrin in the individual species as well as the
dense-packed lattice. (Figure 4.5) In the dense packed array, the double deckers are
in registry with the surrounding porphyrin lattice. Further the upper porphyrins of
Ce(TPP); are rotated about the azimuthal axis in the individual as well as the dense
packed arrays. While a precise determination of the double decker conformation
is difficult, we can rationalize the orientation of the Ce(TPP), upper porphyrin.
The double-decker molecules evidence a different structural symmetry at different
sample biases. As we sweep through the sample bias from the negative to positive,

it is possible to see a shift in the central axis of the molecule. This difference in
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Figure 4.2: STM images of the self-assembly of double-decker cerium porphyrinatos on
Ag(111) obtained by the in-situ procedure. (a) shows an STM image where the bare Ag(111)
substrate, free base porphyrin (2HTPP) layer and a double decker layer is seen with bright
individual triple decker molecules embedded on the double deckers. The apparent height
of all the respective species in this image is shown alongwith. The double eskers co-exist
with free base porphyrin islands at this coverage of 0.05 ML. 321 x 127 A2 T =02nA,
V= 2.4 V (b) Image of a highly ordered Ce(TPP)s dense-packed layer at a different bias
voltage. The double deckers imaged at this bias helps to identify the central axis of the
complex as every molecule has an axis rotated by 90° with respect to its nearest neighbor.
443 x 443 A2, T = 0.4 nA, V,— 0.3 V (c) Models of porphyrin superimposed on the STM
image in order to identify the molecular position and orientation of the complexes in the
dense packed structure. The isolated bright molecule corresponds to a single triple decker
species. 96 x 96 A2, I = 0.1 nA, V= 1.4V
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appearance helps greatly in defining the main axis of the molecule (named as a and
3 orientations) which is useful for the Cgy confinement experiments described in the
following sections. An overview on the voltage-dependent appearance of Ce(TPP),

is given in Figure 4.3.

It was shown by the in-situ procedure that the upper porphyrin in the double decker
is rotated by (15 + 5)° in the individual Ce(TPP),; complex, and by (—45 %+ 5)° or
(+45+5)° in the dense packed islands, with respect to the bottom porphyrin. From
this rotation of the porphyrin in the islands we could understand that the double
decker islands form a square unit cell with Ce(TPP), at each corner of the square and
another Ce(TPP), at the center of the square whose top porphyrin is rotated by 90°
with respect to the others. The nearest neighbor distance amounts to 13.9+0.5 A .
High-resolution images (Fig. 4.2b) exhibit a two-fold symmetry of the top porphyrin
macrocycle which indicates a non-planar deformation. |[Figure 4.5a]

The observation of a reduced macrocycle symmetry is consistent with an X-ray
diffraction analysis of Ce(OEP), revealing a slightly distorted square antiprismatic
geometry with two bowled macrocycles [190] and theoretical descriptions of Ce(OEP)2
and CePs. [191] Indeed, our DET-based geometry optimization of an isolated Ce(TPP)a,,
considering the experimentally observed alignment of the macrocycles, reveals a
non-planar deformation of the porphyrins and a propeller-like arrangement of the
terminal phenyl groups of the top porphyrin of the complex (cf. Fig. 4.5b,d).

In particular, the macrocycle of the top porphyrin represents a bowl-like configu-
ration, where one opposing pair of pyrrole rings is tilted more than the other pair,
giving rise to the main axis of the complex introduced above and favoring the con-
finement of Cgy (vide infra), which results in a molecular recognition phenomenon.

The asymmetries in the Ce(TPP), structure is shown in Figure 4.4.

4.3 Fullerene confinement on Ce(TPP), arrays

- phase «

4.3.1 Structural characterization of C4,/Ce(TPP), dyad

To assemble Cg/Ce(TPP), dyads, small amounts of Cgy were deposited on por-
phyrin double-decker arrays held at 120 K. Generally, we employed submonolayer
Ce(TPP)2 coverages enabling a direct comparison of Cgy adsorption on bare Ag(111)
and Ce(TPP)s. The STM images in Fig. 4.5¢ and e recorded after the deposition of
Cgo onto the precursor lattice show individual Cgy molecules on top of the Ce(TPP),
island. An analysis of STM images exhibiting submolecular resolution allows us to
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Figure 4.3: Individual Ce(TPP)s complex seen at various sample bias voltages. The double
decker shows a 90° change in the two-lobed central axis at positive and negative biases. 55
x 55 A2 T = 0.1 nA.
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Figure 4.4: a) High-resolution image of a Ce(TPP)y array on Ag(111) (V; = 0.3 V). The
individual double-decker units (outlined in ¢) show a rich intramolecular structure. The two-
fold appearance of the macrocycle and the contrast of the terminal phenyl groups exhibiting
two distinct pairs of lobes agree well with the geometry and symmetry of the Ce(TPP),
structure optimized by DFT. b) DFT-based structural models overlaid on the STM image
introduced in a). Note the chiral nature of the surface-anchored Ce(TPP)y units. ¢) The
dashed lines highlight the molecular main axis given by the macrocycle deformation, which
yield the two orientations of the top porphyrins (a, green and f, orange). The arrows
represent the direction of the height profiles shown in d). Height profiles averaged over six
o and [ species indicating subtle deviations from a two-fold rotational symmetry in the
Ce(TPP)y complex. We tentatively relate this asymmetry to the two distinguished current
levels for the a7 and «; (or 51 and f31) configurations reported in the article.

identify the adsorption sites of Cgy on Ce(TPP), and reveals a site-selective attach-
ment: The spherical Cgg units are almost exclusively (94% out of > 700 molecules)
centered above the upper porphyrin of the Ce(TPP), complex, regardless of the
orientation (« or ) of the subjacent unit (cf. Fig. 4.5¢). We can rule out an em-
bedding of Cgp in the Ce(TPP), arrays since the Cgg could be selectively removed
by STM manipulation revealing an unaltered double-decker species underneath. In
addition, the apparent height of Cgy measured with respect to the double-decker
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is 8.6 A(at V, = 1.8 V), considerably higher than for Cg, directly adsorbed on the
metal (7 A), indicating an electronic decoupling (vide infra), thereby confirming the
adsorption of the acceptor on the Ce(TPP. Thus, the Cg follows the square lattice
of the underlying double-decker array (cf. Fig. 4.5e) resulting in a minimal inter-
fullerene distance of 13.9 A clearly exceeding typical Cgy nearest-neighbor distances
of ~ 10 A on bare metal (vide infra).
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Figure 4.5: Site-selective adsorption of C60 on porphyrin double-deckers. (a) STM to-
pograph of a Ce(TPP)y array on Ag(111). The green and red models represent the two
orientations (named « and ) of the non-planar top porphyrin in the Ce(TPP)s. Image
size: 110.7 x 110.7 A2, Tunneling parameters: Vb = 0.2 V, I = 0.1 nA. (b) Schematic
top and side view representation of a Ce(TPP)y complex obtained from DFT calculations
visualizing the bowl-shape deformation (see text for discussion). For clarity, the hydrogen
atoms are not shown. The top porphyrin of the double-decker is rotated £45° with re-
spect to the bottom one, resulting in o and 8 configurations. (c) Molecular recognition:
The bright protrusions correspond to individual Cgg molecules on a double-decker array,
which is resolved in the background. The superimposed grid represents the centers of the
Ce(TPP), units. Image size: 110.7 x 110.7 A2, Vb = 1.7 V, I = 75 pA. (d) DFT based
structural model visualizing a Cgy molecule confined on the bowl-shaped macrocycle of a
double-decker. (e) Pseudo 3D representation of an STM topograph at higher Cgy coverage
highlighting the influence of the square Ce(TPP)q lattice on the Cgy positioning, Image size:
Image size: 443 x 266 A2, Vb =1.7 V, I = 30 pA.
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Several recent studies applied templated nanostructures for the organization of
fullerenes. [192] [193] [194] [195] [196] [197] [198] Solid-state architectures and as-
semblies in solution reveal a general attractive interaction between porphyrins and
fullerenes, resulting in structures characterized by fullerenes in close face-to-face
contact to the porphyrin macrocycle. [171] [172] It is generally agreed that these
supramolecular complexes are stabilized by non-covalent bonding between the m
systems combined with electrostatic interactions and charge transfer. However,
these attractive interactions are not preserved for Cgy deposited on conventional
two-dimensional porphyrin arrays supported on metallic surfaces. [192] Instead of
binding to the porphyrin macrocycle, the fullerene species tend to incorporate into
mixed porphyrin-Cgg arrays maximizing the Cgg-metal interaction and thus ham-
pering the prospects outlined in the introduction. [188| [189] [199] [200] [201] In
ultra-high vacuum, the confinement of Cgy on a tetrapyrrolic macrocycle was only
achieved partially by employing a phtalocyanine derivative substituted by bulky
terminal groups. [202] Even at solid-liquid interfaces, a face-to-face adsorption of
fullerenes on porphyrins is uncommon and was only accomplished by employing
open cage Cgo derivatives, [203] [204] whereas an off-center adsorption of Cgy was
possible on a mixed molecular template. [205]

Here we present a truly site-selective molecular recognition in a solvent free environ-
ment where the Cgg species are positioned on the 7w conjugated upper porphyrin core
of the double-decker complex, thus permitting a direct electronic interaction between
the potential donor and the acceptor units. It is important to stress that the face-
to-face bonding motif is thermally robust and persists even after annealing at room
temperature. Our DFT calculations shed some light on the Cgo/Ce(TPP), coupling:
Upon binding of the fullerene, the two-fold bowl shape of the Ce(TPP), persists and
the phenyl groups of the top porphyrin tilt slightly away from the Cgo (cf. Fig. 4.5d).
The resulting binding energy for Cgg exposing a 6 : 6 bond to the center of the top
porphyrin (vide infra) amounts to 1.16 eV and is mainly given by dispersion, i.e. van
der Waals interaction. Only minor polarization effects contribute to the binding (cf.
Fig 4.6). The calculations confirm that the peculiar concave deformation of the top
porphyrin maximizes the m — 7 interaction with the convex surface of the Cgg and
promotes the site-selective adsorption and the successful formation of a surface an-
chored Cgo/porphyrin dyad. Related shape-complementarity features were recently
employed to stabilize fullerenes on corranulene bowls on Cu(110). [206] [207]
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Figure 4.6: Density difference upon binding of Cgy via 6 : 6 bond to the Ce(TPP)s complex
calculated by DFT. Blue color represents electron deficiency and red represents electron
accumulation. It should be noted that the integral over the total charge density is about
three orders of magnitude larger than the integral over the absolute value of the density dif-
ference. Accordingly, polarization effects are weak and covalent interactions can be excluded
and the bonding is mainly given by van der Waals forces.

71



4.3. Fullerene confinement on Ce(TPP)y arrays
- phase «

4.3.2 Electronic structure of the dyad

The electronic structure of the Ce(TPP)y and Cgp/Ce(TPP)y dyad was probed by
STS. The peaks shown in the spectra (figure 4.7) reflect the main resonances that
contribute to the tunneling current. Figure 4.7 compares a typical dI/dV spectrum
of a Cgg on top of a double-decker complex (red curve) to reference signals recorded
on an individual Cgy molecule in direct contact with the Ag(111) surface (green
curve) and a bare Ce(TPP), complex (black curve), respectively. The spectrum of
the bare Ce(TPP)s unit is dominated by a strong resonance at 1.8 eV, designated
as LUMO+1 while the LUMO occurs at 1.1 V. The first peak in the occupied
region is located around —1.2 eV, yielding an apparent gap of ~ 2.3 eV. The spectra
of Ce(TPP), obtained by the in-situ synthesis is identical to the one obtained by
direct sublimation.

The reference spectrum of individual Cgy molecules on Ag(111) shows two prominent
unoccupied resonances (LUMO at 0.5 eV and LUMO-1 at 1.8 eV, respectively)
and a HOMO close to —1.9 eV, exhibiting a band gap of 2.4 eV. Considering
screening shifts, the energetic positions of these frontier orbitals agree well with
(inverse) photoemission data of a monolayer of Cgy/Ag(111) [162] and with our
spectra taken on an island of Cgo/Ag(111).

Addressing now the spectrum recorded above the Cgy molecule adsorbed on Ce(TPP)s,
drastic modifications are observed. Two specific features evidence a considerable re-
duction of the coupling of the fullerenes with the metallic substrate mediated by the
Ce(TPP)y: (i) A sharp spectral feature appears at 1.4 eV in the positive region and is
associated with theCgo LUMO (see below). However no HOMO signature could be
detected in the accessible bias voltage range suggesting that the HOMO resonance
is shifted below —2.5 eV. The sharpening of the LUMO resonance combined with
the increase of the band gap to a value exceeding 3.9 eV indicates a reduced elec-
tronic coupling to the surface [208] (the electronic bandgap of a free Cg in gas phase
being 4.9 €V). [209] In this sense, the screening by image charges in the substrate is
reduced, which leads to a larger on-site Hubbard energy due to a higher Coulomb
repulsion resulting in an increase of the gap which is apparently not compensated
by polarization screening induced in the porphyrin complex. [162] [209] We see ad-
ditional sidebands separated from the main LUMO and LUMO+-1 resonances of
the Cgo (not shown), identifying a free molecule character subject to the dynamic
Jahn-Teller effect. [208] (i7) We find a pronounced negative differential resistance
(NDR) regime on the high-energy side of the LUMO resonance (1.8 — 2.7 eV, cf.
Fig. 4.7) characteristic for molecular systems exhibiting only weak interactions with

the substrate. [210] [211] Thus, we tentatively consider these spectral features as a
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Figure 4.7: a) Electronic structure of the Cgp/Ce(TPP)y dyad. Probed by STS, dI/dV
traces recorded on a single Cg9/Ag(111) (green), Ce(TPP)2/Ag(111) (black) and a Cgp on
a Ce(TPP)2/Ag(111) (red). The latter points towards a clearly reduced coupling of the
fullerene from the metal substrate, showing narrow resonances, an increase of the HOMO-
LUMO gap, a fingerprint of the dynamic Jahn-Teller effect and a negative differential
resistance regime (NDR) shaded in red. b) The IV characteristic of a Cgy on a Ce(TPP)q
complex at a tunnel junction resistance of 0.19€2 (Tip stabilization: V;, = 2.9 V, I = 0.15
nA)The ratio of the maximum and minimum peak position gives a current drop of 1.44
¢) The LUMO and LUMO+1 peaks of a Cgp molecule confined on a Ce(TPP)y complex.
Both the peaks evidence side bands attributed to the Jahn-Teller effect (Tip stabilization:
V=32V, I=0.15nA, AV, =18 mV, frock—in — 969 Hz).
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fingerprint of a nearly free-molecule character. It should be noted that the STM tip
was characterized before and after all dI/dV and I(t) measurements to exclude the
influence of tip modifications: no change in topographic images was detected, which
rules out a Cgy transfer to the tip. In addition, reference spectra on Ag(111) did
not reveal any modification before and after the spectra on the molecular system,
thereby ensuring an unaltered electronic configuration of the tip.

Our results suggest a potential use of the D-A Ce(TPP)y/Cgp units in photophysical
devices for the following reasons: (i) The donor double-decker species presents an
apparent energy gap of 2.3 eV (540 nm), which suggests a feasible adsorption of light
in the visible range in order to generate excitons, provided the transition is dipole
allowed. (ii) The spectra of the double-decker indicate a reduced coupling with the
metallic substrate, which enhances the life-time of the excitons.

4.3.3 Cg, orientations on Ce(TPP),

High-resolution STM images reveal information on the precise orientation of the Cgy
cage in space. Addressing first the reference case of Cgy /Ag(111) after dosage at
120 K, the majority of Cgg units do not appear as perfect spheres, but exhibit three
characteristic lobes when the unoccupied states are probed (cf. Fig. 4.8a). This
appearance is well known to represent the 3-fold symmetric shape of the LUMO
mainly localized on the pentagonal rings when a fullerene adsorbs with a hexagon
facing the substrate. [212] [213] [214] Submolecular resolved STM images probing
the unoccupied states reveal specific orientations of the Cgy species centered on
Ce(TPP),, differing from Cgy/Ag(111). For each orientation of the top porphyrin
(v or B) three different orientations of the Cgp can be distinguished (cf. Fig. 4.8b),
giving a total number of six orientations represented by double-protrusions sym-
metric with respect to surface normal and single protrusions appearing off-center,
respectively (cf. Fig. 4.8¢,d). Again, these intramolecular features stem from the
LUMO states of the fullerene mainly residing on the Cgy pentagons. [21] By compar-
ing STM images and extended Hiickel theory (EHT) simulations based on various
orientations of an isolated Cgy cage, [194] we conclude that Cgy exposes either a C-C
bond at the 6 : 6 ring juncture (labeled 6:6 bond, cf. Fig. 4.8c,d top panel) or
an apex atom (cf. Figure 8c,d medium and bottom panel) to the porphyrin center
(and thus to vacuum). As summarized in Fig. 8, the 6 — 6 bond configurations
correspond to the double-protrusions in the STM images and the apex adsorption
yields the off-center protrusion. The excellent agreement between the EHT calcula-
tion based on the LUMO charge density of a free Cgg with the experimental STM
topographs recorded at voltages above 1.4 V confirms the identification of the un-
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occupied spectral feature in the Cgo/Ce(TPP)y spectrum with the fully degenerate
LUMO (cf. Fig. 4.7a).

Clearly, the macrocycle deformation accounting for the a or 3 species guides the Cgg
adsorption on the Ce(TPP)y. The 6 : 6 bond is aligned with the main axis of the
top porphyrin, yielding orientations differing by 90° for o and § units, respectively.
Analogously, the pentagon corresponding to the apex atom can be displaced to either
side of the main axis for both « and /3 species, resulting in four distinct configurations
to be named apex a; (1) and apex as (f2) . A detailed statistical analysis shows a
population of 22.8 + 3 % for the oy orientation, 21.73 % for i, of 20.93 % for the
ay and Py and of 14.3 +3 % for the 6 : 6 orientation (identically populated on both
orientations of the double-decker). Thus, all apex configurations are equiprobable
and show a slight statistical preference over the 6 : 6 orientations. In porphyrin-
fullerene crystal structures a close alignment of a 6 : 6 bond with a trans N---N
vector and therefore the main axis of the porphyrin macrocycle is a well established
structural motif guiding the supramolecular interactions. [172] [181] [215] For the
Ceo/Ce(TPP)y dyad, this 6 : 6 bond adsorption geometry is regularly observed
but judging from the above statistics is energetically less favored than the apex

configurations.

The DFT calculations however yield a binding energy of 1.16 €V for the 6 : 6
configuration and 1.09 eV for the apex orientation. Given the small energy dif-
ference between the two observed configurations and considering the simplification
the DFT results are based on (exclusion of the metallic substrate, restriction to
a fixed macrocycle alignement) the calculated preference for the 6:6 configuration
is not conclusive. DFT calculations further confirms that the interaction between
Ce(TPP)y and Cgg is non-covalent. Figure 4.6 shows a density difference after the
adsorption of Cgg on the double decker. It is seen that the electron deficiency and

electron accumulation is considerably small indicating a minimal charge transfer
between the Cgp and Ce(TPP),

4.3.4 Tuning the intermolecular coupling by a switching mechanism:

The reported distinct bonding configurations of Cgg on the porphyrin double-deckers
point to an interaction sensitive to the non-uniform charge distribution in both
entities and reflect the symmetry and distortion of the upper porphyrin ligand.
[181]

The stereochemical interaction of the Cgy cage with the porphyrin macrocycle re-

sults in preferred geometrical alignments within the Cgo/Ce(TPP)y dyad, i.e., the
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intermolecular coupling is guided by the relative orientation of the two constituents.
Controlling the orientation of the Cgy cage on the double-decker opens the oppor-
tunity to tune the coupling in the dyad. Therefore, we now address the deliberate
rotation of Cgg on Ce(TPP)y via controlled stimulation using an atomically sharp

STM tip.

Bgraph3

Figure 4.8: Cgo orientations on Ce(TPP)y. (a) On Ag(111), the Cgo molecules expose
a hexagon to the substrate and are thus visualized with a three-lobe structure when the
unoccupied states are probed. Image size: 110.7 x 110.7 A2, Vb= 1.7V, I = 0.1 nA. (b) A
pseudo 3D view of an STM image of Cgy on Ce(TPP)s showing distinct orientations of the
Cgo units on the double-decker array. A model of the Ce(TPP)2 unit cell is superimposed,
depicting the a (green) and f orientation (red) of the top porphyrin moiety, respectively.
Image size: 110.7 x 110.7 A2, Vb = 1.8 V, I = 70 pA. (c) The first column shows STM
images of the three possible orientations of the Cgp on an a-Ce(TPP)s complex. The
middle column represents extended Hiickel simulations of the LUMO of Cg oriented to
match the STM image (see text for discussion). The third column schematically shows the
Cgo orientation according to the experimental and simulated images and relates it to the
symmetry axis of the a-Ce(TPP)s (shown in the fourth column). (d) Analogy to (c), but
displaying the Cgp on a S-Ce(TPP)2 complex (rotated 90° with respect to the a-Ce(TPP)q
species).
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A tunneling current applying a positive sample voltage exceeding a threshold of 1.8
V drives reversible switching between any of the previously discussed Cgy orienta-
tions. Below this bias threshold, the Cgo/Ce(TPP), dyad can be imaged stably,
guaranteeing a reliable read-out of the Cgy orientation. An inspection of the STM
images before and after switching reveals that the rocking motion occurs without
any detectable lateral [216] translation of the Cgg, remaining confined at the center
of the porphyrin for both o and 3 species. The dynamic process is not a simple
azimuthal rotation of the Cgp around a symmetry axis perpendicular to the surface,
but involves a polar angle, i.e., a second rotation axis in the equatorial plane. This
free rotation in space is exemplified in the transition from a 6 : 6 bond to an apex
configuration. It can proceed via a rotation by a polar angle of +77° around an
in-plane axis aligned with the main axis of the porphyrin macrocycle (cf. dashed

lines in Fig. 4.5b and 4.8¢) or by a combination of polar and azimuthal angles.

To gain further insight into the rocking process [217| we record the tunneling current
I versus the time ¢. To this end, the tip is centered above a Cg and the feedback loop
is opened. A typical I(t) trace as displayed in Fig. 4.9b clearly reveals a switching
between three well-separated current levels, representing high, medium and low con-
ductance states. Within the time resolution of the STM experiment, the transition
between the states is abrupt. The absence of such switching events on Ce(TPP),
arrays demonstrate that the effect is related to Cgg. By comparing the initial and
final current levels in the I(t) traces to STM images recorded before and after many
manipulation sequences, we unambiguously can assign the current levels to specific
Cgo orientations. For each porphyrin species (a or ), the high conductance state
represents the apex as (fs) orientation, the medium conductance state is attributed
to the apex configuration aq (1), while the low conductance state corresponds to
the 6 : 6 bond coupling. Herein, the low-conductance in the 6 : 6 configuration could
originate in a topographic effect given by the central depression observed in the STM
images. However, the different current levels for a; and ay (or 51 and fs, respec-
tively), which represent perfectly symmetric configurations when only considering
the Cgo unit, reveal the influence of the Cgo/Ce(TPP)s coupling. The asymmetry
in the double-decker structure discussed previously, seems to influence the electric
contacts and thus the coupling in the junction. Indeed, the configurations exhibiting
a high and medium conductance (aw, 2 and «q, f1, respectively) are observed more

frequently than the 6 : 6 state with the lowest conductance.

Thus, the Cg on Ce(TPP); behaves as a tri-stable system controllable by STM
manipulation. The induced rotations of the Cgg cage in space affects the intra-
dyad coupling. Consequently, these results demonstrate for the first time deliberate
reversible modifications within a surface anchored van der Waals complex.
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Figure 4.9: Cgo/Ce(TPP)y dyad as an electronic tri-stable system. (a) Orientational switch-
ing of Cgo adsorbed on an §-Ce(TPP)y complex. The STM images represent three configu-
rations of the very same Cgg molecule. (b) Tunneling current measured versus time above a
Cgo/Ce(TPP)s complex under open feedback loop at 2.2 V. Three different levels of conduc-
tance are distinguished: each level is attributed to one orientation of the Cgy. The highest
level of conductance is assigned to an (o apex orientation, the adjacent one to the 81 apex
configuration and the lowest level of conductance represents the 6 : 6 bond orientation.

4.4 Annealing the Cg-Ce(TPP), arrays-phase

4.4.1 Structural overview

The Cgos confined individually on the Ce(TPP), complexes were characterized topo-
graphically and electronically. However when the sample was thermally annealed at
room temperature, a new arrangement of Cgg in well-ordered arrays was observed,
designated as phase 3. In this phase, the Cgos clustered together to form a dense
packed bi-layer arrangement on top of the Ce(TPP), island. (figure 4.10)

The agglomeration of Cgy was observed to nucleate from individual Cey(TPP)s;
molecules embedded on the double decker island, resulting in large, extended islands
of more than 200 A. The position and arrangement of the Cgos were characterized
from these extended islands. (figure 4.10).

In figure 4.10a, the red background corresponds to the dense packed Ce(TPP), as-
sembly. The bright islands on top of the red background correspond to the clustered
Cego islands. The Cgg islands have sharp edges since they strictly follow the under-
lying Ce(TPP), grid. Regarding the extended Cgq islands, only one layer of Cggs is

visible upon initial observation. However on closer inspection, the Cg islands were
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Figure 4.10: a) Long range STM image showing arrays of Cgg (yellow patches) adsorbed on a
uniform layer of Ce(TPP)s (red background layer). The nucleation of Cgp growth starts form
a Cez(TPP)3 molecule embedded in a double decker island. Ordered lobes are visible on
the Cgg island, which correspond to individual Cggs of the second layer. The intermolecular
distance of the molecules in the second layer correspond to 13.9 A. (Parameters: 850 x 850
A2V, =22V, I=0.02nA)b) Zoom-in of Cgg island from a). The Cggs in the top layer
evidence a non-circular appearance. The Cggs in the bottom layer are visible in between
the elliptical top layer Cggs. The orientation of the bottom layer of Cgps is not visible.
(Parameters: 220.6 x 220.6 A2, V, = 2.2 V, I = 0.03 nA)
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seen to be composed of an interesting arrangement. The arrangement consists of two
layers of Cgy stacked on top of each other. The first layer lies close to the Ce(TPP),
complex as in the case of an individual Cgg and forms an ordered grid. The second
layer lies in the gaps formed by the first layer. This bi-layer arrangement of the Cggs
is clarified based on the following arguments:

e In a high resolution STM image, a missing Cgy in the ordered array shows
both the top and bottom layers at different brightness. |Figure 4.11|

e A clear variation is apparent height in observed for the Cgg in the top and
bottom layers. The average apparent height of the top layer Cgos is ~ 9.7 A.
and the bottom layer Cgos is ~ 8.5 A. [Figure 4.12]

e STS data reveals a difference in the positioning of the LUMO resonance for
the top and bottom layer Cgg. [figure 4.13]

The islands of Cgp observed in (figure 4.10a,b) has certain distinct characteristics like
uniform spatial separation, a non-spherical appearance and ordering in arrangement
similar to bulk Cgy crystals. Monolayer Cgg on a metal substrate assemble into a
single layer dense packed hexagonal structure with an intermolecular distance of ~ 1
nm. Multilayer Cgps resemble crystalline bulk or fullerite with an fcc close-packed
structure with a lattice constant of 14.17 A. [218] [219] In the present case, the
islands observed on the double decker layer consisted of two layers of Cgo stacked
with different apparent heights in a zig-zag fashion ( i.e. a plane passing through
the centers of Cgy on each layer would be parallel to each other with a separation
less than the van der Waals diameter of a Cgp - 1 nm). The arrangement of the first
layer of the Cgq is presumably similar to the the individually confined Cgps. In the
bottom layer molecules, an intermolecular separation of 13.9 A was observed which
corresponds to the intermolecular distance of the Ce(TPP); in a dense packed island.
This means that each of the Cgps in the bottom layer is confined directly on top of
the double decker compound, as in the case of an individual Cg. It is interesting to
note that the individual Cggs which could not be translated by lateral manipulation
with the tip, forms highly regular arrays when a soft annealing at room temperature
is carried out.

The bi-layer arrangement of the Cgg is visible in a high-resolution STM image where
one Cgp in the top layer is missing thereby revealing Cgos in the bottom layer. [see
Figure 4.11a,b|. The second layer of Cgy was found to be adsorbed in the gaps formed
by the first layer molecules, where each Cgy on the second layer is surrounded by
four neighbors of the first (bottom) layer Cgps. Consequently the intermolecular
distance of the second layer also amounts to 13.9 A. [Figure4.11d]
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Figure 4.11: a) STM image revealing the two-fold symmetry of the Cgps in the top layer
of phase 3. The top layer molecules reveal two different contrasts, presumably due to a
difference in arrangement. The hole in the island denotes a missing Cgo from the top layer.
(Parameters: 110.7 x 110.7 A2, V;, = 2.5 V, I = 0.05 nA). b) STM image similar to a) taken
at a different bias voltage, where the bottom layer Cggs are clearly visible. The imposed grid
shows the position of the top (black) and bottom (blue) Cgps (Parameters: 110.7 x 110.7
A2V, = -3.2V,1=0.02nA). ¢) The expected arrangement of Cgos in the confined arrays.
The black and blue Cggs correspond to the top and bottom layers respectively. d) A side
view schematic of the bilayer Cgy arrangement confined on the double decker islands.
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Figure 4.12: A profile of the apparent height is shown in b) corresponding to the STM
image in a). The profile shows the apparent height of the top and bottom layer Cgps. Image
parameters in a): 110.7 x 110.7 A2, V;, = =3.2 V, I = 0.02 nA

Regarding the appearance of the Cggs, the molecules in the top layer evidence a
distinct two-fold symmetry when scanned at a bias voltage of ~ 2.5 V. [Figure
4.11a] This two-fold orientation is similar to the 6 : 6 bond orientation of the Cggs
individually confined on the double decker complex. A similar orientation has also
been noted on a metal, where the Cgps were adsorbed on a missing adatom position,
as observed on Ag(111). [214] Even though the distribution of orientation of the two-
fold symmetry is unpredictable, only two orientations are observed: two orientations
perpendicular to each other. Since the top layer Cggs are well isolated from the
Ce(TPP), molecules, the influence of Ce(TPP)y on these orientations are expected
to be minimal. The orientations occur when a 6 : 6 bond of the Cgg faces the surface.
Consequently this configuration would expose 6 : 6 bond to the vacuum, with two
pentagons on either side. The two-fold contrast arises when probing the unoccupied
states localized at these two pentagons. A switch in orientation as in the case of a
single molecule was not observed.

Interestingly, the molecules in the top layer appear in two different contrasts: a
brighter and a dimmer molecule arranged in alternate fashion. (Figure 4.11a) Even
though no specific topographic difference or distortion in two-fold symmetry was
observed between the two contrasts, both the bright and the dim species of the Cgg
show a slight variation in apparent height: The bright molecules had an apparent
height of 9.8 A and the dimmer ones, 9.4 A. |[Figure 4.12] The apparent height of
the Cgps in the bottom layer was observed to be 8.5 A and at the edge of the island
to be 8.8 A, i.e. lesser than both the bright and the dim species. No other contrast
was observed apart from the two mentioned. The apparent heights were measured

82



4.4. Annealing the Cgo-Ce(TPP)y arrays-phase (3

with respect to the double decker island.

The orientation of the molecules in the first layer adsorbed close to the Ce(TPP),
complex could not be determined.

4.4.2 Electronic structure

The electronic structure of the Cgys on the top and bottom layers of the Cgq islands
was probed by STS. Interestingly the spectra observed for the molecules embedded
in both the layers evidenced huge differences. A typical spectra of the Cgps in the
top and the bottom layer is shown in Figure 4.13 (black, blue and red spectra).
When the bottom layer of the Cgg was probed, the unoccupied regime is dominated
by a large peak at 1.2 €V (red spectra). This value for the bottom layer Cgq is
lower than the resonance observed for an isolated Cgy on the Ce(TPP), assembly
(orange dotted spectra). For an individual Cgy adsorbed on a double decker, the
first unoccupied resonance was observed at 1.4 eV. This observable energy shift of
0.2 eV could be attributed to the enhanced screening effects from to the neighboring
Cgo molecules which was absent for an individual molecule. Such screening effects
have been observed before and a shift of more than 400 meV was observed between
the spectra of isolated and agglomerated Cggs on Au(111). The number of molecular
neighbors determine the amount of screening. [161] A sideband is observed at ~ 1.4
eV as in the case of an isolated Cgg, which is attributed the to the dynamic Jahn-
Teller effect.

The dI/dV spectrum of Cgps in the top layer (See black and blue spectra in Figure
4.13) showed considerable variations in comparison to the Cgps in the bottom layer.
As mentioned before, the Cggs in the top layer comprises of molecules of two different
contrasts. Each of the contrasts evidenced variations in the respective LUMO
positions. The brighter species evidences a peak at 0.9 eV and the dimmer ones
at 1.02 eV. This variation in energy arises presumably due to a slight difference
in positioning of the bright and the dim Cggs. The difference in positioning could
be a consequence of different orientations of the first layer Cggs. This difference in
positioning could also be a reason for the contrast variation that we observe. When
compared to an isolated Cgy on Ce(TPP), (orange dotted spectra), the LUMO
resonance of the bright and dim Cggs is shifted by 490 meV and 390 meV respectively
towards the Fermi level, from the individual Cgps. The bottom layer Cgys have a
shift of 210 meV from the individual Cgg resonance. As the number of molecular
neighbors increase, it was shown that the LUMO resonance of the Cgps shifts closer
towards the Fermi due to screening effects. [161] But in the present case, a variation

in the pattern of screening is observed . A Cgo in the top layer has 4 Cgy neighbors
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Figure 4.13: Electronic structure of the top and bottom layer Cggps in the dense packed
Cgo bi-layer arrangement, phase 5. The bright and dim species in the island are depicted
in blue and black respectively. A resonance shift is observed between the bright and dim
Cegos in the unoccupied regime. The bright and dim species are shifted by 0.39 eV and 0.49
eV respectively from the unoccupied resonance of an individual Cgg on Ce(TPP)q (orange
dotted line). For the Cgp in the bottom layer (red), the unoccupied region is dominated by
a large peak around 1.2 €V, which is lesser than for an individual confined Cgg (1.4 €V). The
reduction in the LUMO values indicate higher screening charges due to a higher number
of neighboring atoms. The Cgy spectra in both layer show side bands close to the LUMO
resonance and a NDR regime. Regarding phase 7, the spectra at the center of the Cgg
square (green spectra) is resembles a Ce(TPP), spectra (brown spectra). However a shift of
~ 0.2 eV is observed between the free Ce(TPP)s spectra and the one in phase . A spectra
of Cgp on Ag(111) is shown for reference (violet spectra). (Tip stabilization: V; = 2.6 V,
I=0.2nA)
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from the bottom layer. A Cgg in the bottom layer has 4 Cgy neighbors from the
top layer and an additional Ce(TPP)s neighbor on which it is confined. Therefore a
bottom layer Cgg, which has one neighbor more than a Cgy in the top layer should
experience more screening and hence a bigger shift in the LUMO position. However,
this is not the case in the present scenario. The top layer Cgps show more screening
spectroscopically than the bottom one. The reason for this unexpected shift is still
unclear. further, the interpretation of the spectra in phase [ is not straight forward

as explained in the following paragraph.

An isolated Cgg molecule has a HOMO-LUMO gap of 4.9 €V in gas phase. When
the fullerene is located in a molecular crystal, the molecular states overlap and the
mobile charge careers in the local neighborhood screen the local charge added to or
removed from the fullerene by rearranging their distribution. This screening is also
largely dependent on the polarizable character of the neighborhood. The final result
is a gap that is much reduced from the individual molecule case. Upon adsorption
on a surface, the band gap of an isolated Cgy is reduced still further due to the
charge redistribution at the metal-molecule interface. However when the molecule is
adsorbed on another host molecule like Ce(TPP),, the substrate’s influence on the
molecule is lessened and the screening at the metal-molecule interface is also reduced
which again increases the band gap. [161] At this point when more Cgy neighbors are
introduced to the individual Cg (as in phase ), overlapping of molecular orbitals
and screening by charge carriers occur and this reduces the band gap. Considering
all this processes, we can imagine that the interpretation of the Cgy spectra becomes
complicated in the presence of more neighbors, since it is difficult to determine the
magnitude of influence exerted by each neighbor. We can say that the spectra of
the Cgp in phase [ is reduced from the one is phase o due to the neighbors, but the
amount of reduction is difficult to conclude.

A negative differential resistance NDR regime is observed for the Cggs in both layers
of phase 8. This indicates that both the layers evidence a double barrier junction
(which is the reason for the NDR) and are detached from the substrate’s influence
as evidenced for an isolated Cgy. Changing the height of one of the barriers by
changing the tip-sample distance did not result in any noticeable voltage drop and
consequently no noticeable shift in the spectra. This would mean that the shift in
the unoccupied resonances between the spectra of the two Cg layers could not be
explained due to the variation in the barrier height.
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4.5 Higher annealing - phase v

When the sample containing Cgps on the double decker complexes was annealed to
an even higher temperature of ~ 493 K, the bi-layer structure of the Cgy disappears
and a new mixed structure of Cgy - Ce(TPP), is observed, named as phase 7. (figure
4.14a) The new structure evidences an intricate assembly of Cgps arranged around
equally spaced Ce(TPP)y complexes with Cgos having a nearest Cgp at a distance
of 1.1 nm as observed on a metal. In this arrangement, each Ce(TPP)y complex
is surrounded by 8 Cgo molecules making a square pattern with the center being
occupied by the Ce(TPP), complex. The Cgps in this structure show the well known
three-fold symmetrical appearance, which indicates that the Cgys are placed directly
in contact with the substrate in contrast to the previously mentioned Cgq array. This
was further confirmed by apparent height and spectroscopic measurements. The

apparent height of Cgps in this structure was measured to be 6.9 A at a sample bias
of V, = 1.8 V.

The Ce(TPP)y molecules lie at the center of the square grid created by the 8 Cgo
molecules, [Figure 4.14c¢,d| also as understood by spectroscopic measurements (vide
infra). The exact conformation of the double deckers lying in the center of the grid
is not identified but we can identify the orientation of the double decker at certain
bias voltages. Figure 4.14c clearly shows the orientation and the phenyl legs of the
double decker complex at V, = —1.9 V. From the in-situ prepared double deckers,
the top porphyrin was observed to be rotated to ~ +45° in the dense packed islands
and a ~ £15° in the isolated complexes, with respect to the bottom porphyrin. If the
double deckers have the same geometry as on the dense packed layer (i.e.~ +45°), the
Ceos cannot arrange into a square like pattern around a Ce(TPP)y complex due to
the proximity of the Cgy to the phenyl legs of the porphyrin. However no distortion in
the square-like arrangement of Cgos was observed. Therefore a rotational deviation
of the TPP ligands in the Ce(TPP)y complex is likely to occur in order to stabilize
the structure.

The STS data at the center of the square created by the Cggs resemble closely to a
double decker species, evidencing a LUMO-1 peak at ~ 2 eV. [brown and green
spectra in Figure 4.13| Hence the role of any broken double decker species or free
base porphyrin playing a role in inducing this square like arrangement of the Cggs
is improbable. However for the confined double decker, a shift is observed in the
dominating resonance in the unoccupied regime (green spectra), in comparison to the
spectra of a double decker on the Ag(111) substrate (brown spectra). The spectra of
a confined Ce(TPP), shows a large LUMO-1 peak at ~ 2 ¢V while the Ce(TPP),
on Ag(111) has a similar peak at ~ 1.8 ¢V. This shift could be attributed to the
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Figure 4.14: a) Highly ordered square structure created by Cgos after annealing the sample
to 493 K. Ordered Cgp arrays in phase (3 dissolves to form an extended mixed Cgo/Ce(TPP),
arrangement. The mixed structure is mediated by Ce(TPP)y complexes which lie at the
center of a square arrangement composed of 8 Cgy molecules (Parameters: 221 x 221 Az
V, =1.8V, I =0.08nA).b) A high-resolution STM image of the square like Cgy-Ce(TPP),
arrangement. The Cggs evidence a three-fold symmetry indicating that the molecules are
places directly in contact with the Ag(111) substrate. Cgy models and the model of a top
porphyrin of the Ce(TPP)y are superimposed on the STM image (Parameters: 55 x 55 A2
Vp = 2.2V, I =0.05 nA). ¢) High-resolution STM image of the mixed network where the
Ce(TPP)y complex is visible. The orientation of the Ce(TPP)s complex is discernible as a
darker line running through the center of the complex (Parameters: 55 x 55 A2 v, =-19
V, I =0.1nA).d) An island of the Cg9/Ce(TPP)2 arrangement where a missing Cgo reveals
the double deckers (indicated by blue arrows) which was not visible when the Cgos were
present (Parameters: 220 x 220 A2 v, =2V, I1=0.038 nA). Spectroscopic information at
the center of the square arrangement corresponds to a confined Ce(TPP)s.
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neighborhood of 8 Cgy molecules surrounding the individual Ce(TPP), complex. As
it can be seen from the spectra of the Cgy on a metal (violet spectra), the LUMO+-1
peak positions of Ce(TPP)sin the dense packed islands as well as the one confined in
phase v lie within the broad LUMO-1 resonance of Cgy on Ag(111). The spectra
of Cgp on Ag(111) in phase v also evidences a small variation (LUMO - 0.3 eV
and LUMO+1 - 1.6 V) with respect to the Cgy islands on Ag(111) without the
Ce(TPP); surrounding (LUMO - 0.5 ¢V and LUMO+-1 - 1.8 ¢V). The Ce(TPP),
molecules are extremely important in mediating the square arrangement of the Cggs.
Hence it is also probable that the Ce(TPP), complexes and the Cgos influence each
other electronically.

In order to verify the role of Ce(TPP)y in mediating the square like arrangement
of Cgps, a control experiment was performed with free base porphyrins in the place
of Ce(TPP),, which is described as follows: Free base porphyrins were deposited
onto the Ag(111) substrate and subsequently Cgys were deposited on the substrate.
The sample was annealed to the same temperature for the same time, at which the
mixed Cgo-Ce(TPP), structure was formed (493 K). However in this case, no such
like arrangement of the Cgg were observed. The Cgos and the free base porphyrins
formed separate islands. This indicates that the Ce(TPP)y were responsible for
inducing the specific arrangement of the Cggs.

The Cgps that are not incorporated into the unique square like arrangement formed
extended dense packed islands with two distinct orientations: (i) A three-fold ap-
pearance which corresponds to a hexagon of the Cgo facing the surface and (i) A
two-fold appearance corresponding to a 6 : 6 bond facing the surface. This two-fold

appearance only occurs after an annealing treatment.

4.6 Conclusion

In summary, we have studied the structural characteristics and the electronic prop-
erties of non-covalent architectures of Cgo-Ce(TPP), on Ag(111) at a single molecule
level, extended arrays and ordered Cgy arrangement mediated by Ce(TPP)s. The
Ceo-Ce(TPP), system evidences three unique phases named «, § and ~. In phase a,
the Cgo binds site-selectively face-to-face above the center of the Ce(TPP), complexe
implying a molecular recognition process, favored by a non-planar deformation of
the top porphyrin, which fits to the convex shape of Cgo. DFT calculations evi-
dence a bowl shaped top porphyrin of the Ce(TPP), that confines the Cgo. The
Cgo exhibits a total of three distinct orientations per double-decker species, which

are identified by a comparison of STM data to extended Hiickel simulations. These
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well-defined configurations evidence specific stereochemical interactions between the
fullerene and the porphyrin guiding the intra-dyad coupling. By stimulation with
the STM tip, individual Cgy units can be switched reversibly between the three
orientations, each revealing a unique level of conductance. Comparative scanning
tunneling spectra show that the Ce(TPP), strongly reduces the coupling of the Cg
to the metallic substrate: the band gap increases and an NDR region emerges.
This decoupling from a metallic support is a prerequisite for potential charge sep-
aration in the D-A complex under optical excitation. The charge separation is a

very important criteria for realizing potential photovoltaic applications.

After the characterization of individually confined Cggs, the sample was annealed
at room temperature and a new ordered array of Cgos designated as phase [ was
formed on top of the dense-packed double decker layer. This ordered architecture
of the Cggs has a bi-layer zig-zag arrangement where a bottom layer lies close to the
Ce(TPP)y molecules forming an array with an intermolecular Cgy distance of 13.9
A, which is also the nearest neighbor distance of the Ce(TPP), assembly. The top
layer is stacked in between the gaps created by the bottom layer thereby evidencing
the same intermolecular distance. This bi-layer structure was characterized both
topographically and electronically. Hence room temperature annealing of Cgos con-
fined on Ce(TPP), provides a pathway to create a well ordered templated fullerene
nanostructure. This is also an extension of the individual Cgy/Ce(TPP), and there-
fore increases the scope of creating large, extended platforms for practical organic

solar cell applications.

Further annealing of the sample leads to a third phase ~. this phase constitutes
a mixed Cgo-Ce(TPP)y architecture where 8 Cgp molecules surround an individual
Ce(TPP), complex thereby creating a mixed Cgo/Ce(TPP)y assembly. Such kind of
arrangement of the double deckers with equal spacing is beneficial for creating con-
trolled designs of supramolecular nano structures and hosts for confining individual
guest species on surfaces with uniform separation, that could not be achieved with
direct sublimation.

Altogether, Cgo/Ce(TPP), is an excellent model system for a non-covalently stacked
molecular interface, where a fullerene-porphyrin coupling can be studied at a single
molecule level or as ordered agglomerates and bi-molecular networks for controlled
surface confinement experiments. Further, by testing various forms of fullerenes
like Crg, C56Cl1o and [6,6]-PCBM and double deckers based on various lanthanide
elements, the present study could be extended to gain a deeper insight into the charge
transfer properties between donor and acceptor molecules and achieve a practical
and easily addressable organic photovoltaic device with a high power conversion

efficiency.
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4.7 Experimental details

The Ce(TPP), was deposited by organic molecular beam epitaxy (OMBE) from
a quartz crucible held at 703 K. Ce(TPP), was thoroughly degassed prior to any
experiments resulting in a background pressure in the 107!° mbar range during
deposition. The Ce(TPP)y; molecules were obtained from Dr. Kentaro Tashiro
from NIMS, Japan with a purity of (> 95 %). After dosing Ce(TPP),; at room
temperature, the sample was annealed to a temperature of 493K. Subsequently,
the sample was cooled down and transferred into the STM chamber, where the
Ce(TPP), array quality was checked by constant current images recorded at about
10 K. All the STM images were processed using the WsXM software. [220] The
sample was then taken out of the STM and Cgy molecules were deposited directly
onto the cold sample containing the Ce(TPP), islands in order to achieve isolated
Ceos on Ce(TPP), islands (phase a) as well as on the Ag(111) substrate. After
phase a was checked, the sample was taken out of the STM and annealed at room
temperature in order to achieve ordered Cg arrays on Ce(TPP), islands (phase f3).
Phase v was achieved by annealing the sample to a still higher temperature, 504 K
for 10 minutes.
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5 Fe confinement on
Co-TPP arrays

5.1 Outline

The confinement and ordering of nanoscale objects as individual atoms or molecules
on substrates has gained widespread attention in recent years leading to the realiza-
tion of individually addressable quantum arrays. [221] [222] [223] Several molecular
systems have been investigated in this regard and successful control of their physico-
chemical and magnetic properties have been demonstrated on a single molecule [224]
or a few-atom level. [22] Specifically, nanoscale assemblies comprising single atomic
spins and magnetic moments are exciting from a basic scientific point of view, [225]
but also promising for the realization of potential information storage and quantum
computing devices.

STM on surfaces has opened up the fascinating perspective to build tailored struc-
tures consisting of just a few individual atoms or molecules and to directly explore
their electronic and magnetic properties. [4] However, this serial atomic manipula-
tion technique only allows for the construction of specific configurations of limited
extension and is not applicable for large-scale patterning of substrates, a frequent
criterion for applications. Alternatively, self-assembly of adatom and cluster arrays
formed via substrate-mediated interactions as strain or surface state scattering have
been reported. [226] [227] [228] Obviously, the latter approach is quite limited con-
cerning the choice of periodicity and symmetry. In addition, the direct adsorption
of metals and molecules on metallic substrates commonly effect their electronic and
magnetic properties. [229] [230] Consequently, we aim for a procedure that both
reduces the coupling of atoms to the metallic surface and provides highly regu-
lar extended arrays. In this regard, recent studies have introduced the concept of
confining metal atoms on self-assembled organic layers. [231] [232] Thereby, the site-
selective adsorption of atoms is a key process. Special focus lies on transition metal

atoms featuring magnetic moments induced by unpaired d-electrons. [233] Confin-
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5.1. Outline

ing these atoms in arrays with tunable separation opens up new avenues to explore
the inter-atomic magnetic coupling [234]| and substrate-orbital coupling. [235] From
a different perspective, a site-specific confinement of adsorbates on organic layers
provides suitable model systems to explore donor-acceptor systems on a single atom
level and to tailor the properties of surface-anchored supramolecular architectures
by atomic doping. [230] Such dyads provide interesting potential for surface con-
fined molecular machines, memories [236] and charge transfer systems. [237] Hence
a comprehensive characterization of the electronic coupling between the metal and

the supporting molecule is of significant interest.

Here we introduce a multi-technique investigation of the adsorption, spatial order-
ing, switching and magnetic properties of Fe on a highly regular metalloporphyrin
template layer. Specifically, arrays of Co-tetraphenylporphyrins (Co-TPP) assem-
bled on Ag(111) are exposed to an atomic beam of Fe at low-temperature. The Co
center in surface-anchored porphyrins provides an active site for ligation. [238] [239]
Interactions with the Ag(111) substrate result in a quenching of the magnetic mo-
ment of Co-TPP. Upon Fe deposition, individual atoms and small clusters decorate
the porphyrin macrocycle and site-selectively adsorb in close proximity to the Co
center, reviving the magnetic moment of Co-TPP. Similar ligation induced con-
trol and switching of the spin-state in adsorbed porphyrins was achieved by nitric
oxide [240] or oxygen. [241] Our X-ray magnetic circular dichroism (XMCD) exper-
iments evidence a ferromagnetic coupling between the Fe adsorbates and the Co

center.

After the characterization of the adsorption position, the Fe atoms were reversibly
switched through various distinct positions on the Co-TPP macrocycle. Due to its
ability to directly address nanoscale structures with atomic resolution, STM is a very
useful tool in this regard. Several STM studies have reported controlled switching
of organic molecules by various triggers as bias voltage, [242| tunneling current,
[243] electric field [244] or mechanical manipulation. The reversible switching of
the conformation, orientation, charge and magnetic state, or proton configuration of
molecules has been achieved by addressing them individually on metallic supports,
[27] on insulating layers [245] or on supramolecular templates. [246] [134]
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5.2 Results and discussion

5.2.1 Fe confinement and adsorption position:

Figure 5.1a shows an STM image of a Co-TPP array formed on Ag(111) after de-
position at 340 K. The molecules assemble in extended dense-packed domains rep-
resenting a square lattice with a periodicity of 14.05 + 0.2 A. In agreement with
earlier reports, six different orientations of the Co-TPP domains are observed. [247]
A bright central protrusion, originating from Co atomic states, dominates the ap-
pearance of Co-TPP/Ag(111) at low bias voltages (cf. Figure 5.1a). [248| At higher
negative bias voltages (V, > —0.5 eV), sub-molecular resolution evidences a two-
fold symmetry of the Co-TPP macrocycle (cf. inset Figure 5.1a). As detailed in
a previous study, this contrast represents an adsorption induced saddle-shape de-
formation of the Co-TPP (see Figure 5.1c). [247] The electronic structure of the
Co-TPP/Ag(111) interface is well characterized in literature, the magnetic proper-
ties however are addressed in this report for the first time. We find a quenching of
the Co magnetic moment due to interaction of Co-TPP with the underlying metal
(vide infra).

The high structural regularity of the well characterized Co-TPP arrays on Ag(111)
makes them promising templates for hosting guest species. This potential was for
example highlighted by the ligation of Co-TPP with small gas molecules as carbon
monoxide or nitric monoxide. [249] [250] Here, the Co-TPP arrays were exposed
in-situ at 10 K to an atomic beam of Fe. A typical STM image after Fe deposition
is shown in Figure 5.1b. Clearly, bright (white) protrusions in registry with the Co-
TPP lattice (grey array) can be observed. At low coverage, most of these protrusions
can be assigned to individual Fe atoms, while at higher coverage small Fe cluster

are more prominent (vide infra).

A close-up STM image (Figure 5.1d) confirms that the bright protrusions appear
at the position of the Co-TPP molecules. Importantly, atomic manipulation exper-
iments prove that the Fe adsorbs on the Co-TPP macrocycle. Figure 5.1e shows
the area represented in Figure 5.1d after controlled removal of four Fe atoms by
the STM tip and reveals a complete subjacent Co-TPP array. Consequently, we
conclude that the Fe is indeed confined on the porphyrin macrocycle, ruling out
a possible adsorption below or between Co-TPP molecules. Any attempts to lat-
erally transfer Fe atoms to an adjacent porphyrin failed, indicating considerable
site-specific interaction between the Fe and the macrocycle. The data presented in
Figure 5.1d were recorded on a Ag(111) surface not completely covered by Co-TPP,
which allows us to quantify the Fe coverage (vide infra) and to directly compare
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5.2. Results and discussion

the appearance of Fe atoms on Ag(111) and on Co-TPP. The line profile plotted
in Figure 5.1f reveals an increased apparent height (1.8 A at —0.5 V) of Fe atoms
confined on the porphyrin compared to Fe/Ag(111) (1.4 A), evidencing a modified

electronic environment.

A careful inspection of high-resolution STM data reveals that the Fe atoms are not
perfectly centered on the Co-TPP molecule, but adsorb in a bisector plane slightly
displaced from the center (cf. Figure 5.2a). In total, four equivalent positions are
observed for Fe on Co-TPP, which reflect the "quasi" four-fold symmetry of the
saddle-shaped macrocycle (cf. Figure 5.1c). The projected distance of the Fe from
the Co center extracted from STM data amounts to 1.85 + 0.2 A, the symmetry
reduction is evidenced by a smaller separation of the projected Fe position from
the a-pyr axis (1.5 + 0.2 A) as from the x-pyr axis (1.0 0.2 A) (cf. Figure 5.2b).
DFT calculations (performed by Marie-Laure Bocqet, Lyon, France) reveal that
the Fe atom indeed binds strongest in an off-center bisector position (cf. Figure
5.2d) with a binding energy of 1.87 eV. This configuration increases the binding
energy by 0.29 eV as compared to a tilted on-top adsorption (described in Figure
5.6), thus corroborating the experimental observations. The Fe positions on the
adsorbed porphyrin macrocycle extracted from theory (projected distance Fe - Co
1.75 A, Fe - a-pyr 1.44 A, Fe - s-pyr 1.00 A in Figure 5.2d) perfectly agrees with
the experimental values. The excellent agreement between the computed apparent
height in STM simulations (cf. Figure 5.2¢) and the measured scan profile of Figure
5.1f should also be underlined. Both agree with an overall corrugation of ~ 5 A,
with respect to the bare Ag metal surface level.

From the analysis of the most stable structure, Fe is threefold bonded to different
atoms : one N from an k-pyr group, one C from an a-pyr group and the central
Co atom. The Fe-C bonds of 2.06 A correspond to classical bonds in ferrocene
(FeCpy) species. [251] The short Fe-Co bond (2.45 A) indicates a strong metallic
interaction, being even slightly lower than the usual bonds encountered in bimetallic
or trimetallic metal complexes (~ 2.55 A). This multiple hapticity of Fe permits to
stabilize this highly reactive metal adatom. The porphyrin-cobalt complex hence

offers a very specific site for the Fe atom.

5.2.2 Switching of Fe atoms

The Fe deposited on a Co-TPP molecular layer adsorbs directly on the macrocycle
in close proximity to the central Co ion. Here, the smallest unit is identified as an
individual Fe atom. A close inspection reveals four distinct off-center positions for

Fe adsorbed on the Co-TPP macrocycle (Figure 5.2). At regular scanning conditions
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Figure 5.1: a) STM image representing a highly regular array of Co-TPP molecules on
Ag(111) (I =0.09 nA, V, = —0.4 V, 443 x 221 A?). Inset shows a high-resolution image of
a Co-TPP lattice evidencing a two-fold symmetry of the macrocycle (I = 0.12 nA, V;, = —0.9
V, 20 x 20 A2). b) Typical data after exposing the Co-TPP array (grey lattice) to an atomic
beam of Fe. The Fe (white protrusions) follows the lattice of underlying Co-TPP (I = 0.03
nA, V, = —0.1 V, 443 x 221 A?). ¢) Model of a Co-TPP molecule in its adsorbed geometry
highlighting the saddle-shape distortion of the macrocycle and visualizing a Fe atom (white
ball) trapped on the porphyrin. d) Zoom-in image representing a Ag(111) area partially
covered by a Co-TPP islands. The blue line marks the height profile shown in f). ) Same
area as shown in d) after the deliberate removal of Fe atoms from the Co-TPP template.
Parameters for d), e): (I = 0.1 nA, V, = —0.5 V, 419 x 150 A?) f) Height profile allowing
for a direct comparison of the apparent height of Fe atoms on Co-TPP and Ag(111).
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Figure 5.2: a) High-resolution STM image revealing a minute off-center adsorption of the
Fe atoms on the porphyrin lattice. (I = 0.1 nA, V, = —0.1 V, 55.4 x 55.4 A?). b)
Schematic model displaying the lateral Fe (marked with a red ball) displacements from «
and k directions extracted from the STM data. c¢) Simulated constant-current STM image
based on the structure shown in d) (V; = —0.2 V, 32 x 25 A?). The given distances are
relative to the bare Ag substrate and the overall corrugation amounts to 5 A. d) DFT
optimized Fe/Co-TPP complex on Ag(111) in a 11 x 5v/3 cell corroborating the off-center
adsorption. The projected distances are indicated on the left and perfectly match the
experimental values (compare b). The four Co-N distances are quoted on the right to unveil
the structural deformation upon Fe coordination. Green, black, blue, white, yellow and red
balls depict Ag, C, N, H, Co and Fe atoms respectively. See text for discussion.
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(typical bias voltage V, = —0.5 V, I ~ 30 pA) the Fe atoms can be imaged stably
without removal from the macrocycle or translation to adjacent sites, guaranteeing
a reliable read-out of the atomic position. However when the tip was approached
closer to the surface (typical bias voltage V, =~ —0.1 V, I ~ 100 pA), it was possible
to induce a translation of the Fe atom within the macrocycle. Figure 5.3b visualizes
such a hop of one Fe atom from one off-center position to another one. During
scanning, the central atom was displaced from left to right. On the time-scale of the
STM experiment, this process happens immediately, thus only the initial and final
positions of the Fe atoms are resolved. An analysis of a time-series of STM images
recorded with scanning parameters chosen in a way to match the hopping rate with
the image frequency allows us to determine all the equilibrium positions one Fe
atom can occupy. As an example, Figure 5.3c shows a superposition of two STM
images recorded before (red) and after (green) a switching event. From such image
series, the Fe positions can be extracted with high precision. The analysis reveals
that each Fe atom can be translated between four distinct sites on the supporting
porphyrin. Figure 5.4 shows a complete series highlighting all four positions of the

atom switch.

STM images are recorded at a bias voltage where the saddle-shape deformation
of the Co-TPP is resolved, resulting in a two-fold symmetric appearance of the
porphyrin (see Figure 5.1c) which unequivocally show the orientation of the Co-
TPP in the dense-packed arrays. Accordingly, the four Fe positions discussed above
can be directly assigned to adsorption sites on the porphyrin macrocycle. Figure
5.3 summarizes the experimental findings and reveal a switching distance of 2 4+ 0.2
A along the axis of the upward bent pyrrole rings and 3 +0.2 A perpendicular to it.
A DFT optimized Co-TPP molecule with an adsorbed Fe highlighting the off-center
position is shown in Figure 5.2d. The experimental values for the distance of Fe
from the Co ion agree closely to the DFT findings. Clearly, the two-fold macrocycle
geometry is reflected in the Fe positions that do not mark a square, but rather a
rectangle (see Figure 5.4).

A statistical analysis shows that the Fe translates predominantly parallel or per-
pendicular to the main axis of the molecule (a-pyrrole), diagonal hops were only
observed very rarely and might be attributed to the limited time-resolution of the
STM. Increasing the tip-sample interaction by raising the tunneling current yields
higher switching rates (see Figure 5.5). Interestingly, the apparent height and the
contrast of the Fe atoms in STM images are identical in all four positions on the
porphyrin, indicating that the electronic interaction of the Fe with the Co-TPP is
comparable, i.e. the adsorption sites are equivalent.
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Figure 5.3: a) Typical STM image after exposing the Co-TPP array to an atomic beam
of Fe. The Fe (white protrusions) follows the lattice of underlying Co-TPP (I = 30 pA,
V= —0.1 V, 220 x 100 A2). b) Faint grey spots in the background correspond to the
center of the Co-TPP, highlighted by the intersecting points on the grid while the white
protrusions correspond to the confined Fe atoms. The central atom is laterally moved on
the macrocycle while scanned by the tip. This hop is visualized by the abrupt movement of
the Fe atom (I = 0.1 nA, V, = —0.1 V, 46 x 40 A?). ¢) Superposition of two STM images
highlighting the adsorption positions before (red) and after (green) translation (I = 0.1 nA,
V,=—0.1V,46 x40 AQ). During switching, the Fe atoms are confined to the macrocycle of
the porphyrin. d) Close packed Co-TPP array evidencing an elongated central part (I = 0.1
nA, V5, = —=0.7 V, 46 x 32 AQ) representing the two-fold symmetric saddle-shape geometry
of the macrocycle. The green lines highlight the central axis of the molecule and the square
the unit cell with a side length of 14.05 A. e) Schematic model of the porphyrins on the
Ag(111) lattice. The four red dots surrounding the center of the macrocycle correspond to
the 4 possible positions of the Fe atom.
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Figure 5.4: a) Yellow protrusions correspond to Fe atoms adsorbed on a dense packed Co-
TPP array (blue lobes). The Fe atoms can occupy four distinct positions on the macrocycle
of the porphyrin, as exemplified for the atom at the top center. The STM images in a, b, c
and d highlight the four equilibrium adsorption sites. In the images, the occupied position
is marked by an orange dot and the adjacent three positions by blue dots. The intersecting
points of the white grid represent the center of the underlying Co-TPP molecules. The off
center positions of the Fe atoms are clearly discernible (a,b,c,d: I = 0.1 nA, V; = —0.1 V,
50 x 50 A?).
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Figure 5.5: An Fe atom is seen to be switching between three of the four available positions
on the Co-TPP macrocycle. The increased switching rate compared to the situation shown
in Figure 5.3b, which was recorded with the same scanning speed is induced by a higher
tunneling current. Colored circles (red, green, blue) mark the three positions. (I = 1 nA,
V= —0.1V, 55 x 55 A?)
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5.2.3 Fe coverage dependence

Figure 5.6 summarizes the coverage dependent growth of Fe on the Co-TPP arrays.
Already a simple visual inspection of the STM images reveals that the Fe follows the
square lattice of the porphyrin template throughout the coverage range explored.
As the Fe dose is augmented, both the occupation of Co-TPP and the average clus-
ter size increases. While individual Fe atoms dominate the low-coverage situation
(Figure 5.6a), cluster reaching an apparent height of 9 A are observed at higher
coverage Figure 5.6f). Interestingly, even at the highest coverage, no coalescence
of clusters is observed. The Fe does not grow between the porphyrins or at the

molecular boundary.

Three values are used to describe the Fe morphology on the Co-TPP template layer:
(i) the occupation O of Co-TPP, where 0% corresponds to a bare Co-TPP array
and 100% would correspond to a situation where every porphyrin is occupied by one
or more Fe atoms. (ii) The total Fe coverage © in percentage of a monolayer (ML).
Here, one ML is defined as one adsorbate unit per surface atom. A full Co-TPP
layer would thus correspond to a coverage of 0.037 ML. (iii) The average cluster size
s, i.e. the average number of Fe atoms on an occupied porphyrin. These values are
indicated in the caption of Figure 5.6 for every coverage.

It should be noted that a precise determination of the Fe coverage and the cluster
size is not trivial. We considered Ag(111) surfaces not completely covered by Co-
TPP. By measuring the density of individual Fe atoms on the bare Ag areas, the
amount of Fe on the adjacent porphyrin arrays was calibrated. This procedure
assumes that no Fe atoms are exchanged between Ag and Co-TPP, an assumption
fully justified at the low temperature of deposition (10 K) where atomic diffusion is
suppressed. [252] As a result, we conclude that the majority of the protrusions at
low coverage correspond to individual Fe atoms. However, already in this situation
apparent height measurements reveal the existence of dimers. At high coverage (©
~ 6 %), this calibration procedure gets less reliable, as Fe aggregation starts on the
bare Ag areas and the classification of cluster sizes on Co-TPP by measuring the
apparent cluster heights turns difficult, which would result in considerable error bars

for values (i-iii).

To circumvent this problem, we compared our experimental data to a statistical sim-
ulation based on random adsorption in a drop-and-stick model (see Figure 5.7). The
fact that the modelled values for low-coverage, where the experimental calibration
is reliable, agree reasonably well with the experimental values leads us to conclude
that the Fe morphology is mainly dictated by random adsorption with no indication

for Fe transfer between porphyrins.
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Figure 5.6: Series of STM images (a-f) representing the effect of a rising Fe coverage O:
Both the occupation O of Co-TPP as well as the average cluster size s increase (Compare
to simulated distributions in Figure 5.7). The color scale is adapted to highlight the Fe
(yellow) on the Co-TPP array (blue). Throughout the whole coverage range, the Fe follows
the square lattice of the porphyrin template (all image sizes 220 x 220 AQ) a) © = 0.7"%
ML, O ~ 11 %, s ~ 1.3; I = 0.16 nA, V;, = 0.5V, b) © ~ 1.5 % ML, O ~ 25 %, s ~ 1.4; I
=T9pA, V, =-01V,¢c) © =3 % ML, O =51 %, s~ 1.6;1 =67pA, V, =-05V,d) © =
45 % ML, O ~ 64 %, s ~ 1.8, 1=0.1nA, V;, =-0.1V,e) O = 6 % ML, O = 71 %, s ~ 2;
I=67pA, V,—=-01V, ) © A 10 % ML, O ~ 90 %, s ~ 2.9; T = 89 pA, V}, — -0.1 V.
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Figure 5.7: Examples of simulated particle distributions on a square lattice mimicking a
Co-TPP array. A given number of particles (representing Fe atoms) is randomly adsorbed
on the available area and the resulting number of particles per Co-TPP square is determined
and represented by the color-coded filling of the square. Thus, each blue square corresponds
to a bare Co-TPP unit while the yellow colors indicate occupation by Fe, where increasing
brightness reflects larger cluster sizes. The images represent a coverage © of 0.7 % ML (a),
3 % ML (b) and 6 % ML (c), respectively and thus can be compared to Fig. 5.6 a), ¢) and e)
in the article. At higher coverage, where the experimental determination of the Fe coverage
is intrinsically inaccurate, these simulations are used to estimate the average cluster size s
and to reduce the error bar of ©. To this end, the coverage is adjusted in the simulation till
the number of unoccupied Co-TPP sites fits the experimental value, which can be reliably
extracted from the data

5.2.4 XMCD results

The Co-edge X-ray adsorption spectra (XAS) for circular (67, 07) and linear (¢,
o) light polarization measured on the Co-TPP network with perpendicular and
grazing incidences are shown in Figure 5.8. They show a clear fine structure in par-
ticular on the L3 edge. On the bare network the X-ray magnetic circular dichroism
(XMCD) signal reveals no sign of dichroism within the noise (Figure 5.8c). This
directly translates to no net magnetization of the Co-center within the Co-TPP
network. From the experimental data we can determine the magnetic moment of
the Co ion to be < 0.02 puB. Thus the Co moment is quenched in the first layer of
Co-TPP adsorbed on Ag(111). The pronounced linear dichroism (XLD) measured
at grazing incidence (Figure 5.8d) reflects the inhomogeneous charge distribution

within the Co 3d in- and out-of-plane orbitals.

In order to further understand the data DFT and ligand field multiplet calculations
were performed. In the multiplet calculations the charge transfer and crystal fields
acting on the Co center to fit the XAS data was verified. The resulting simulated
XAS, XMCD and XLD spectra are plotted along with the experimental data in
Figure 5.8. Very good agreement can be reached in the multiplet calculations using

high crystal field parameters (10D,= 2.5 eV, Dy= 0.38 eV, D; = 0.18 €V) and no
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Figure 5.8: a)-d) X-ray absorption spectra measured on the bare monolayer of Co-TPP on
Ag(111) together with the fits obtained by the multiplet calculation. a) XAS for ¢~ for
6 = 0°. The inset of a) shows the measuring geometry. b) XAS for o~ for § = 70°. c¢)
vanishing XMCD (¢, 07) for # = 0° and 70°. The inset of ¢) contains the energy level
diagram derived from the multiplet calculations. d) XLD (o¥, o) for = 70°. All spectra
were measured at T = 8K for a)-c) B = 5T, ford) B=0.2T

or small charge transfers between the Co center and its ligands. However electron
transfer from the substrate via the d,2-orbital has to be included to get the above
shown agreement. Without hybridization to the substrate the Co-center has a d-
ground state and the crystal fields bring the Co in a low spin configuration (S= 3).
Including charge transfer from the substrate results in a new d’ + d® ground state
(with a total of 7.25 electrons). The finite mixing with the d®-states having S=0
forces singlet formation also in the d” configuration and result in a total quenching
of the magnetic moment in close analogy to the case of Co-phthalocyanine [253]
(see also level diagram in the insert of Figure 5.8¢). This is in agreement to the

experimental data where no XMCD signal is present.

5.2.5 Theoretical explanation of the XMCD results

Comparing the XMCD data for the bare Co-TPP to the DFT calculations, a very
good overall agreement is observed. DFT also predicts the Co-TPP to have no

magnetic moment as found in the experiment.

The X-ray adsorption measured on the Co-edge also shows a distinct XMCD peak
after Fe-deposition (Figure 5.9¢). This is a clear manifestation of the hybridization of
the Co-center to the Fe-cluster. Since the Fe-cluster has large magnetic moments, the
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Figure 5.9: a) and c) show the XAS for 0" and o™ and XMCD data taken at the Co edge
of the Fe covered Co-TPP network. b) and d) present the same measurements for the Fe
edge. B = 5T, T = 8K. On first glance the X-ray adsorption spectra of Co (a)) are only
little influenced by the adsorption of Fe. The main difference is that the shoulder in the L3
edge shifts towards the main peak. The X-ray adsorption spectra of the Fe-edge (b)) show
broad peaks expected for larger Fe clusters. The XMCD in the Fe (depicted in d)) is strong.

hybridization induces finite magnetic moments also into the Co-center below.

The finite magnetic moments in both Fe and Co allow tracing the individual mag-
netization curves of the two elements. Both curves reach saturation for 0° implying
an easy axis to be out-of plane. As visible in Figure 5.10, the magnetization curves
of Fe and Co have a similar shape. From the additional knowledge of the very
different size of the magnetic moments in Fe and Co we conclude that both mag-
netic moments are ferromagnetic coupled with a strength larger then the thermal
fluctuations at T = 8 K ~ 7 meV. To the best of our knowledge this is the first
study that shows the effect of magnetic clusters adsorbed on a metal organic surface
layer to steer not only the magnetic properties of the cluster, but to also induce
an otherwise quenched moment of a metal organic layer. The spin-polarized DFT
calculations conducted on the extensive system (the Fe/Co-TPP complex adsorbed
on Ag(111) in the large rectangular cell adopted in the calculations) reveal that the
adsorbed system holds a significant magnetization of 2.7 unpaired electrons, while
in the absence of Fe no magnetization is seen for Co-TPP on Ag(111).

Spin-polarized DFT calculations conducted of the large-scale adsorbed systems have

revealed two possible Fe adsorption sites : an energetically unfavorable one called Fe
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Figure 5.10: Magnetization curve of the Co and Fe obtained by measuring the XMCD at
the L3 peak energy.

top (cf. Figure 5.11-upper panel) and a stable one called Fe bisector (cf. Figure 5.11-
lower panel). Both configurations yield different structural, imaging and magnetic
signatures which enable us to confirm that Fe bisector state is the one measured

experimentally.

From a structural point of view, Fe in bisector position is shifted away from the
two symmetric axis imposed by the pyr groups, while Fe in atop position is slightly
displaced from the central position but remain in one the pyr axis. (c.f. Figure
5.11) And this lateral localization is quantitatively evidenced by STM imaging and
STM simulations of the bisector case (see Figure 5.2). From a magnetization point
of view, the Fe top preserves more magnetization than the bisector one, which is
consistent with the reduction of coordination bonds (from three to one). The total
magnetization amounts to 4.4 unpaired electrons. However spin density maps (not
shown) are similar to the Fe bisector with an asymmetric repartition of spin between

Fe and Co centers.

The Fe adsorption induces minor changes of the adsorption structure. Neither the
interaction distance with the substrate, nor the altitude of the Co cation and the
saddling conformation of the Co-TPP are modified. Hence no trans labilizing effect
is visible as it has been evidenced for NO ligation onto CoTPP/Ag. The sole effect
resides in the lengthening of some Co-N bonds in the bisector case in order to
accommodate Fe. Without Fe, the Co-N bonds are 1.94 A.
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Fe bisector

Figure 5.11: a)DFT optimized Fe/Co-TPP complex on Ag(111) in a 11 x 5v/3 cell with two
possible adsorption configuration : the so-called bisector position with BE (Fe) = —1.87
eV and the top position with BE (Fe) = —1.58 e€V. In both structures the binding distance
of the Co central atom to the Ag substrate is the same, close to 3.3 A. In the bisector
position the Fe is three-fold coordinated to the porphyrin core while in the top position Fe
is mono-coordinated to Co, albeit a slight tilt in the direction of a N atom belonging to one
k-pyr group. But the Fe-N,. can only be considered as a loose bond of 2.2 A.
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5.3 Conclusions

In this chapter, Co-TPP molecules were used as a platform for confining individual
and clustered Fe atoms. Fe was deposited in-situ on dense packed arrays of Co-TPP.
The Fe atoms were seen to occupy four unique positions on the Co-TPP macrocycle,
away from the central Co ion. The four adsorption sites of Fe on the macrocycle
deviate from a perfect square, due to a saddle shape deformation of the Co-TPP
molecule on Ag(111). Individual Fe atoms were switched between these four specific
positions within the macrocycle area by manipulation with an STM tip, thus creat-
ing an atomic switch. Various coverage of Fe on the Co-TPP islands were studied.
Simulations were performed mimicking the occupancy of Fe on the molecular array
to determine the average cluster size s of Fe on Co-TPP. XMCD measurements were
done on the system to understand the magnetic interaction between Fe and the Co
ion of Co-TPP. The magnetic moment of Co which was quenched on Ag(111) was
revived after Fe deposition. XMCD also reveals a ferromagnetic coupling between
the Fe and the Co. DFT calculations complimented the STM and XMCD measure-
ments in finding the position of Fe on the Co-TPP macrocycle and the magnetic
coupling Fe and Co.

5.4 Experimental and theoretical details

STM:

Co-TPP molecules were deposited by organic molecular beam epitaxy (OMBE) from
a quartz crucible held at 625 K. Co-TPP was thoroughly degassed prior to any exper-
iments resulting in a background pressure in the 107!Y mbar range during deposition.
In our experiments we used Co-TPP acquired from a commercial supplier (Sigma-
Aldrich) at 99.7% purity. After dosing Co-TPP at room temperature, the sample
was cooled down and transferred into the STM chamber, where the Co-TPP array
quality was checked by constant current images recorded at about 10 K using electro-
chemically etched tungsten tips. In the figure captions V, refers to the bias voltage
applied to the sample and I to the tunneling current. All the STM images were
processed using the WsXM software. [32] Subsequently, Fe atoms were deposited
in-situ, directly onto the cold sample, by thermal evaporation from a home-built
water-cooled cell. Throughout the experiments, the evaporator was run at constant

power while the Fe dose was augmented by increasing the deposition time.
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XMCD

The XMCD measurements were preformed at the IDO8 beam line at the European
Synchrotron facility in Grenoble. The Ag(111) crystals have been cleaned by cycles
of Ar-sputtering and annealing to 730K. For the Co-TPP, a multilayer of the metal
organic complexes have been directly deposited on the sample at 300K. Annealing
the sample to 525K leads to desorption of the multilayer leaving one complete mono-
layer on the sample surface It is important to note that this procedure ensures a full
coverage of the Ag(111) one monolayer of a highly ordered Co-TPP network. Before
the sample was transferred in-situ into the X-ray chamber, the sample quality was
checked in-situ with an STM at room temperature. The X-ray adsorption measure-
ments were performed at T= 8K with the measuring geometry sketched in the inset
of Figure 5.8 a). First for every sample the X-ray absorption of the bare Co-TPP
was measured and then Fe was deposited in-situ with the sample kept at 8K. For the
measurement presented here the Fe coverage was 8% + 2% of a ML (with respect to
the underlying Ag(111)). From the STM data we can estimate that every Co-center
in the Co-TPP network is covered with an Fe-cluster having a mean size of 2 atoms
per Co-TPP.

Computational methods (DFT + STM):

All calculations were performed using density functional theory as implemented in
the VIENNA AB INITIO SIMULATION PACKAGE. [254] The VASP program
uses a plane-wave basis set and a projector-augmented wave method to account
for electron-ion interactions. The generalized-gradient approximation exchange-
correlation functional parameterized by Perdew et al. [255] was employed and to
consider long range interactions we used the semiempirical dispersion correction by
Grimme [256] as it is implemented in VASP. The calculations were performed with
spin polarization at a 300 eV energy cutoff. We considered a periodic slab of a
Ag(111) surface with a size of 11 x 5v/3 unit cells in lateral dimensions and a vac-
uum region of 19.3 A which corresponds to approximately 6.5 unit cells. Only the
top layer was relaxed to allow for interactions with the adsorbed molecule on one
side of the slab. Because of the lateral size of the periodic cell, the k-point sampling
was restricted to the I'-point. The adsorption site for the Co-TPP molecule was
determined prior Fe deposition to be a bridge site (BE (Co-TPP) = -4.6 ¢V and -2.8
eV for HOMO and LUMO with respect to vacuum) where the x-pyr axis aligning
with the closed-packed directions of the Ag lattice. Finally constant current STM
images at - 0.2 V were calculated using Tersoff-Hamann theory [34] with a specific
improvement of the wavefunction decay in the vacuum region. [257]
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6 Conclusion and perspectives

This thesis presented an in-depth study on three separate molecular systems that
were used as platforms for the adsorption of molecules and atoms. Each of the plat-
form served different purposes and was instrumental in advancing our understand-
ing of atomic and molecular confinement experiments. Confinement of molecules
were achieved through porous networks as well as using host platforms. A dense
packed molecular layer is used for atomic confinement as well. Such confinement of
nanoscale objects helps us to address the respective species on a single atom /molecule
level. This becomes important when we want to understand the electronic properties

of the isolated species and their response to external impulses.

Apart from the science of molecule-molecule and metal-molecule interactions, the
experiments also served as an initial step towards the realization of potential appli-
cations like molecular rotor confinement, organic photovoltaic devices and magnetic
arrays for information storage. An extension and improvisation of contemporary
scientific knowledge is important in order to (i) enhance our understanding of the
principles that govern the investigated system and (ii) exploiting those systems to
achieve useful applications. [258] The topics presented motivate both these aspira-
tions. Present day nanotechnology research, however, has become highly interdis-
ciplinary and no single study is capable of providing all the information about a
system. In this thesis too, our collaborators have provided noteworthy theoretical
support and synchrotron experiment results to corroborate the main STM exper-
iments. A brief summary of the three systems examined in this thesis and the
respective perspectives is as follows:

e In the first study, a three-fold symmetric molecule with pyridyl substituents was
studied on Ag(111) and Cu(111) surfaces. Extensive STM measurements were
made on both surfaces with various molecular coverages. On Ag(111), it was
observed that the molecule forms various interesting phases described as follows.
Initially a close-packed network was observed that was stabilized solely by pyridyl-
pyridyl interactions. Cu adatoms were deposited on the Ag surface to study

the capability of the molecule to form metal-organic bonds. With increasing Cu
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adatom coverage, the molecule evidenced a coexistence of various patterns of
extended metal-organic porous architectures on the Ag(111) surface. One inter-
esting feature was that the molecule exhibited a combination of Cu-pyridyl and
pyridyl-pyridyl interactions in almost all the phases except for one phase where
only metal-organic interactions stabilized the porous network. Surprisingly, the
molecule that appeared rigid on Ag(111) was observed to be flexible on Cu(111).
This flexibility gave rise to certain interesting phenomenon. Porous networks
were formed on Cu(111) that demonstrated also a simultaneous expression of Cu-
pyridyl and pyridyl-pyridyl interactions. The networks on Cu(111) were seen to
evidence short-range disordered networks, named as 2D short-range orientational
and distortional disordered crystalline networks. Owing to the inherent flexibil-
ity (a distortion form the three-fold geometry) of the molecules, these pores also
appeared flexible. This flexibility of the pores is an important criteria to confine
molecular guests inside the pores, where the pores would adapt in size to fit the
size of the guest species. As a proof of concept, a double decker complex was
hosted in the pores created on the Cu(111) substrate.

The aspect of molecular flexibility could be put to good use when large organic
molecules have to be confined and mechanically manipulated without being lat-
erally translated on the surface. The confined molecular species could themselves
be used as an individual podium to host a third molecule that is to be addressed
individually. Thus a series of selective confinement of atomic or molecular species
could be achieved with intelligent design of porous networks. On metal surfaces,
porous networks have also been used to confine electron waves and the electronic
coupling between the pores have been studied. [259] [260] The pattern of these
confined waves could differ due to the shape of the pore, nature of the molecule
used to form the porous network and the interactions that stabilize the network
(metal-organic, van der Waals etc.). The influence of the confined electrons on
the electronic structure of any guest molecule that is adsorbed within the pore is

another interesting line of study.

In the second study, Ce(TPP), double decker complexes were deposited on an
Ag(111) substrate and characterized topographically and electronically. The Ce(TPP),
forms dense packed islands that were used as a platform for confining Cgy molecules.
Depending on the annealing conditions, three different phases of Cgy/Ce(TPP),
named «, § and v were observed. Low temperature deposition of Cg lead to phase
a, where isolated Cgg molecules were found to be positioned on top of the double
decker complex. The Cggs were addressed at a single molecule level in an attempt
to understand their geometric and electronic structure. The confined Cggs were
also manipulated mechanically to make a molecular switch. The Ag(111) sample
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which supported the phase o was annealed at room temperature to give phase
B, which constituted an array of Cgy molecules arranged on top of the double
decker network. The arrays were composed of a corrugated arrangement of Cggs
which evidenced interesting spectroscopic data. Annealing the sample contain-
ing phase 8 at 505 K gave rise to phase «, which was a mixed architecture of
Cgo and Ce(TPP)y. In phase 7, the Cgos as well as the Ce(TPP), was in direct
contact with the Ag(111) substrate. In this phase 8 Cgy molecules surround a
Ce(TPP), complex and in this process, the Ce(TPP)y presumably undergoes an
azimuthal rotation thereby facilitating a square like arrangement composed of 8
Cgo neighbors.

This study offers diverse scope for further research, a few of which are described
as follows.

(i) The principal idea of using an electron rich porphyrin based Ce(TPP), and
an electron accepting Cgo is the realization of a potential organic photovoltaic
system. In order to achieve this, the LUMO of the acceptor molecule has to be
lower than that of the donor molecule. In this way it is energetically favorable
to separate a photo generated exciton at the donor-acceptor interface so that
the positive polaron goes the acceptor and the negative polaron to the donor.
[261] Unfortunately this was not the case in the system presented in this thesis.
The LUMO of the Cg on Ce(TPP)y was higher than that of the Ce(TPP),
complex. Even if charge separation takes place at the donor-acceptor interface,
sufficient pathways must be established for the movement of positive and negative
charges into the acceptor and donor molecules. This pathway is achieved through
a charge transfer or in other words overlapping of molecular orbitals between the
donor and acceptor. However DFT calculations reveal that the charge transfer
between an individual Cgy and a Ce(TPP), complex is very negligible, which
doesn’t support the idea of efficient exciton movement. Considering the above
issues, future directions to achieve a practical photovoltaic device that could be
understood at a single molecule level would be to try various kinds of fullerene
molecules (doped or extended) that would evidence a LUMO lower than the
double decker complex and various lanthanide elements and the use of molecules
other than porphyrins to build double deckers so that sufficient charge transfer
could be established between the donor and acceptor.

(17) Individual Cgps in phase o were probed with the STM tip to create a molecular
switch. The mechanism of the switching phenomenon is still an unexplored area.
For example the influence of the field created by the potential difference between
the tip and the sample might influence the switching event more than the electrons

injected into the Cgy molecule. This could be clarified by making a thorough
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investigation of the influence of z dependence and influence of sample bias and
tunneling current on the rate of switching.

(#7i) In phase f3, the bilayer Cgq structure, the spectra evidences unexpected shifts
in the position of unoccupied resonances. The effect of the neighbors on Cggps that
are isolated from the substrate’s influence and the effect of various double barrier

heights on the spectra are interesting lines of study in this case.

(iv) Regarding phase v, influence of the Cgps on the geometry of the Ce(TPP),
complex would be important to know, since the inherent flexibility of the Ce(TPP),
complex is made use of in this phase. Consequently, it would be intriguing to know
the effect of the surrounding Cgps and also the Ce(TPP)y geometry on the elec-
tronic structure of the Ce(TPP),; complex. This might be understood with the
help of additional DFT studies.

In the third study, dense packed arrays of Co-TPP were anchored on an Ag(111)
substrate and used as a receptor for capturing Fe atoms that were deposited in-situ
at low temperatures. The Fe atoms were seen to be adsorbed on the macrocycle of
the Co-TPP molecule. Topographic studies were performed on this system and the
Fe was seen to occupy four distinct positions on the Co-TPP macrocycle. It was
possible to switch the Fe between these four positions by manipulation with the
STM tip thus exhibiting an atomic switch. Fe was studied on Co-TPP at various
coverages. In order to study the influence of Fe on the magnetic properties of the
Co ion of the Co-TPP, XMCD measurements were performed. The measurements
revealed that the magnetization of the Co ion that was quenched upon adsorption

on the surface, was revived after the deposition of Fe.

The arrays of magnetic atoms conveniently arranged on the surface for individual
addressing is achieved through this study. This uniform ordering of atoms is
greatly assisted with the use of Co-TPP platforms. This is an initial step in
tuning properties of atoms like oxidation states and spin density which might
lead to an understanding of information storage systems. Future lines of research
in this direction could include adsorption of magnetic atoms on double decker
arrays, a combination of two different magnetic atoms and their interaction with
one another, Kondo effect and the presence of gas molecules on magnetic atoms

confined on metalloporphyrins.

In summary, we have investigated the three above mentioned bi-component systems
in great detail for their interesting architecture, electronic properties and techno-
logical prospects. Extending these studies to include various atomic and molecular
species would enhance the horizons of our scientific understanding regarding molec-

ular confinement on surfaces and the nature of the interfaces and related properties
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therein.
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