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Abstract

The engineering and predetermination of supramolecular structures by molecu-

lar self-assembly to create functional surfaces is a very challenging task. To study

the constitutive molecule-molecule and molecule-substrate interaction the scanning

tunneling microscopy with its possibility to image objects on the single atom and

molecular level is the appropriate tool.

In this work two carbonitrile functionalized oligophenyl molecules have been in-

vestigated on the Ag(111) and Cu(111) surface by means of scanning tunneling

microscopy, X-ray photoelectron spectroscopy and near-edge absorption fine struc-

ture spectroscopy at temperatures between 6 and 300 K. The difference between the

molecules is the position of the functional moieties. For the first molecule both sub-

stituents are symmetric in meta position on the terminating phenyl ring and for the

second molecule the substituents are asymmetric in para and meta position on the

terminating phenyl ring, respectively. On the surface the molecules isomerises into

a cis and two trans species (the first molecule) and two trans species (the second

molecule).

The first molecule exhibits on the Ag(111) surface organic 1D molecular ribbons

and highly ordered molecular islands featuring a commensurate fit with the sample

surface. On Cu(111) similar molecular structures could be resolved as well. However

with increasing molecular coverage the molecular orientation and hence the resolved

pattern changes from a molecule adsorbed almost coplanar with its phenyl rings on

the surface to an almost perpendicular orientation. Subsequent cobalt evaporation

on top of the molecular pattern leads to a fully reticulated 2D random metal-organic

network defined by distinct three- and fourfold nodal motifs. The random network

could serve as a model system for 2D glassy networks.

The second molecule forms two different supramolecular networks: a dense packed

and a porous. Both exhibit a commensurable fit with the surface. By additional

cobalt evaporation a room temperature stable metal-organic random network con-

structed of three- and fourfold nodal motifs could be created.
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Chapter 1

Introduction

The ability to achieve the strongest and the most advanced materials has been the

foundation of powerful kingdoms, states and in recent days companies. Where in

the past a sword of iron gave benefit compared to a bronze one, nowadays structural

control on the materials is the essential key to push the strength and hardness to the

limit or access new dimensions of miniaturization. The implementation of nanoscale

structures and building blocks promises novel functionalities and applications not

just for the bulk structure. The control to structure surfaces in a well-ordered

manner is of special interest. Miniaturization of structures on surfaces is desired for

the electronic industry and for chemists in order to provide advanced catalytic and

gas sensing platforms [1], to prevent corrosion [2], to minimize friction and keep the

surface clean. Two different approaches could be utilized to structure surfaces in a

controlled manner. The first way is used in principle from ancient times; to remove

material with diverse tools from the bulk in order to shape a predetermined design.

This approach is called top-down approach. State of the art semiconductor industry

employs the top-down approach, where small structures are constructed from large

entities. However, it is predicted to reach certain physical limits in near future. The

realization of structures in the range of 25 nm is still very complex and costly and

will unlikely reach the ultimate limit of miniaturization.

The second way is to manipulate atomic and molecular building blocks to self-

assemble the desired structure from scratch. Developing new pathways to control

single atoms or molecular building blocks from the atomic to the macroscopic scale

to manufacture faultless products is the ultimate goal of the so called bottom up

approach [3]. Alignment phenomena of adsorbed molecules are often an interplay

between thermodynamic and growth kinetics driven by the minimization of the free

energy and lead surprisingly often homogeneous structures [4]. The self-assembly of

small building blocks is one Ansatz of the so called bottom-up approach [3]. The

1



2 CHAPTER 1. INTRODUCTION

guide for self-assembly is nature which reaches ultimate perfection in combining

complex molecules and at the same time provides an enormous range of functionali-

ties. Exploiting this nature given structural design unexpected possibilities to tailor

novel materials became accessible. To handle molecular self-assembly at surfaces, a

detailed knowledge about substrate-adsorbate and adsorbate-adsorbate interaction

is indispensable.

The investigation of the assembled structures as well as of the building blocks is a key

task, which became accessible with Binnig and Rohrer’s invention of the scanning

probe microscope [5]. The scanning probe technique and especially the scanning

tunneling microscope (STM) changed the view into the nanoscale, due to its real

space imaging capability [6] and its versatility for different environments. Based

on this approach it was possible to study single molecules on an atomistic level [7]

and the manipulation of single atoms and molecules could be demonstrated [8].

Crommie et. al. were able to build a quantum corral out of 48 Fe atoms and

observed the embedded eigenstates exemplifying quantum mechanical effects [9].

Also molecules can interact with the electrons of the so called electron surface gas

resulting in standing wave pattern [10] which can be utilized to control the arrange-

ment of single metal adatoms [11]. It became feasible to structure the surface on

an atomic scale [9], synthesize [12] and dissociate molecules [13–15] and establish

distinct covalent bonds [16]. With the implementation of ferromagnetic probes it

became possible to observe magnetic domains [17,18] and with increasing sensitivity

even the spin orientation of single atoms can be resolved [19]. Despite its manip-

ulation ability the STM is not a tool to structure surfaces on a large scale due to

the limited manipulation steps per time, but for fundamental research it is a use-

ful tool to create nanoscale structures [20, 21]. All these experiments aim to gain

a better understanding of adsorbed molecules, interaction between molecular and

atomistic adsorbates and interactions of the adsorbates with surfaces. Especially to

comprehend the dynamic process of adsorbate-adsorbate interaction, which is the

major ingredient for self-assembly, a variable temperature, fast scanning tunneling

microscope is the instrument of choice.

The physical properties of the investigated structures change dramatically by re-

ducing the particle size, for example due to an enhanced surface to volume ratio.

Nanoparticles of Fe2O3 i. e. oxidize strongly exhibiting pyrophoric character. The

comprehension of these properties at the nanoscale is essential to structure surfaces

and to engineer highly organized systems [22]. Such control and selective design of

nanostructured devices is of special interest for the semiconductor and data storage

industry which aims to increase the density of functional units and to miniaturize

2



1.1. CONCEPTS OF SUPRAMOLECULAR ENGINEERING 3

materials. Nanostructuring of surfaces to implement even smaller entities for data

storage or transistor application is one major goal. The functionalization of surfaces

for catalytic or sensor applications opens up an enormous playground as well. Most

catalytic processes take place at elevated temperature. To employ self-assembled

molecular networks coordination strategies are just a first step towards a high tem-

perature stable molecular pattern exhibiting distinct reaction centers to trigger the

desired reaction. To achieve high temperature stability metal coordination bonds or

even covalent interaction in the self-assembled molecular networks can be employed.

1.1 Concepts of Supramolecular Engineering

Until now lithography and micro imprinting techniques [23] are the instruments of

choice to create microscopic structures. The density of transistors increases steadily

and chasing Moore’s law, formulated in the 60′s. Nowadays industrial standards

reached 25 nm inter-structural distance [24] utilizing ultra violet light sources for

the lithography process [25]. Electron beam lithography is also a method with high

spatial resolution at reasonable costs but the focused electron beam is limited to

repairing and research duties. To advance to the next level of miniaturization in

semiconductor structures, X-ray sources have to be implemented which require so-

phisticated and costly techniques for short wave optics, a vacuum environment, a

beam source and so on, which are not yet available on large scale.

Many advances have been made to engineer nanostructures at surfaces from atoms

and molecules [3] like Lego� bricks due to interdisciplinary efforts and methods of

chemistry, physics and biology. The introduction to this versatile and interesting

field and the basic conceptual models and ideas will be focus of this chapter.

Not just in recent years considerable effort has been made to understanding the

interaction of molecular building blocks which form promising structures. Further-

more one should take into account that ”molecules do not act if they do not bind”

which means that for a molecular interaction there is a need for receptors as Paul

Ehrlich introduced in his concept of the receptor [26]. To tailor molecular network

formations selective bond formation is the major key. Emil Fischer in 1894 presented

in his Nobel price awarded ”lock and key” concept the idea of the steric fit. The

steric fit implies the geometrical complementarity of the interacting species which

is the basis of molecular recognition. After identification the species have to remain

in a stable configuration which requires affinity and interaction. In the late 19th

3



4 CHAPTER 1. INTRODUCTION

century Alfred Werner introduced the idea of coordination, founding the basis of

metallo-supramolecular chemistry [27].

In recent years these concepts gained more interest since novel experimental meth-

ods such as nuclear magnetic resonance (NMR) spectroscopy and scanning probe

techniques allow to analyze the structure and the properties of molecular networks

arising from coordination interaction. Coordination chemistry is based on the prin-

ciples of non-covalent interaction, molecules assemble spontaneously into extended

poly-molecular arrays presenting a well defined microscopic organization. The inter-

actions offer different properties especially in terms of strength and directionality as

well as bond distances and angles. In a real system repulsive forces i.e. from adjoin-

ing molecular components, the solvent, the substrate and other factors influence the

binding situation as well. In comparison to covalent bond motives the intermolecular

forces are thermally less stable but reversible and thus more flexible. The flexibility

of the system is one of the main advantages of supramolecular engineering and may

result in self-correction of defective features. The process is driven by the minimiza-

tion of the systems minimal free energy. Self-correction in this context means the

reconfiguration and reversibility of non-covalent bond motives. The intermolecular

non-covalent bonds are based on distinct selection rules so called molecular recog-

nition [28]. Molecular recognition is ”binding with purpose” and implies the storage

and the read out of molecular information. By the directed identification of the sin-

gle building blocks the coordination partner can influence the electrical, optical and

conformational properties. This scheme is an essential factor to build up structures

from atomic and molecular units with a selective functionality. The receptors are

characterized by a distinct size, shape, dimensionality and their electronic proper-

ties. The interacting species have to fit like key and lock. Non-covalent interactions

are weak compared to covalent bindings. Typically hydrogen bond formations have

0.1 to 5 kcal/Mol, whereas covalent bonds comprise 40 to 100 kcal/Mol. Thus for

non-covalent bonds it can be important to have a rather large contact area where

multiple bond sites can be established.

4



1.1. CONCEPTS OF SUPRAMOLECULAR ENGINEERING 5

Figure 1.1: Model of chelat reaction. (a) Central Ni atom surrounded by six ammonium
receptors (triangles). (b) Formation of covalent bonds between two receptors by bidentate
ligands (red tubes). The chemical reaction equation displays the reaction presented in the
schematic model.

Depending on the number of possible binding sites on the molecule, monotopic

and multitopic receptors can be distinguished. Monotopic receptors provide a single

binding site whereas multitopic receptors provide two and more binding sites [29,

30]. In the simplest case a single atom is surrounded by receptors, e. g. a metal

cation surrounded by six ammonia ligands. Figure 1.1 a displays this situation

for a central Ni ion surrounded by ammonia. The selective coordination of alkali

cations has become the base of supramolecular chemistry [31]. If two ammonia

groups are connected via covalent bonds forming ethylendiamine the residual three

ethylendiamine entities posses still six coordination sites to the Ni center. Even if

both components rely on the same number of coordination motives the latter is 108

times more stable than the first. The model of this formation is displayed in figure

1.1 b. The corresponding equation of the chemical reaction is displayed beneath

the models. The reason for the enhancement of the stability is called chelate effect,

derived from the Greek word chely, denoting a lobster claw. ”The whole is greater

than the sum of its parts” finds a suitable expression here. The enhanced stability

and the reduced total free energy (∆G◦) is a result of the combination of entropic

(∆S◦) and enthalpic (∆H◦) factors.

∆G◦ = ∆H◦ − T∆S◦ (1.1)

For example in solution the reaction would increase the entropy by releasing

more components into solution (four species before and seven after) and therewith

increasing the systems degree of freedom. Furthermore the receptors with a multi-

topic bond site are harder to remove since the second coordination site is stabilizing

5



6 CHAPTER 1. INTRODUCTION

the complex.

Especially in biological systems the presence of one species can increases the recep-

tor’s affinity for a second species. This effect is called positive cooperativity. For

example the presence of one O2 molecule to one of the four myoglobine units in

hemoglobin increases the reactivity of the other three myoglobines to O2 molecules.

The reverse effect would be called negative cooperativity.

The presented fundamental requirements for the design of supramolecular building

blocks are just an extract of the rules which need to be taken into consideration

while designing artificial molecular building blocks for supramolecular engineering.

On surfaces, where all our experiments have been accomplished, it is essential to

provide a reasonably sized contact area in order to interact with adjacent molecules

as well as geometrical and site complementarity to permit adsorption. The transport

of the building blocks is an essential aspect. Diffusion on the surface is thermally ac-

tivated and shall be deemed to be a random hopping process of the building blocks.

Herein the diffusivity D describes the mean square distance traveled by an adsor-

bate per time unit which typically follows an Arrhenius law [32]. Hence at a certain

temperature the transport of the building blocks to a defined position is limited.

The availability of building blocks is further subject to the evaporation rate F. The

distance a building block has to travel on the surface until getting in contact to

the next adsorbate or cluster is thus determined by the ratio D/F. If the diffusion

is faster than the evaporation rate (large D/F ratio) the system can grow close to

equilibrium conditions. The adsorbate migrates about the sample surface finding

the minimum energy configuration. However with a large deposition rate (small

D/F ratio) the pattern formation is dominated by the migration kinetics which can

lead to metastable structures [3].

Functionalisation and structuring of surfaces at the nanoscale is the focus of

this work. The bottom up approach where molecular and atomic components fab-

ricate the desired structures is the fundamental principle. The formation is driven

by the competition between kinetics and thermodynamics included in the idea of

self-processes. For self-processes we have to distinguish between systems that un-

derlie certain kinetic limitations and systems in thermodynamic equilibrium. In

this project we rely on systems close to thermodynamic equilibrium which we call

self assembled systems. Hence the spontaneous formation of molecular and atomic

building blocks, so called tectons [33], resulting in discrete non-covalent bond layers

under equilibrium conditions is called supramolecular self-assembly [3, 30, 31, 34].

The key to fabricate supramolecular self-assembled structures is the understand-

ing and the control of non-covalent connections between the tectons while bringing

6
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them together in one aggregate. During the tailoring of molecular building blocks

one should consider, that the energy values gained by the self-assembly formation

are in the order of 2 to 20 kcal/nm2 [35]. For covalent reaction entropy normally

is of secondary importance, but for the low interaction energies prevailing in non-

covalent bindings the loss of translation entropy, which can be estimated by a rule

of thumb for millimolar concentration to approximately -T∆ S= +5.5 kcal/Mol, can

not be neglected [34]. Supramolecular self-assembly should not be distinguished with

templating. This involves organic or inorganic, temporary or permanent ”helper”

species guiding the assembly. Templating can be involved in self-assembly but is

then considered as initial step, whereas the entire self-assembling process comprises

several steps.

Nature offers the best examples for perfect self-assemblies, with self-healing proper-

ties. The well known tobacco mosaic virus (TMV) is an astonishing example [36].

Its rod like structure is formed by a central strand ribonucleic acid (RNA) 6400

bases long. Onto this backbone a coat protein self-assembles consisting of 2130 pro-

teins each consistent of 158 amino acids and together they form a perfect helical

structure. Even more remarkable is the fact that, if the virus gets fragmented into

its components and mixed under physiological conditions, the virus reassembles into

a non distinguishable copy of the original.

1.1.1 Supramolecular Self-assembly Mediated by Hydrogen

Bonding

The arrangement of tectons mediated by hydrogen bonds has been explored widely

in the field of liquid crystals, in solution and in solid state [37–40]. Also on sur-

faces hydrogen mediated networks have been extensively studied yielding numerous

impressive publications over the last decade. The crucial point in designing such

a network is the choice of the molecular shape and the positioning of hydrogen-

bonding donor and acceptor groups. The arrangement of a 1 dimensional (1D)

array for example requires just two bonding sites preferably positioned on the ends

of a chain like molecule. By recognition the components now can form 1D string

networks. Terephthalic acid (TPA, see figure 1.2 a) with its two carboxylic acid

groups substituted on a phenyl ring is the ideal example. Linear dicarboxylic acids

are found in the bulk [41, 42]. The carboxylic groups act as donor and acceptor

at the same time. Together they form 1D hydrogen-bridge mediated chains. An

atomistic model of the resulting formation is presented in figure 1.2 b wherein the

hydrogen bridge is marked with red dotted lines. Also porphyrin molecules with sub-

7
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stituted cyanophenyl (bis(cyanophenyl)-bis(di-tertiarybutylphenyl) BCTBPP por-

phyrin) groups in trans position (figure 1.2 c) assemble in well ordered 1D ribbons

on the reconstructed Au(111) surface [20, 43]. The carbonitrile groups of the por-

phyrin molecule exhibit a high electronegativity and mediate an interaction with

the hydrogens of the adjacent molecule. Figure 1.2 d presents an atomistic model of

the resulting formation. By selective bond formation a chain structure was formed.

Every N in the CN group is connected to two hydrogens of the adjacent molecule.

The orientation of the molecules to another is influenced by long-range dipole-dipole

interaction where hydrogen-binding interactions further stabilize the formation.

The binding can be programmed by the positioning of the donor and acceptor groups,

limiting the possible bond formations and forcing the self-assembled system into the

desired direction. Nevertheless steric repulsion and other factors have to be con-

sidered during structure formation as well. For 2- and even 3-dimensional arrays

the molecular pattern becomes more difficult. For a 2D network formation chain

motifs are not sufficient and bifurcation motives are required as well. A bifurcation

relys on more complex structural schemes, which require 3 or more binding sites.

Theobald and co-workers [44] utilized two complementary molecules constructing a

2D hydrogen bridge mediated network. The first, perylene tetra-carboxylic di-imide

(PTCDI) is a rod like molecule exhibiting binding sites on each end (see figure 1.2

e). The second molecule they implemented is the melamine (see figure 1.2 f ), which

on a surface provides three binding sites comprising an angle of 120◦. The trian-

gular shape of melamine together with the PTCDI as connection bar in between

can form an extended supramolecular honeycomb network [44]. An atomistic model

of the resolved network formation is depicted in figure 1.2 g. The binding motive

between the two molecules is marked with the red dotted lines. In contrast to the

examples presented earlier now two different molecules form a hydrogen bridge with

one nitrogen and two oxygen atoms on each binding site. Here Fischers [45] key and

lock principle can be nicely seen, since the two molecules just fit in a predetermined

way. The formed hexagonal network with nanopores could serve as host for guest

molecules. All three model systems have multitopic bond sites to stabilize the re-

sulting structure.

But not just by an increased number of binding sites 2D networks can be formed.

Recent publications on linear oligophenyls show that chain motives can exhibit bi-

furcation motives as well by the formation of supramolecular macrocycles assembled

in nodes. Utilizing olygophenyls functionalized with carbonitrile groups in para posi-

tion, on the outer ends of the rod pointing away from the molecular backbone, differ-

ent complex nodal motives could be found resulting in a porous 2D network [46,47].

8



1.1. CONCEPTS OF SUPRAMOLECULAR ENGINEERING 9

Figure 1.2: Atomistic models of four different molecules in combination with a pos-
sible resulting hydrogen mediated structure. (a) Terephthalic acid (TPA) forming a
(b) hydrogen bridge mediated structure by the carboxylic acid. (c) Atomistic model of
bis(cyanophenyl)-trans-bis(di-tertiarybutylphenyl) porphyrin (trans-BCTBPP) porphyrin
(d) connected to an adjacent molecule mediated by functional CN groups. (e) Perylene
tetra-carboxylic di-imide (PTCDI) and (f) melamine forming a (g) supramolecular net-
work using the lock and key principle.

1.1.2 Supramolecular Self-assembly on Surfaces Mediated

by Metal Coordination

Most of the hydrogen mediated networks exhibit no room temperature stability.

Nevertheless, supramolecular chemistry does not exclusively rely on hydrogen bridge

formation. The strongest non-covalent coordination motive is the metal ligand for-

mation. Strategies of metal coordination are well known in solution chemistry. In

9
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principle we distinguish between a metal center and a tecton coordinating to the

metal center. The metal complexes feature similar binding affinity in all direc-

tions exhibiting a spherical recognition scheme before coordinating to any tecton.

Depending on the character of the tecton capsules or polymeric structures can be

predetermined (see figure 1.3 a,b). The binding of a guest species into a cavity

will yield an inclusion complex a so called cryptate [48, 49]. The central complex

increases the stability of the surrounding host and produces various new structures

and routes for selective structure formation. In 1987 the Nobel Prize was given to

Donald J. Cam, Jean-Marie Lehn and Charles J. Pederson for their work opening

the field of supramolecular chemistry.

With the specific design of protected metal complexes like the Ru(II) complex

[Ru([9]ane-S3)Cl2(DMSO)]2+ in combination with ligand species like 4, 4′−bipyridile

cuboidale molecules have been self-assembled in 1998 by J. Thomas and co-workers

with a variable 3D cavity size protecting an enclosed molecule. Figure 1.3 c depicts

a model of the structure formation [50].

To design molecular layers at surfaces the incorporation of metal complexes was

an important step as well. Now structures can be stabilized by the co-deposition

of transition metals and novel functionalities can be approached. Carbonitrile and

pyridine groups were found to form stable structures. i.e. a porphyrin molecule

with two substituted phen-1,4-diyl-ethynyl-pyridyl groups can form 1D molecular

networks after Co co-deposition. Besides 1D structures, metal coordination strate-

gies are well suited for network formation in 2D due to the multiple divergent binding

possibilities. Stepanow and co-workers implemented dicarboxylic oligophenyls with

varying backbone length and co-deposited Fe atoms on the Cu(100) surface [51]. The

self-assembled patterns exhibit long range order with rectangular cavities. The size

of the cavities is tunable by varying the molecular backbone length. Another exam-

ple for the variation of the cavity size was published by U. Schlickum and co-workers.

The underlying structure is an oligophenyl with substituted carbonitrile groups on

the outer phenylring in para position. On Ag(111) extended honeycomb lattices

have been found after Co co-evaporation featuring a cavity size up to 29 nm2 [52].

Metal coordinated chain formations are highly stable but can be manipulated with

the tip of a scanning tunneling microscope (i.e. see section 3.5.1).

10
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Figure 1.3: Conceptual models for metal coordination. (a) Capsul formation from a
divergent metal center combined with a convergent ligand. (b) Polymer formation based
on a divergent metal center and a divergent ligand. (c) Formation of a cuboidale molecule
based on spacer and corner building blocks.

A promising route for novel self-assembly strategies on surfaces could be based

on the allosteric effect. Herein an effector induces changes of the conformation of a

tecton and changes its reactivity. Such a tecton could be for example a metal-adatom

or metal-complex positioned in a defined position on the surface. Another pathway

could be the utilization of metal centers in phthalocyanine or porphyrin molecules.

Evaporated molecules can coordinate with this metal complex and open a new bond

site induced by the coordination. In biology allosteric functions regulate the activity

of enzymes [53–57]. These pathways exhibiting positive cooperativity could also be

utilized for a stepwise growth into the third dimension. First promising steps of

self-assembled structures into the third dimension have been reported previously by

Liu et. al. [58] and Ecija [59].

1.2 Chirality

While selecting appropriate molecular building blocks for supramolecular self-as-

sembly another important factor has to be taken into account, the chirality of the

employed species. The most basic example for chirality is right in front of us, our

left and right hand. They are mirror-symmetric counterparts but not superimpos-

11
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able. An object is called chiral when it is not superimposable with its mirror image

by rotation. The assembly of achiral building blocks on surfaces can result in the

formation of chiral molecules or chiral structures. Recently a Kagomé lattice build

from achiral molecules have been described by Schlickum et. al. [46]. Here two

mirror symmetric assemblies could be resolved.

For numerous reactions the formation of one of two enantimers would be preferred

(chiral discrimination). Therefore a chiral surface has to be implemented in the re-

action process. This process could have a large influence on the assembly of optical

active chiral patterns [60]. Some chiral molecules are optically active and rotate the

plane of linearly polarized light while the light is passing through the molecule.

Molecules which have no chirality in the gas phase can form different isomers upon

surface confinement. These molecules are referred as prochiral molecules. For

many different systems it was discovered that chiral or prochiral molecules seg-

regate into homochiral structures on the surface [46, 47, 61–64]. The extended ho-

mochiral molecular networks rely on hydrogen-bridge formation, Van der Waals and

dipole-dipole interaction exhibiting a high regularity [65, 66]. Scanning tunneling

microscopy has been employed with big success to study chirality of single adsorbed

molecules [67–70] and to provide evidence about enantiopure networks [61,71]. The

identification of the chirality especially for pharmaceutical application is of funda-

mental relevance [66,72].

1.3 Linear Oligophenyl Molecules

The group of poly-para-phenyl molecules attracted high attention in recent years

due to their interesting physical properties. Solids and thin films made from this

class of molecules show a wide bandgap of 3−3.5 eV [73]. Due to the wide band

gap the molecule is a perfect candidate for light emitting devices [74]. Especially

the hexaphenyl was found to feature promising characteristics [73, 75, 76] such as

blue photoluminescence with a high hole mobility. Gundlach and co-workers em-

ployed p-hexaphenyl as active layer in organic thin film transistors. Even polarized

electroluminescence could be produced by the growth of oriented thin films of p-

hexaphenyl [77]. The blue light could be converted to red and green in combination

with appropriate dye layers acting as a filter, providing a RGB light source [78].

The performance of the self-assembled layer strongly depends on the degree of order

in the system [79]. The emission of polarized light requires the molecules to be

oriented in parallel in the active layer. To steer the orientation of the layer is one of

the crucial tasks for the self-assembly process. The azimuthal orientation e.g. could

12



1.3. LINEAR OLIGOPHENYL MOLECULES 13

be predetermined by rubbing the precursor layer linearly over the sample [73] or by

epitaxial growth on anisotropic substrates [80–82].

To employ self-assembly strategies and to enhance the interaction of the molecules,

functional carbonitrile (CN) groups have been substituted in para position. The

CN groups are well known to mediate interactions to hydrogen atoms of adjecant

molecules and to form metal organic complexes [83]. In several applications such

as conductive organic crystals [84] and thin films [85] or in metal-organic mag-

nets [86,87] CN groups play major roles. They are also exploited in 2D supramolec-

ular structures i.e. in substituted porphyrin molecules on Au(111) [20].

In recent years linear oligophenyls with substituted CN groups have been self-

assembled by hydrogen mediated [46, 47, 88] or metal organic [52, 89, 90] structure

formation and studied by means of scanning tunneling microscopy, photoelectron

spectroscopy (XPS) and near edge X-ray absorption fine structure (NEXAFS) spec-

troscopy. The backbone has been varied from three phenyl rings up to six. Different

molecular patterns could be found depending on the molecular coverage, the back-

bone length and temperature. In a submonolayer all of them are commensurate with

the surface. Starting with three phenyl rings (pNC-pPh3-pCN) in the molecular

backbone on the Ag(111) surface the molecules exhibit a chevron like pattern ex-

tended homogeneously over wide areas (see figure 1.4 a). One molecule in the image

is displayed as a bright rod and we found just two orientations forming the chevron-

like pattern. With increasing chain length things become more complicated. The

pNC-pPh4-pCN molecule for example self-assembles in a rhombic structure, again

extended without any mismatch over large areas (see figure 1.4 a). Remarkably

the nodal formation of the CN groups evokes a chiral pattern formed by an achiral

molecule. By increasing the chain length to five phenyl rings the resolved structure

becomes more complex forming a Kagomé like pattern with different chirality (see

figure 1.4 a) [91]. None of these hydrogen-bond mediated patterns is stable at room

temperature (RT). At RT only dense packed island can be found with molecules

positioned parallel with their molecular backbone to each other.
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Figure 1.4: Supramolecular structures of dicarbonitrile oligophenyls with different back-
bone length on Ag(111) studied by STM. (a) Molecular pattern formation with three, four
and five phenyl rings in the molecular backbone. (b) Metal-organic pattern formation with
varying cavity size. Images adopted from refs. [46, 89].

In contrast to the high variability of supramolecular networks stabilized by in-

teraction with hydrogen, metal-ligand mediated networks feature solely one bond

motive: a three fold coordination via a central Co atom (see figure 1.4 b). The

CN groups point star like towards the central metal atom. Detailed analysis of the

adsorption position of the molecules and the Co atom showed that the structures

are commensurate with the substrate and their backbones are oriented along the

high symmetry direction of the substrate [47, 52]. The pattern extends in the µm

range with a high regularity in a honeycomb structure featuring a variable cavity

size based on the molecular backbone length. In the case of a terphenyl the Co

coverage had been strongly varied. Local Co deficiency results in a regular six-fold

coordination star like structure. Space limitations herein lead to a fully reticulated

disordered network [90].

1.4 Surface Mobility

Dynamical phenomena [3,92] like rotation [93,94], diffusion [95] and conformational

change [96] are important issues especially in self-assembly processes on surfaces.
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Detailed knowledge about the dynamics of the system, growth and nucleation pro-

cesses as well as adsorption sites of complex molecules is essential to predetermine

the supramolecular structure and to functionalize surfaces. In surface pattern forma-

tions especially rotational and conformational degrees of freedom are important. Ge-

ometric constrains can influence the resulting pattern or lead to metastable phases.

The migration of molecules and atoms on surfaces can be explained by the very sim-

ple picture provided by Volmer and Langmuir [97, 98]. He suggests that, molecules

at low enough temperature on solid surfaces are bond to the surface atoms and oscil-

late about their equilibrium position. By increasing the temperature the molecules

increase their amplitude of oscillation. Therewith it will occur more and more of-

ten that an adsorbed molecule jumps to an adjacent adsorption site. Adjacent

adsorption sites are separated by an energy barrier Em, the migration barrier. It is

assumed that subsequent jumps are uncorrelated. To perform diffusion or rotation

on the surface the molecule has to overcome a barrier. With increasing temperature

the energy provided to activate the reaction is increasing as well and the correspond-

ing rates rise exponentially. This description of surface migration is still valid today.

Nevertheless in recent years experimental and theoretical characterization provides

a more detailed understanding of the processes [95, 99–109]. Most surface diffusion

processes can be described in good approximation by the reaction rate theories usu-

ally implemented for chemical reactions. Transition state theory predicts [110] that

these rates follow an Arrhenius law [111]

Γ = v0exp

(
−Ea
kbT

)
(1.2)

Where Ea is the activation Energy, T the temperature, kB the Boltzman con-

stant and v0 an temperature dependent pre-factor defined by v0 = (kBT )
h

e(∆S/kb).

With the STM it became possible to visualize atoms and single molecules. By using

a variable temperature STM, adsorbates can be tracked continuously at different

temperatures. By the evaluation of many events and by analyzing their dynamics,

one can determine the activation energy and the pre-factor of a given system.

In recent years a detailed insight into dynamics of adsorbates at variable temper-

ature was accumulated ranging from single atoms and metal clusters to complex

molecules on various surfaces. The diffusion of single molecules is a well explored

dynamical surface process. Earlier studies focused on acetylene on Pd(111) [112]

and Cu(001) [94], PVBA on Pd(110) [113], C60 on Pd(110) [114] and decacyclene

on Cu(110) [115]. Advanced studies revealed the existence and importance of long

distance jumps of decacyclene and hexatert-butyl decacyclene. Herein it was also

demonstrated that the diffusion constant can be significantly increased by lifting
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the molecules from the surface by substituents [116]. Molecular movement and

its observation became also interesting while constructing ”nanocars” and ”turning

wheels” [117–120].

1.5 Thesis Overview

The main topic of this thesis is the investigation and characterization of one and two

dimensional organic and metal-organic networks utilizing pathways of supramolec-

ular engineering. More specifically, we studied the adsorption of dicarbonitrile ter-

phenyl (mNC-pPh3-mCN and mNC-pPh3-pCN) molecules on noble metal surfaces

such as Ag(111) and Cu(111). Oligophenyls are an interesting class of molecules due

to their physical properties. Functional carbonitrile (CN) groups substituted in dif-

ferent positions can influence the adsorption properties and self-assembly behavior

of the molecule. Self-assembly processes on surfaces are not fully understood and we

are far away to predetermine the resulting structures. Nevertheless CN especially

in presence of transition metal atoms provides a toolbox for interesting and telling

experiments.

Experiments presented in this thesis have been studied primarily by means of scan-

ning tunneling microscopy (STM) in ultra high vacuum (UHV) conditions at variable

temperature. Metal surfaces have been selected since STM experiments require a

conducting substrate. The close-packed surface of Ag(111)and Cu(111) have a low

atomic corrugation and a threefold symmetry, ideal to study the interaction of the

adsorbates. Their different chemical reactivity provides a further parameter to influ-

ence the self-assembly particularly with regard to the influence of the mobile surface

atoms on the resolved molecular pattern. Further insight into the chemical state

and the adsorption geometry on the surface could be revealed by complementary X-

ray absorption surface science techniques such as X-ray photoelectron spectroscopy

(XPS) and near edge X-ray absorption fine structure (NEXAFS) spectroscopy.

Chapter 1, the introduction provides an insight to the topic and the motivation of

the thesis. Fundamental principles of supramolecular engineering will also be ex-

plained and the group of oligophenyl molecules are introduced.

In chapter 2 all relevant experimental methods used in this project are described

in combination with a brief theoretical description of their operation principle. In

particular STM, XPS and NEXAFS spectroscopy are addressed.

Chapter 3 comprises details of the experiments and the experimental results con-

ducted during the thesis. It is divided into five sections, whereby the first three

sections are subject to the molecule mNC-pPh3-mCN, presenting its adsorption on
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the Ag(111) and Cu(111) surface at room and low temperature. Self-assembled 1D-

ribbons and networks will be presented with the molecule adsorbed coplanar with

its extended π-system in the molecular backbone to the sample surface. We will

show that the molecular orientation can be influenced by the molecular coverage.

Furthermore robust metal-organic 2D random networks with distinct nodal motifs

will be presented providing design criteria for disordered 2D solids. In section four

of chapter 3 we introduce the molecule mNC-pPh3-pCN adsorbed on Ag(111) which

is the link between the linear functionalized oligophenyls presented by U. Schlickum

et. al in recent studies and the fully asymmetric functionalized oligophenyls pre-

sented in the beginning of this chapter. The change of one substituent position alters

the arising supramolecular networks. We will further describe a hybrid molecular

network of hydrogen-bond and metal-coordinated motifs as well as a fully reticu-

lated metal-organic network. Additional experiments on functional prophyrins with

pyridine endgroups will be presented in section five providing an insight into the

dynamical behavior of the species on the Cu(111) surface.
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Chapter 2

Experimental Methods

2.1 The Scanning Tunneling Microscope

A brief introduction into the theoretical background of the scanning tunneling mi-

croscopy (STM) is given to enable the reader to understand the principles of the

STM image formation and its limitations.

The Scanning Tunneling Microscope from G. Binnig and H. Rohrer invented in

1981 [5] presents one of the most powerful tools in surface science and marked the

beginning of scanning probe microscopy. Early tunneling experiments with solids

related to the topic date back in the 1960s, where I. Giaever used a tunneling bar-

rier to measure the energy gap in superconductors [121].Bardeen [122] outlined the

theoretical concept to describe the tunneling process between two electrodes, from

a many body point of view.

Figure 2.1 depicts the principle STM configuration. The central part is a piezo-

tube scanning an atomically sharp tip, which in most cases is made of tungsten,

platinum-iridium alloy or gold, over a conducting sample surface. While applying

a bias voltage between tip and substrate, the atomically sharp tip is approached to

the surface, until a tunneling current can be measured (approx. 1 nA at typically 5

to 20 Ådistance). The tunneling current exhibits an exponential dependence to the

distance of the surface, which permits the resolution of atomic features.

There are two main ways to operate an STM. (1) In the constant-height mode the

tip scans the sample surface with constant height and the electronic records the

changes in the tunneling current. This mode offers the possibility to achieve fast

scans, but bears the risk of tip crashes with the surface, especially on rough surfaces.

(2) In the constant-current mode, the tunneling current It is compared to a given

current by a feedback circuit. The feedback loop provides a correction voltage to

the piezo-tube scanner to adjust the height of the tip with respect to the surface to
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keep the current constant. The signal of the feedback-loop and the x-y position of

the tip are recorded while scanning the surface.

Figure 2.1: STM configuration based on a piezo-tube guiding an atomically sharp tung-
sten tip over the conducting sample surface. At a given distance it is possible to measure
a tunneling current between tip and sample which represents a convolution of surface
topography and local density of states. Graphic adapted from ref. [123].

The tunneling process from electrons through a potential barrier is a purely

quantum mechanical effect. In classical physics an electron is not allowed to cross a

potential barrier higher than its energy. However, in quantum mechanics, particles

are described by wave functions, which can penetrate a potential barrier, where

their spatial probability density |ψ(x, t)|2 decays exponentially. If the potential

barrier is sufficiently small there will be a finite probability for the electron to be

found beyond the gap, as depicted in figure 2.2 instead of being reflected at the

potential barrier. By applying a bias voltage V, the Fermi levels of the two electrodes

are shifted in respect to each other and electrons from the occupied states of one

electrode can tunnel into the unoccupied states of the second electrode. Hence, a

tunneling current It can be detected. The probability of finding an electron beyond

the potential barrier with a thickness d is subject to an exponential decay expressed

in a simplified equation for the tunneling current It (under assumption E < V )

It ∝ exp−2κd (2.1)

with

κ =

√
2m(V − E)

~2
(2.2)

19



20 CHAPTER 2. EXPERIMENTAL METHODS

where m is the mass of an electron, ~ is the reduced Plank constant (~ = h
2π

),

E is the energy of the electrons and V is the height of the potential in the barrier.

Figure 2.2: Sketch of the wave function describing tunneling through a 1D rectangular
potential barrier of the width d, for the situation E < V2 where V is the potential barrier
height.

To yield sufficient tunneling events small distances between tip and surface are

required. The exponential dependency of the tunneling current to the distance leads

to an enormous sensitivity. By changing the tip-sample distance about one Å the

current changes one order of magnitude. One of the challenges in STM was to

achieve the necessary stability, to control the tip position on top of the sample with

a residual Å resolution. This was achieved by employing piezo elements to control

the movement of the tip and eliminating mechanical vibrations of STM components.

By scanning the tip over the substrate in constant-current or constant-hight mode

and recording the tunneling current, the topography of a surface can be imaged.

2.1.1 STM theory

Until present there is no exact theoretical treatment of the tunneling process in

STM, and it is virtually impossible to achieve. The main reason is that the geome-

try of the tip apex is not known and is therefore hard to model. The exact shape of

the tip changes not only from preparation to preparation, but typically during the

scan as well.

Historically, there were several approaches to model the tunneling current between

two electrodes measured in the 1960’s. There are theoretical approximations to de-

scribe the origin of the tunneling current (It), which showed that It is proportional

to the density of states and an exponentially dependent tunneling parameter. The

exponential behavior given in equation (2.1) only uses one dimensional tunneling
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and describes the potential barrier as a rectangular barrier. Due to the very small

overlap of the wave functions Bardeen proposed a new perturbation theory approx-

imation [122]. He explained the tunneling between two electrodes based on the

approximation that the wave functions of the two electrodes do not interfere. He

calculated the corresponding matrix element to

MtS =
~2

2m

∫
S

(
ψ∗S ~∇ψt − ψt~∇ψ∗S

)
d~S (2.3)

where MtS is determined by the overlap of the surface wave functions of the two

subsystems at a separation surface S and ψt and ψS are the wave functions of tip

and sample, respectively. At the STM, we have a similar situation, with a potential

barrier and two electrodes, where one is the substrate and the other the atomically

sharp tip. Utilizing the Bardeen matrix element, Tersoff and Hamann developed

their STM theory [124,125]. Up to the present this elementary theory is one of the

most used descriptions due to its simplicity and straightforward interpretation of

STM images it provides, which for most cases works as an adequate approximation.

The current can be calculated from the matrix element (2.3). Given that all ex-

periments are deducted at room temperature or slightly above, the Fermi-function

can be replaced by a step function. This leads to the equation similar to first order

perturbation theory:

It =
2πe2

~
Vj
∑
t,S

|Mt,S|2δ(Et − EF )δ(ES − EF ) (2.4)

where Vj is the junction voltage applied to the sample and EF the Fermi energy

of the tip and sample, which in this approximation is assumed to be the same. The

δ-functions show, that only elastic tunneling is taken into account. To describe the

surface wave function Tersoff and Hamann extended Bardeen’s model by using a

two dimensional Bloch expansion

ψS
(
~r||, z

)
= Ω

− 1
2

S exp
(
i~k|| · ~r||

)∑
~G

a ~G(z) exp
(
i ~G · ~r||

)
(2.5)

where ~r|| is an in-plane oriented vector, ~k|| the Bloch-wave vector, ΩS the nor-

malized volume of the sample, ~G the reciprocal surface lattice vector and a ~G(z) the

expression for the decaying wave reaching the potential barrier. The decaying wave

can be described by solving the Schrödinger equation perpendicular to the surface,

where ψS has to be a solution. Given that the z dependence of the surface wave

function can be written as
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ψS
(
~r||, z

)
= Ω

− 1
2

S

∑
~G

a ~G(z) exp

(
−
√
κ2 + |~k ~G|2z

)
exp

(
i~k ~G · ~r||

)
(2.6)

where κ is the same as in equation 2.2. and ~k ~G = ~k|| + ~G .

To build the tip wave function, one has to generate an adequate model, because the

actual atomic structure of the tip is not defined. Tersoff and Hamann solved this

problem via modeling the tip as locally spherical potential with the center at ~r0 and

the radius R (see figure 2.4). The emerging tip wave function is assumed to be a

s-wave

ψt (~r) = Ω
− 1

2
t CtκR exp(κR)

exp (−κ|~r − ~r0)

κ|~r − ~r0|
(2.7)

where Ωt is the normalized volume of the tip apex and Ct a constant defined

by ψt = Ω−
1
2Ct. Due to the model of the tip and the subsequently following wave

function, it is now possible to solve the matrix element, which leads to the expression

It = Vj

[
Ω−1
t

∑
t

δ(Et − EF )

][∑
S

|ψS (~r0) |2δ(ES − EF )

]
(2.8)

×8π3e2

m2
exp(−2κR)(CtR)2.

Here the first term in brackets accounts for the tip local density of states ρt

(LDOS) 1 at the Fermi level, and the second expresses the LDOS of the sample

surface ρS at the Fermi level relative to the center of the tip. According to this

approximation a constant tip DOS leads to the conclusion that the overall conduc-

tance is dependent on the surface LDOS. If one assumes both densities of state as

constant the expression simplifies to the same exponential term as in equation (2.1)

It ∝ VjρtρS exp−2κR (2.9)

.

This leads to the following model presented in figure 2.3. If a negative voltage is

applied to the tip the electrons tunnel from the occupied tip states to the unoccupied

sample states. The resultant current is the tunneling current It presented in equation

(2.9) which decays exponentially with increasing tip sample distance d and is a

function of the LDOS of the tip-surface system. Accordingly, surface LDOS changes

1The Density of states (DOS) is the sum over all states I with energy E
The local density of states (LDOS) is furthermore weighted by the square of the wave functions ψi

,yielding also a space dependence.
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in the energy window below the bias voltage will be followed by the tip (in case of

constant current).

Figure 2.3: Energy diagram for the tunneling junction between tip and sample conven-
tionalized as electrodes. The vertical axis depicts the energy and the horizontal axis the
distance. (a) Shows the density of states of the tip and the sample, where a negative
bias is applied to the tip. Accordingly the electrons in the junction with the width d
tunnel from the occupied tip states into the unoccupied sample states. (b) The electrons
tunnel from the occupied sample states into the unoccupied tip states. ΦS and Φt are the
work functions of the electrodes. The arrows indicate the voltage dependent tunneling
probability.

Figure 2.4: Model of the Tersoff Haman approximation, where R is the radius of the
spherical potential representing the tip and ~r0 the position of the tip center.

The constant LDOS of the tip is a rough approximation especially since the size

of the apex of the tip is subject to quantum mechanical effects due to a partially re-

duced dimensionality. One of the main issues with an s-wave approximation is that
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a modulation of the LDOS at the atomic scale can not be explained, contradict-

ing atomic resolution on close-packed metals found in experiment [126, 127]. Some

advanced theories [128, 129] explain atomic resolution by introducing different tip

models. Chen [128] modeled the tip with the dz2 state, showing thereby the ability

to resolve the LDOS on an atomic scale. The theory outlined above can not describe

the oxides and adsorbates, due to the band gap of oxide layers or adsorbates the

current equation loses its validity.

2.1.2 Imaging of Adsorbates

Constant current images contain a convolution of topography and the LDOS which

can complicate their interpretation. Different adsorbates can produce different

height signals, i.e. O on Pt(111) [130] or N on Fe(100) [131]. For example an ad-

sorbed CO molecule can appear as protrusion or depression on the surface depending

on the functionalisation of the tip [132]. It was also found that the adsorption po-

sition of a CO molecule on Pt(111) influences its appearance [133]. Before the first

images of molecules on metal surface had been published it was not clear if it would

be possible at all to probe and resolve molecules by STM. The tunneling current is

an integral over the interval [EF , EF + eV ], where EF is the Fermi-energy and eV

applied bias voltage. Most organic molecules exhibit a wide gap between the highest

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital

(LUMO). Adsorbed on the surface they can still be several eV away from the Fermi-

level. However adsorbed molecules influence the LDOS because they interact with

the continuum states of the conduction band even, if their states are far away from

the given energy window [134, 135]. For weakly coupled molecules it can happen

that the molecular states are barely broadened, hence if the molecules are far away

from the tunneling interval the tunneling current is not affected by the molecules.

For chemisorbed species Newns and Anderson describe in a model the emergence

of a broad band with a contribution at the Fermi-level LDOS [136,137]. The emer-

gence of the molecular contrast was the first time explained by Lang, who proved the

Tersoff-Harmann model valid for atomic adsorbates [138, 139]. The height contrast

of adsorbates in STM can be explained when a small contribution of a broadened

molecular orbital is in the energetic window given by the tunneling bias. The vari-

ation of the tunneling voltage can alter the appearance of the molecule in the STM

image due to the changes of the integration area and accessibility of the molecu-

lar orbitals. For example in figure 2.5 a metal-organic self-assembled structure is

displayed where the rod-like protrusions are molecules arranged star-like around a

center metal atom. The left image is recorded at a bias voltage of 0.3 V and the right
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image at 0.9 V. By increasing the voltage in the center of the circular structure a

dot like protrusion becomes visible, which is a Co adatom. The change is reversible

and not due to changes in the tip structure. Variations in the imaging of molecular

states were also found elsewhere [140–143]. Adsorbates are imaged as protrusions

or depressions depending on how they modify the LDOS. A general rule is that

with increasing electronegativity or decreasing polarizibility of the adsorbate they

tend to be imaged as depression [144,145]. Strong influences on the appearance and

imaging quality is governed by the tip itself. It is easily conceivable that a sharp

apex generates a higher spatial resolution than a broad tip due to the exponential

decay of the tunneling current. Besides the apex shape the tip stability is a serious

issue. Not only parts of the tip can break off altering the apex and thus the appear-

ance, but also atoms and molecules can adsorb on the tip and lead to instabilities

in the tunneling current. Molecules transfered to the tip result often in unrepro-

ducible imaging conditions, but it has been reported that one can also increase the

resolution with a modified tip apex. Tautz et. al. revealed a deeper insight into

different phenylring based molecules by achieving intra-molecular resolution [146].

Additional molecular hydrogen was dosed to the coplanar adsorbed molecules and

the resulting images suggested even chemical resolution.

Figure 2.5: STM image of metal-organic pattern at different bias influencing the appear-
ance of the appearing structure. The scale bar accounts for 1 nm.

2.1.3 Setup of the Aarhus STM

To understand not only the final structure of the assembly, but also the dynamics of

adsorbates a stable, fast scanning STM that is working over a range of temperatures

is required. The Aarhus 150 STM, designed by the scanning probe microscopy group

at the University of Aarhus and commercialized by Specs� was devised for these
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applications. Its main advantage is its stability, which arises from the compact

design and the small dimensions of the piezo-tube scanner. The STM’s overall

stability is crucial to keep the basic distance between the STM tip and the single

crystal surface constant on the picometer scale. With this instrument it is possible

to scan images of 200x200 Å2 with a resolution of 512x512 pixels in less than a

minute. The measurements can be achieved in a temperature range from 100 to 400

K, offering the possibility to influence the mobility of the molecules on the surface.

To observe single molecules and molecular lattices, well-defined conditions are a

prerequisite for the experiments. It is necessary to work in an ultra-high vacuum

(UHV) chamber. The present chamber was custom designed by Dr. Alexander

Weber-Bargioni in our group to accomplish the experiments in our field of interest.

It includes a preparation chamber with the possibility to evaporate molecules with

an organic molecular beam evaporator (OMBE) onto the sample surface and adding

metal atoms using a metal beam evaporator (MBE). The vibration insulation of the

chamber is achieved by using a passive air damping system by Newport�. Within

the work in Prof. Barth’s group the assembly of the whole instrumentation was

completed, tested and calibrated.

Figure 2.6: Cross-section overview of the Aarhus STM: Legend: (1) sample in sample
holder; (2) sample holder; (3) leaf springs; (4) top plate (5) aluminum housing; (6) single
crystal tungsten wire; (7) scanner piezo tube; (8) SiC rod; (9) inchworm piezo motor;
(10) quartz balls; (11) cold finger; (12) Zener diode and (13) suspending springs [147].

Figure 2.6 shows a cross-section of the side view of the STM: The sample, a

metal single crystal (1) is mounted on a custom made molybdenum sample-holder

(2), which fits on the top plate and is clamped by two leaf springs (3) mounted on
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the top plate (4). This part yield the steady position between the tip (6) and the

sample. The tip made out of a tungsten wire has been sharpened by electrochemical

etching. The interior STM design consists of the scanner piezo tube (7), partitioned

into four quadrants oriented along the tube axis, which afford the x-, y- and z

movement by applying an antisymmetric voltage. This scanner is attached to the

top of a SiC rod (8) which fits precisely into the so-called inchworm motor (9).

Quartz or zirconium-oxide spheres provide thermal and electrical insulation of the

inner scanner-unit to the housing (5). For experiments below room temperature, the

scanner part had to be decoupled from the housing (5) to ensure the proper working

of the inchworm motor under varying temperature conditions. A Zener diode (12)

keeps the scanning part at room temperature during low temperature experiments.

To reach low temperatures the cold finger (11) is cooled with liquid nitrogen using

a flow cryostat, cooling the aluminum housing (5) and therewith the sample.

The UHV chamber was designed to satisfy our experimental needs. It is divided

into two parts, one for the preparation and one for the measurements, separated by

a gate valve. This separation is useful to generate well defined conditions during the

measurements in the STM-chamber as well as to keep the STM tip clean during the

preparation of the sample in the neighboring chamber. The system operates at a

base pressure of 2× 10−10 mbar during the measurements. This enables atomically

clean conditions required to resolve the interaction of specific atoms and molecules

without contaminations.

Figure 2.7 depicts the chamber in blue and the main attached instruments in bronze.

On the STM-chamber an ion-gun (12) is mounted in line above the STM (4) to

clean the STM tip, especially after extensive scanning on samples decorated with

molecules. Furthermore a load-lock is attached to transfer samples into the chamber

without breaking the vacuum. In situ reactions with different gases are possible due

to the leak-valve (10). The depot (9) in the preparation chamber (2), stores up

to five sample holders and contains an electron beam heater to anneal the samples.

The sample preparation procedure is explained in detail in the next section 2.1.4. To

clean the sample a sputter ion-gun (12) is aligned with the center of the preparation

chamber as well as an OMBE (5) and MBE (6). The OMBE and the MBE provide

molecules and metal adatoms, respectively, in a high purity and controlled manner

in oder to investigate submonolayer adsorbate coverages. Both evaporators can be

withdrawn and separated by a gate valve from chamber to exchange the molecules or

metals without breaking the vacuum. Furthermore an Auger electron spectrometer

is mounted (11). To move the sample out of the depot into the preparation position

and further into the STM three manipulators (14, 15, 16) are installed.
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Figure 2.7: Schematic drawing of the STM-assembly consisting of the chamber with
attached parts, the frame (grey) and the external damping system (black). Legend: (1)
STM-chamber; (2) preparation-chamber; (3) middle gate valve; (4) Aarhus-STM; (5)
organic molecule beam evaporator (OMBE); (6) metal beam evaporator (MBE); (7) Ion-
getter pump; (8) turbo-molecular pump; (9) depot and electron beam heater; (10) leak-
valve; (11) Auger electron spectrometer; (12) ion sputter gun; (13) load-lock; (14) short
transfer arm STM-chamber; (15) short transfer arm preparation chamber; (16) long
transfer arm.

An important factor to work in well defined conditions is the vacuum system,

keeping the sample contamination as low as possible. Therefore different pump

stages are engaged to establish a base pressure of 2×10−10 mbar. Figure 2.8 presents

the model of the vacuum system for Aarhus STM. The green highlighted areas have

a base pressure of 2 × 10−10 mbar pumped by a 300 l/s turbo-molecular pump in

combination with an ion-getter pump, whereas the area inked in blue, the high

vacuum area, works at a base pressure of 1× 10−8 mbar provided by a 70 l/s turbo-

molecular pump. The OMBE, the MBE and the load-lock can be connected to the

UHV and HV part of the vacuum system in order to change the molecules, the metal

source or the sample itself. For pumping the chamber after ventilation and as an

exhaust a membrane pump is employed (highlighted in light grey). The preparation

chamber as well as the measuring chamber and the evaporators are baked at about

100°C for 48 hours in order to desorb water after ventilation.
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Figure 2.8: Schematic drawing of the vacuum system. Legend: (1) STM-chamber; (2)
preparation-chamber; (3) middle gate-valve; (4) ion-getter pump; (5) turbo-molecular
pump; (6) turbo-molecular pump - rough part; (7) double membrane pump; (8) load lock;
(9) organic molecule beam evaporator (OMBE); (10) metal beam evaporator (MBE). The
colors depict the different vacuum stages, where grey highlights a pressure of ∼ 1 mbar
and blue ∼ 10−8 mbar, together they are the rough vacuum part. The green colored are
has a base pressure of ∼ 10−10 mbar.

2.1.4 Preparation Procedures

The constitution of a smooth and clean sample surface is the basis for all our ex-

periments where molecules are deposited on atomically flat surfaces. Therefore the

single metal crystals are transferred into the UHV-chamber where the surface needs

to be cleaned and smoothened to receive atomically flat terraces. Flat and clean

surfaces are important for several reasons: First, to characterize the quality of a tip

using e.g. the apparent sharpness of an imaged atomic step edge; second, to facili-

tate the scanning over the surface and preventing the tip to crash. This would lead

to a change of the tip apex and therewith alter the imaging conditions; third and

most importantly, to provide well defined environments for the molecules and atoms

evaporated on the surface. For our experiments we employed Cu(111) and Ag(111)

single crystals. Both samples provide a similar geometric structure, yet exhibiting a

different chemical reactivity. Measurements on the bare crystals image their hexag-

onal surface structure and allow to see the atomic structure for calibrating the STM.

In particular, the piezo constants were calibrated measuring the monoatomic step

height and the lattice constants of the Cu(111) and Ag(111).

The preparation of these crystals is divided in two parts: First the sputtering, i.e.

surface ablation by an argon ion (Ar+) beam. In the second step the induced sur-
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face roughness is reduced to atomically flat terraces by annealing. Both procedures

are conducted with the sample inserted into the heating position of the parking lot.

During the sputtering cycle several monolayers of the substrate are removed, leaving

ideally only pure material on the sample surface. This is especially important to

be carried out thoroughly when inserting a new sample into the UHV-chamber, to

remove oxide layers and impurities.

Therefore argon gas is inserted into the chamber to a pressure of 2×10−5 mbar. The

argon atoms are ionized in the ion sputter-gun and accelerated towards the sample

with a potential of 0.8 kV. The intensity of the sputtering Ar+ beam is measured via

the Ar+ current on the sample by placing a multimeter between the e-beam sample

bias supply and the grounding of the whole chamber. The sputtering current used

here was typically ∼ 14 µA.

By heating the sample to the homologous temperature the sample surface is smoo-

thened. The sample is heated to the desired temperature by an electron beam

combined with a thermocouple mounted at the sample clamp. Depending on the

sputtering time and therewith roughness of the surface, the annealing time has to

be varied. A typical cleaning procedure of Cu(111) after the deposition of molecules

is the following:

� Sputtering with 2 × 10−5 mbar argon pressure, an accelerating voltage of 0.8

kV and 20 mA sputtering current running at the ion gun for 30 min

� Annealing at 750 K for 20 min

� Sputtering with 2 × 10−5 mbar argon pressure and an accelerating voltage of

0.8 kV 15 min

� Annealing at 720 K for 10 min

� Sputtering with 2 × 10−5 mbar argon pressure and an accelerating voltage of

0.8 kV for 10 min

� Annealing at 670 K for 10 min

The annealing temperatures for the Ag(111) preparation were reduced to 700 to

650 K, respectively, due to the lower melting temperature compared to Cu(111).

The annealing temperature for the second and third cleaning cycle was decreased

to prevent the diffusion of impurities from the sample volume towards the surface.

The surface diffusion at these slightly decreased temperatures is still sufficient to

smoothen the surface. Subsequently molecules and metal adatoms have been evap-

orated after verifying a clean and smooth surface with the STM.
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To evaporate molecules a Knudsen-cell is used, where the molecules are heated in a

quartz crucible to provide a small vapor pressure in an isothermal enclosure. The de-

position rate is very stable, determined by the temperature of the enclosure which is

controlled using a thermocouple. The OMBE provided by Dodecon nanotechnology

GmbH is able to store four crucibles. Each crucible is temperature independent due

to separate heating filaments and the possibility of a flow-cooling. The evaporation

temperatures and exposure times used for the several molecules are indicated in the

related experiment.

The MBE was built in house and is equipped with a tungsten filament, which heats

a metal wire, wrapped around the tungsten filament. For various experiments dif-

ferent metals can be inserted easily by changing the filament. To assure a well

defined beam the filament is shielded. A small hole in the cover, facing the sam-

ple, provides a homogeneous beam of metal atoms. The evaporation flux has been

determined by different STM measurements. The employed metal and evaporation

time is determined in the related experiments.

In addition to a reproducible, high quality sample preparation, the tip shape and

stability is critical to achieve high quality images. However, the tip forming process

lacks control and reproducibility. In our case the tip consist of an electro-chemical

etched tungsten wire. The etching is performed with a 2-molar aqueous sodium

hydroxide (NaOH) solution, drawn in figure 2.9.

Figure 2.9: Schematic drawing of tungsten tip etching via NaOH-solvent and Al anode.

The anode is an aluminum bar and the cathode is the tungsten wire. On the

interface of solution and gaseous phase the etching process is strongest, reducing

the wire until it is separated, leaving a sharp tip [148]. Hydrofluoric acid is used

to remove the leftover oxide. Due to the high reactivity of tungsten the oxide
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layer forms again fairly quick, until the tip is transferred into the vacuum. In

order to remove this residual oxide layer and to achieve more reproducible tunneling

conditions, the tip has to be sputtered. Since the tip cannot be exchanged in situ in

the Aarhus STM setup an ion sputter-gun is mounted over the scanner tube in line

with the piezo element to sputter the tip on a regular basis, removing residues also

remained from scanning. To prevent the sputtering of the scanner tube a cover plate

with a 2 mm hole in its center is used which is placed instead of the sample. The

tip is moved with the inchworm motor through the hole of the cover further into the

ion-beam. The sputter current can be measured directly from the tip by measuring

the tunnel current against the ground. Typically we sputter with a current of ∼ 0.1

µA for ∼ 15 minutes. Depending on the thickness of the oxide-layer the sputter-

time might be increased. Another effective way, apart from dipping the tip into the

substrate, is the use of field emission between the tip and a conductive sample. Due

to the high voltages required during the field-emission and the delicate thin wiring

inside the STM, it is essential to set up this process very careful to prevent burning

the STM wiring.

The field emission procedure is accomplished as follows: A conductive sample is

placed in the measurement position and the tip is approached to the surface. Before

applying the high field, the tip has to be retracted to about ∼ 100 nm. As already

mentioned the wiring inside the STM is very fragile. A resistor (10 MΩ) is placed

in series to the tunneling junction to protect the wiring, even if the tip contacts the

sample, and a multimeter to monitor the applied current, as depicted in figure 2.10.

Figure 2.10: Circuit for the field emission

A negative potential is applied to the tip and a positive to the sample. The

current between tip and sample can be measured, after the electrical field on the

apex of the tip is high enough (∼109 V/m) to emit electrons. Common parameters

for the field emission are 500 V and 20 µA. As a result of the tip modification a

change in the applied current is observable. When the current becomes stable, the

tip apex can be assumed somewhat sharp and the field emission is complete. The
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tip sharpening during this process is based on the assumption that the smaller the

apex radius, the higher the electrical field and the easier it is to emit electrons. The

high field increases the local current at the tip apex ripping off eventual residuals

on the tip as well. Due to the material deposited from the tip onto the sample one

should abstain from scanning over the sample surface used for emission.

This procedure is by no means a reproducible apex formation method, however it

creates typically a sharp and stable tip with a reasonable resolution. It often can

be still useful to dip the tip into the metal substrate to achieve with the pulled

out material an atomically sharp tip and a cover with the sample material. Due to

adhesive forces the sample material is pulled out of the sample and creates a cone,

which can be mono-atomic in some cases. An analogy of this process is to pull of a

spoon out of a honey jar. To cover the tip from all sides similarly with the substrate

material, one can move the tip in a square across the surface. This incorporates

the advantage that, the work-function of tip and substrate are similar. Due to the

geometry difference of tip and substrate they will never be exactly the same.

2.1.5 Low Temperature STM

In order to immobilize the implemented adsorbates completely complementary ex-

periments on a low temperature STM were performed at 6 K. The LT-STM [149] is

also part of the Physics Department E20 at the TU-München. The LT-STM with

its associated bath cryostat is implemented to a UHV chamber working at a base

pressure of 1 × 10−10 mbar custom designed by A. Schiffrin and W. Auwärter to

fulfill our needs and equipped with various tools for surface preparation. The LT-

STM is a so called Besocke-type [150] designed at the ′′Freie Universität Berlin′′ by

G. Meyer [149,151] and commercially available by CreaTec [152].

Figure 2.11 gives a detailed overview on the LT-STM setup with the piezo unit in

the center. It consist of four cylindrical piezos, three outer and one center piezo

(see figure 2.11). The outer piezos ramp a copper plate with the center piezo in

the middle. Sapphire half-spheres mounted on top of the outer piezos provide ther-

mal and electrical insulation. The copper ramp is not flat but separated in three

equivalent planes of 2 degrees gradient each. The outer piezos are in contact with

one plane and rotate the copper ramp by moment of inertia drive resulting in a

movement of the central piezo towards or away from the sample surface. The tip

scanning the surface is made of a tungsten wire etched (see section 2.1.4) to provide

a preferably sharp apex and can be scanned in three modes over the surface. First

by lateral and vertical movement of the center piezo. Second by lateral and vertical

movement of the outer three piezos and third by lateral scanning of the center tube
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while the z-movement is assisted by the outer piezos. In the current experiments

the first method was implemented. In measuring position the STM unit hangs from

springs and vibrations are damped by an Eddy current magnet. The insulation

against mechanical vibrations is essential for high resolution images and scanning

tunneling spectroscopy (STS). The sample holder is placed beneath the outer piezos.

The central unit is surrounded by a shield providing insulation of thermal radiation.

To cool the system, the central unit and the inner shield are connected to a liquid

N2 shielded 4He bath cryostat. A Zener diode provides the possibility to tune the

sample temperature between 6 K and approx. 300 K. Experiments carried out with

this system were accomplished all at 6 K. At 6 K the actuators perform a voltage to

displacement ratio in the order of 10 Å per V, allowing for a pm accurate positioning

of the tip. To follow the height variations on the surface the constant height mode

was used resolving the topography of the sample surface as a 2D matrix.

Figure 2.11: Model of LT-STM scanning unit and the corresponding sample holder.
Reproduced from [151]

The UHV chamber is separated into a preparation chamber and a measuring

chamber. The first is equipped with state of the art surface science technique

tools for in-situ sample preparation and characterization, such as Ar+ sputtering

source, metal beam epitaxy (MBE) cell, organic molecule epitaxy (OMBE) source,

quadrupole mass spectrometer (QMS) and several leak valves for controlled gas ad-

mission. To assure surface homogeneity and to achieve extended islands on the

single crystal, the sample can be annealed up to 800 K by resistive heating. A

further detailed description of the setup can be found elsewhere [151,153].
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2.2 Synchrotron Studies

The following part will provide an overview on the complementary experimental

methods such as X-ray photoelectron spectroscopy (XPS) and near edge X-ray ab-

sorption fine structure (NEXAFS) spectroscopy. The according experiments have

been performed at the synchrotron light source BESSY-II in Berlin at the HE-

SGM beam line guided by Dr. Florian Klappenberger and in collaboration with

Dr. Thomas Strunskus, Dr. Alexej Nevedov and Prof. Christof Wöll. The sam-

ple preparation and molecule evaporation was performed in the same way as in the

STM UHV-chamber in order to maintain similar surface conditions. The samples

for the NEXAFS spectroscopic measurements have been prepared under the same

conditions as for the STM and XPS measurements.

2.2.1 X-ray Photoelectron Spectroscopy (XPS)

The STM is a powerful tool to provide an insight to the nanoscale and on topographic

information. Also chemical information of small organic molecules on a conducting

surface can be analyzed to some extent by studying the adsorbate vibrational mode

utilizing scanning tunneling spectroscopy (STS). Most experiments of this thesis

have been performed at room temperature where the mobility and the thermal

vibrations of small adsorbates prohibit STS measurements. To perform chemical

analysis of the adsorbed species over an integrated surface area XPS measurements

have been performed. In our experiments we focused on the carbon 1s edge to resolve

changes in the oxidation state of the phenyl rings. The nitrogen 1s edge from the

carbonitrile group was the second area of interest to determine the changes in the

oxidation state while interacting with the surface and metal adatoms. The XPS

experiments were conducted at the synchrotron facility due to the high intensity

and its monochromatic light providing a strong signal from the molecular pattern,

which, to some extend is in the submonolayer range. In contrast to a lab X-ray

source the photon energy is tunable with higher resolution.

The physical principle of the XPS technique is comparatively simple. The in-

coming photon knocks out a metal of an atom via the photoelectric effect explained

by Einstein in 1905. The energy of the photon hν is transferred to the atom and

as long as the energy is higher than the work function of the material an electron

with kinetic Energy Ekin can be emitted. Due to the low energy of the photons

the penetration depth of the resulting photoelectrons is low resulting in a high sur-

face sensitivity [110, 154]. The surface sensitivity can be increased by reducing the

photon energy and varying the incident photon beam at grazing angle. However
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the main reason for the high surface sensitivity is the short mean free path for an

electron in a solid, which is in the order of nm. The ejected electrons are detected

by an analyzer where the kinetic energy of the electron is measured. The kinetic

energy of the detected electron is correlated to the binding energy in the atom by

Ekin = hν − Eb − φS. (2.10)

Where Eb stands for the binding energy and φS for the material’s workfunction. The

binding energy of the electron is the difference between the Fermi energy EF and

the energy of the emerging electron state and is specific for every element and shell

position, hence providing the possibility for element specific analysis [155]. By ana-

lyzing the peak intensities in a recorded spectrum the stoichiometric ratio between

the atomic species can be determined, since their cross-sections for photoionization

is not correlated. The energy of the core electron provides also information about

the local chemical environment, thus one can determine changes in oxidation- and

protonation-state of a specific element. If for example a valence electron is removed

from the atom the binding energy of the core level electrons increases leading to a so

called chemical shift in the spectrum. For our experiments XPS will be employed to

analyze the variation of self-assembled molecular layers. Especially metal surfaces

can screen the positive molecular core which leads to a weaker bonded core electron.

This effect is caused by Coulombic screening of the conduction band electrons. The

closer the atom is located to the surface the stronger the resulting screening. The

resulting shift is called Madelung shift. The chemical shift Echem and Madelung

shift EMad can be summarized in the equation for the effective binding energy

Eeff
bin = Eb + ∆Echem + ∆EMad + ∆Eint

r + ∆Eext
r . (2.11)

Eint
r and Eext

r account for relaxation effects related to the core and valence elec-

trons. The measured flux of 1s photoelectrons can be convoluted with competitive

processes like emission and radiative electron hole recombination which prevents

a straightforward interpretation of the results. Emitted electrons may interact re-

sulting in a low energy secondary electron. Furthermore electron hole relaxation

can affect the photoelectron current. The application of a retardation potential in

front of the electron analyzer can be beneficial to discriminate secondary electrons.

Especially while analyzing the C 1s edge of aromatic systems at high molecular cov-

erage inelastic events, so-called ”shake up” processes may occur, as a result from

inelastically excitation of valence electrons. Also the splitting of features due to spin
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orbit coupling must be taken into consideration. Therefore careful and critical data

treatment is essential.

2.2.2 Near Edge X-ray Absorption Fine Structure Spec-

troscopy (NEXAFS)

Informations governed by XPS are significant for the analysis of the chemical state

of the adsorbate but rather uneligible to explore geometrical aspects of the molecular

adsorption. NEXAFS spectroscopy alike XPS is a sensitive tool to probe the chem-

ical environment of adsorbed species. In contrast to XPS where occupied molecular

states are probed, NEXAFS spectroscopy analyzes unoccupied states. Additionally

intramolecular properties as bond length and type and relative orientations of the

different functional groups can be studied. Within this project we used the NEXAFS

technique to explore the orientation of π orbitals.

Figure 2.12: Model of the secondary Auger electron emission in a two-atomic molecule
with different radiation energy hν1 and hν2 resulting in the characteristic NEXAFS spectra
with π∗ and σ∗ resonances.

The fundamental principle of this technique is the absorption of a photon with

the energy hν by the molecular core level close to the absorption edge (within ∼
30 eV) resulting in an excitation into unoccupied molecular orbitals. These pro-

cesses are highly sensible to the orientation of the unoccupied molecular orbital

with respect to the incident photon beam. The excitation for the core electrons

of a diatomic molecule is depicted in figure 2.12. Upon absorption of an incident

photon the 1s electron can be promoted to the unoccupied π∗ orbital as long as hν

exceeds the energy of the π∗ orbital and remains lower than the ionization potential

(IP = Evac−E1s). To fill the remaining hole with an electron from a π orbital decays
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while transferring its releases its excess energy to another electron in the valance

band, which is emitted subsequently as secondary Auger electron. The decay energy

can also be emitted by fluorescence. If hν > Evac the electron from the 1s state can

be excited in the σ∗ state, a virtual bound state with σ symmetry showing a broad

resonance due to its short lifetime. By increasing the photon energy to hν >> Evac

electrons would be directly photoemitted like in XPS.

In NEXAFS, the emitted secondary Auger electrons are detected since it is a measure

for the number of absorbed photons. The energy of the photons is scanned and an

absorption peak arises whenever a core electron can be excited into an unoccupied

molecular orbital thus determining the fine structure of the molecule. A ”finger-

print” of the molecule and the chemical environment is generated consequently.

To minimize the influence of artifacts from competitive processes, such as photoemit-

ted and inelastically scattered electrons, a retardation potential is situated before

the electron detector. The detected intensity I(hν) is proportional to the probability

of the core level electron in a ψi orbital to be excited into the unoccupied ψf orbital

by photon absorption.

Figure 2.13: Coordination system defining the incident of the X-ray beam onto the molec-
ular orbitals. The X-ray beam exhibits an angle θ with the surface plane and is polarized
~E in the x - z plane. The vector ~O defines the molecular orbital and is characterized by a
polar angle α and an azimuthal angle φ. The drawing is adapted from [156].

Within the conducted experiments we focused on the C 1s and N 1s absorption
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edge. The corresponding 1s orbital has a spherical symmetry. Therefore the result-

ing I(hν) is subject to the overlap between the X-rays electric field vector ~E and

the orientation of the unoccupied state ψf . Synchrotron radiation provides highly

polarized light. The polarization angle of the incident photon beam is known and

hence the intensity distribution of I(hν) can provide information about the orienta-

tion of the molecule and its functional groups. The direction of the highest intensity

for the 1s to π∗ transition can be approximated by Iν = cos2δ. Where ν denotes

the π∗ vector final state and δ is the angle between the electric field vector ~E and

the direction ~O of the final state molecular orbital. For a system similar to the one

displayed in figure 2.13, where the incident photon beam is in x - z plane and z

parallel to the surface normal, the resulting intensity can be written as

Iν = cos2α + sin2θ sin2α cos2α + 2sinα cosα sinθ cosθ cosφ. (2.12)

The incident photon beam exhibits an angle θ to the surface plane hence the

k-vector of ~E has an angle θ to the surface normal. Further α is the polar angle and

φ is the azimuthal angle of the π∗ vector. The symmetry of the employed surface

can simplify the equation (2.12) by eliminating the azimuthal dependence. The

employed Ag(111) and Cu(111) surfaces exhibit a threefold symmetry with its high

symmetry directions separated by 60◦. For threefold or higher symmetry cos2φ the

azimuthal component averages to 1
2

[156] and the equation (2.12) can be simplified

to

Iν = cos2θ + cos2α +
1

2
sin2θ sin2α. (2.13)

After identification of the resonances in the NEXAFS spectra one can vary the

incident angle of the photon beam and gain information on the π∗ orientation. Due

to fluctuations of the recorded signal and the individual absorption characteristic

of the X-ray optics the NEXAFS signal has to be normalized. The NEXAFS spec-

troscopic measurements presented within this thesis were recorded in partial yield

mode (C 1s 150 eV; N 1s 250 eV). Simultaneously a characteristic peak from a

carbon contaminated gold grid is registered as a reference. A constant background

signal and the spectrum of a clean Ag(111) or Cu(111) crystal have been subtracted

from all recorded spectra. Finally all intensities were normalized to an edge jump

of 1 [157]. The resulting I(hν) spectra for an energy hν < IP can be assigned to

1s → π∗ transition and result in sharp peaks as visible in the NEXAFS spectra of

figure 2.12. Detailed analysis and correlations between different incident angles can

be performed by fitting the observed peaks with Voigt functions or Gaussians func-

tions. Subsequently the resolved intensities for the different incident angles can be
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compared with theoretical calculations of the intensity distribution to reconstruct

the orientation of the according orbital on the substrate.
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Chapter 3

Investigated Systems

In this chapter the experimental observations and data interpretation achieved dur-

ing the thesis are presented. In part one we focus on self-assembled networks me-

diated by interaction with hydrogen and the molecular orientation on the Ag(111)

surface. Subsequent evaporation of metal adatoms is evaluated in part two resulting

in a random glassy network with distinct three- and fourfold bond motifs. The in-

crease of the molecular coverage on Cu(111) drives a reorientation of the molecules

from nearly planar to perpendicular. In part four of this chapter the hydrogen-

bond and metal adatom mediated self-assembly process of a second functionalized

oligophenyl have been investigated. Here the position of a functional carbonitrile

moiety is changed resulting in an asymmetric molecule. Additionally we investigated

the dynamic behavior of porphyrin molecules with pyridyl endgroups which will be

addressed in part five.

Part one of this chapter corresponds to reference three in the publication list, part

two corresponds to reference four and main elements of part five are published in

reference seven.
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3.1 Supramolecular Organization and Chiral Res-

olution of p-Terphenyl m-Dicarbonitrile on

the Ag(111) Surface

The supramolecular organization and layer formation of the non-linear, pro chi-

ral molecule [1, 1′; 4′, 1′′]−terphenyl−3, 3′′-dicarbonitrile (mNC−pPh3−m CN) ad-

sorbed on the Ag(111) surface is investigated by scanning tunneling microscopy

(STM) and near-edge X-ray absorption fine-structure spectroscopy (NEXAFS). Upon

two-dimensional (2D) confinement the molecules are deconvoluted in three stereoiso-

mers, that is, two mirror-symmetric trans- and one cis-species. STM measurements

reveal large and regular islands following room temperature deposition, whereby

NEXAFS confirms a flat adsorption geometry with the electronic π-system paral-

lel to the surface plane. The ordering within the expressed supramolecular arrays

reflects a substrate templating effect, steric constraints and the operation of weak

lateral interactions mainly originating from the carbonitrile (CN) endgroups. High-

resolution data at room temperature reveal enantiormorphic characteristics of the

molecular packing schemes in different domains of the arrays, indicative of chiral

resolution during the 2D molecular self-assembly process. At submonolayer cover-

age supramolecular islands coexist with a disordered fluid phase of highly mobile

molecules. Following thermal quenching (down to 6 K) we find extended supramolec-

ular ribbons stabilized again by attractive and directional non-covalent interactions,

the formation of which reflects a chiral resolution of trans-species.

Figure 3.1: Molecular model of the [1, 1′; 4′, 1′′] − terphenyl − 3, 3′′-dicarbonitrile
(mNC−pPh3−mCN). On the left the cis conformation with the rotation angle ω is pre-
sented. By rotating the phenyl ring about this angle two mirror-symmetric entities emerge
upon surface confinement, pictured on the right (L- and D-trans).
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3.1.1 Introduction

The control of supramolecular self-assembly at interfaces is a promising avenue for

the design of low-dimensional nanoscale architectures [3, 4, 158, 159]. A variety

of synthesis protocols, using electrostatic interactions [160–162], hydrogen bond-

ing [44,163–168] or metal-ligand interactions [51,95,169–171] have been explored. In

two dimensions, the bonding capabilities of two interacting CN groups were success-

fully employed to steer the self-assembly of substituted porphyrins on Au(111) [20].

Depending on the position of the CN substituents, triangular clusters, tetramers,

and supramolecular wires evolve. In different work, the CN group controlled struc-

ture formation by interaction with alkoxy groups [172].

Recently, we employed linear ditopic dicarbonitrile-polyphenyl molecular building

blocks and studied their self-assembly on the Ag(111) surface [46,47]. Topologically

different supramolecular structures evolve depending on the backbone length. In

particular, selecting species containing three to six phenyl groups led to the for-

mation of close-packed layers or different chiral open networks including a Kagomé

network. All investigated networks turned out to be commensurate with the under-

lying atomic lattice. Furthermore dicarbonitrile linkers were successfully employed

for metal-directed assembly of 2D coordination networks on Ag(111). Hereby we en-

countered striking differences depending on the symmetry of the linker. When linear

species were employed, with the CN moiety at para positions, highly regular open

nanomeshes with tunable pore sizes were fabricated [52, 89]. The pertaining con-

vergent assembly is in direct contrast to the divergent scenarios leading to random

coordination networks when using a linker with CN moieties at meta positions [173].

Herein, we focus on the 2D supramolecular assembly of this linker itself. It is de-

picted in Scheme 3.1 and consists of three phenyl rings connected via C−C σ-bonds,

with two CN groups in the meta-position on the outer side of the terminating phenyl

rings. The angle ω describes the molecule backbone rotation around the σ-bond be-

tween the phenyl rings. In the crystal structure for para-terphenyl the central phenyl

ring is tilted about ± 27◦ with respect to both outer phenyl rings, which are paral-

lel [83].

On noble metal surfaces, such as Ag(111), extended π-systems are well known to

preferentially adsorb parallel to the substrate. The CN groups tends to a metal

complexation and acts as an anchoring point for the molecule, enhancing the stabil-

ity on the sample at ambient temperatures [83]. 2D confinement in a flat geometry

furthermore implies the deconvolution in three stereoisomers. Thus, upon 2D con-

finement the molecule isomerizes into a cis and two trans enantiomers due to

the symmetry breaking effect of the surface and a special 2D chirality scenario is
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encountered that has not been described so far [174–181]. The natural composition

of the pertaining two-dimensional gas can be assumed to be 50% cis and 25 % for

each mirror-symmetric trans onformation [173, 182]. Our results indicate that the

2D layer formation of these molecules reflects a chiral resolution of these surface

enantiomers. Moreover, we investigated the thermal quenching of a fluid phase con-

sisting of highly mobile molecules that coexists with compact islands at 300 K. It

notably condensates into extended supramolecular ribbons, representing enantiop-

ure assemblies from the trans-species.

Experimental Methods & Materials

The STM experiments were performed on a Ag(111) single crystal in ultrahigh vac-

uum providing well-defined conditions. Before running the experiments, the sample

was cleaned thoroughly by repeated Ar+ sputtering cycles with an energy of 1.0

keV and a typical sputter current of 10 µA for 15 min. The sputtering was followed

by annealing at 770 K for 10 min. Subsequently the molecules have been deposited

by organic molecular beam epitaxy (OMBE) from a quartz crucible held at 500

K after prudent degassing, while the sample was kept at room temperature. The

pressure during evaporation never exceeded 1×10−9 mbar. The molecular flow was

about 0.14 ML min−1, as derived from the STM measurements to be. The cooling

rate for the low-temperature experiments was approximately 1 Ks−1 in the decisive

temperature interval 300-100 K.

The synthesis of the rod-like mNC-pPh3-mCN molecule was developed according

the published procedure by coupling of bis(iodobenzene) and two equivalents of 3-

phenylboronic acid under typical Suzuki conditions with 10 mol % Pd(0) [183]. The

geometry of the free molecule was calculated in the semi-empirical AM1 framework.

Room-temperature STM measurements were performed in a custom-designed ultra-

high vacuum apparatus equipped with a commercially available Aarhus 150 vari-

able temperature STM (cf. www.specs.de) and standard tools for in situ sam-

ple preparation (see section 2.1.4). All measurements were carried out at a base

pressure below 5×10−10 mbar. STM topographic images were obtained with an

electrochemically etched tungsten tip and bias voltages between −1.5 and +1.5

V applied to the sample. Data were recorded in constant-current imaging mode.

Low-temperature STM measurements were performed with a Besocke-type low-

temperature (LT) STM from Createc (cf. www.createc.de and [149]) at ca. 6 K,

housed in a custom-designed ultra-high vacuum chamber with a base pressure lower

than 2×10−10 mbar [184]. Similar scanning parameters, as in the Aarhus STM,

have been applied. All presented STM topographic images were processed with the
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WSXM SPM program [185]. The images presented in figures 3.2 a, 3.3 b and 3.4

were measured with the Aarhus-type STM. Figures 3.3 a, 3.5 and 3.7 comprise mi-

crographs recorded with the LT-STM.

The near-edge X-ray absorption fine-structure (NEXAFS) spectroscopy measure-

ments were carried out at the HE-SGM beam line located at BESSY II in Berlin

providing highly monochromatic light with a linear polarization of 82 %. Molecules

were deposited at room temperature after verifying surface cleanness by repeated

NEXAFS spectra recorded at the C1s and N1s K edge. To minimize X-ray mediated

damage to the molecules the sample was cooled down to 110 K for the measure-

ment [186].

3.1.2 Results & Discussion

Following deposition with the substrate at room temperature, the molecules self-

assemble in well-ordered layer structures. A section of a close-packed island build

by the dicarbonitrile linker units is shown in figure 3.2 a. The individual molecules

are resolved as rod-like protrusions, that is, the imaging is dominated by the carbon

backbone. The brick-like pattern formed shows a high regularity. The islands extend

over large areas without defects or an apparent moiré pattern. Even the step edges

are covered without formation mismatch. This strongly suggests a commensurate

structure, similar to the networks obtained with para-polyphenyl-para-dicarbonitrile

(pNC-pPhx-pNC)linear analogs [46,47,52,89]. However, the superstructure formed

with the present para-terphenyl-meta-dicarbonitrile (mNC-pPh3-mNC) clearly con-

trasts that of the pNC-pPhx-pNC [46,47], which fact directly evidences the decisive

role of the functional CN endgroups in the pertaining arrangements.

High-resolution STM images and careful data analysis enable us to propose a struc-

tural model of the molecular adsorption shown in figure 3.2 b, despite the fact that

generally the placement of the CN groups can not be unambiguously assigned by

STM. The displayed unit cell has a rhombic shape with a edge length of 15.3(± 0.5)

Å and 9.3(± 0.5) Å, respectively, and an implicit angle of 48◦. The island structure

of the molecules forms a highly regular pattern determined by the vectors ~a and ~b

and the embedded unit cell. The molecular backbone is not perfectly aligned with ~a,

but tilted slightly clockwise by about 5◦, most probably due to the steric repulsion

of the hydrogens in the meta position and the molecular asymmetry. By contrast,

for linear pNC-pPhx-pNC molecules with x = 3, 4, 5, and 6 on the same sub-

strate orientations along high-symmetry substrate directions prevail [46, 47, 52, 89].

With respect to the 〈-110〉 high-symmetry directions of the underlying substrate the

molecular main axis is rotated by 15◦ counter-clockwise.
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Figure 3.2: STM overview of a molecular island with a molecular model and X-ray
absorption data. a) Overview on a dense packed highly ordered molecular island on the
Ag(111) substrate. The atomistic model in (b) gives an insight into the bonding scheme.
c) NEXAFS measurements on the C1s edge demonstrate a strong dichroism indicating
a well-ordered monolayer. The angle dependence of the intensities of the different peaks
reveal a flat laying π-system (peak A) and CN groups parallel to the substrate (peaks B
and C).

The molecules in the island layer are assumed to occur in the trans conformation.

They interact with the next neighbor via the CN group developing two non-covalent

bonds with next-neighbor phenyl moieties, marked with the grey ellipses in figure 3.2

b. The N ...H distances are about 2.3 Å. Similar binding properties and distance have

been reported for CN-terminated adsorbed porphyrins and were supported by ab ini-

tio calculations [187], as well as for adsorbed pNC-pPhx-pNC species [46,47,52,89].

Due to the high electronegativity of the nitrogen, even a dipolar character of the

bond is conceivable, [188] similar to related compounds in the gas [189] and crys-

talline phases [190]. This considerations clearly favors the proposed arrangement of

trans species, where the orientation of adjacent CN-groups is anti-parallel. By con-

trast with the cis species, an energetically unfavorable proximity of nitrogen atoms

bearing an electron lone pair and a parallel orientation of adjacent CN-groups would
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exist.

In order to test our assumption of the geometry of the adsorbed molecules we per-

formed NEXAFS measurements at the C1s edge, displayed in figure 3.2 c. In general,

the spectra are similar to benzene spectra with a series of sharp peaks in the π∗ re-

gion and one peak in the σ∗ (294 eV) region [20]. The angle-dependent series exhibits

a pronounced dichroism in the whole energy range evidencing a highly ordered ad-

layer with all molecules in a very similar conformation. From the comparison with

the benzene spectra [191], it becomes clear that peak A (at 285 eV) originates from

the lowest phenyl-ring-related π∗ resonance and thus comprises information about

the average orientation of the phenyl backbone. Furthermore, we attribute the ad-

ditional peaks B (286.3 eV) and C (286.9 eV), which are not present for benzene,

to the two perpendicular π orbitals of the CN triple bond. Resonance B is shifted

to lower energy with respect to resonance C due to the interaction with the phenyl

π system [192]. Together the two features allow one to determine the orientation of

the CN group independently from the phenyl signals. The decreasing intensity at

elevated angle φ (the angle between the E-vector of the synchrotron radiation and

the surface normal) of peaks A and B as well as the increasing intensity of peak C

clearly indicate that the molecules are adsorbed flat on the surface. In more detail,

the deviation from the perfect planar conformation assumed in Scheme 3.1 can be

described by a rotation around the σ-bonds of the long molecular axis by approxi-

mately 20◦, which is a reasonable value for para-polyphenyl molecules [193].

Figure 3.3: STM images of the island border structure at different temperatures. a)
On Ag(111) after room-temperature-assembly and cool-down to 6 K the edge-mobility
is frozen and the edge decoration evidences the condensation of mobile species. b) On
Cu(111) at 300 K fluctuating edges indicate appreciable mobility of linkers and coexistence
with a 2D fluid in open areas. Scale bars 4 nm.

At room temperature, isolated molecules on the Ag(111) surface exhibit a high

diffusivity, expressed in a molecular surface fluid at submonolayer coverages. Ac-

47



48 CHAPTER 3. INVESTIGATED SYSTEMS

cordingly, the island boarders are in a dynamic equilibrium with the fluid phase

in open terraces, whereas the interior section of the island remains stable. This is

shown for both the Ag(111) and Cu(111) surfaces in figure 3.3, where on the one

hand the fluctuation of an island border at 300 K is clearly discernible, and on the

other hand the irregular decoration of island edges with molecules from the fluid fol-

lowing substrate cooling. With the Cu(111) surface, the island patches are smaller

than on Ag(111) and even single molecules on steps and defects can be observed.

For Ag(111) submonolayer preparations measured at room temperature the mobility

zone at the island edges is very extended (10 nm range), which fact is attributed to

the weaker surface interactions compared to a copper substrate.

A detailed view into the packing schemes of molecular assemblies in different do-

mains and several preparations reveals the occurrence of six orientations of the

molecular brick-like structure, shown in figure 3.4. Due to the threefold symmetry

of the substrate and the two molecular trans-conformations six island formations are

expected. We propose that all structure formation is based on the balance between

surface epitaxial fit and non-covalent lateral interactions (compare the atomistic

model proposed in figure 3.2 b. Furthermore the 2D chirality of the molecules needs

to be considered, which allows for several bonding motifs because of the differ-

ent positioning of the reactive CN endgroups. In the upper part of figure 3.4 the

L-trans phases are depicted. The mirrored D-trans islands are each depicted under-

neath. Every column includes the particular mirror symmetric formation, whereby

the mirror axis is given each with one of the crystal high symmetry directions [180].

L-trans molecules, exhibiting a clockwise tilt for the molecules and the unit cell,

respectively, with respect to the high symmetry direction indicated by an arrow;

whereas D-trans molecules feature a counter-clockwise tilting. Each island consists

of only one conformation and thus represents an enantiomorphic entity due to a 2D

chiral resolution.
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Figure 3.4: High-resolution STM images of molecular islands at room temperature. Due
to the surface threefold symmetry and L- and D-trans (upper and lower column, respec-
tively) molecular conformation, six-island orientation can be expected. Following the
model in figure 3.1, a-c) are composed of L-trans molecules, whereas images (d) - (e)
consist of D-trans molecules. Scale bars 1 nm.

It should be noted that both intermolecular and molecule-substrate interactions

are crucial for the successful self-assembly of the reported structures: The CN deter-

mined packing scheme points to considerable attractive intermolecular forces, while

the six orientations of the molecular domains relative to the substrate together with

the commensurate island structure (as inferred from the dimensions of the unit cell

and a lacking moiré pattern) indicate non-negligible molecule- substrate interactions.

Most of the structures investigated displayed a packing scheme that can be explained

with these ordering principles implying exclusively the two trans-species. However,

islands exist with different packing schemes, such as the one in figure 3.3 for the

Ag(111) surface, that can be better explained with the chaining of cis-conformers.

Unfortunately the large extension of the islands prevented from a statistical analysis

regarding the equal distribution of all island structures and surface stereoisomers.

The influence of the substrate is also obvious when the low coverage system is ther-

mally quenched to low temperatures (6 K), where entities from the molecular fluid

deduced above condense notably into molecular ribbons. Because these assemblies

are not perfectly ordered they represent metastable configurations due to kinetic

limitations in the 2D aggregation processes. The formed ribbons are oriented along

the three high symmetry orientations of the substrate (marked with the black star

in the lower right corner in figure 3.5 a). They can extend up to more than 100 nm,
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whereby for each direction two different chiralities are observed. In the shown STM

image a mirror-symmetry axis (white line) demonstrates the two opposite molecular

conformations of D-trans and L-trans. Thus altogether six dominating structural

orientations are visible. Besides this, defect structures are observed in rare cases,

which are interpreted as interconnections between the stable 1D ribbons. They are

significantly shorter and may be an indication for the flexibility of entire chain seg-

ments.

Figure 3.5: Set of STM images and atomistic structure model: a) high-resolution image of
linker molecules assembled in a linear structure imaged at 6 K on Ag(111) with a coverage
of 0.1 ML. A mirror axis (white line) helps to visualize the chirality of the assembled
ribbons. The high symmetry orientations of the substrate are marked in the bottom right
corner. Scale bar: 14 nm. b-c) Structural model of the linear phase with interatomic
distances. d) Island patches evolve with increasing molecular coverage. Scale bar: 1 nm.

High-resolution images have been recorded to clarify the bonding scheme in the

linear structure. The periodicity of the ribbon is 11.5 (± 0.5) Å, that is, similar to

the one in the island formation. The data allow us to propose an atomistic model

of L-trans conformation lines featuring planar molecules like in the island structure

that is displayed in figure 3.5 b. The CN groups point towards phenyl hydrogens

of the neighbouring molecule. The pertaining N ...H distance is slightly above 3 Å,
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which is consistent with a recent analysis of nanoporous network structures consist-

ing of sexiphenyl with two CN groups in the meta position [52, 89]. The atomistic

model features the position of the nitrogen in the hollow site of the substrate achiev-

ing commensurate assembly consistent with the measured molecular orientation and

distances. Our model is in agreement for D- and L-trans conformation, whereas the

molecular backbone of the L-trans is tilted clockwise by ca. 12◦ from the propa-

gation direction of the 1D ribbon and the D-trans counter-clockwise, respectively.

Only rarely are cis species incorporated in the ribbon structures. Their presence in

characteristic defects where lateral shifts occur is modeled in figure 3.5 b.

Thus the condensation of the molecular fluid upon thermal quenching and the per-

taining 2D self-assembly is a chiroselective process. In the fluid phase, where the

density is low and molecules are rarely in contact with each other, it must be as-

sumed that a thermal equilibrium distribution with equal proportion of cis and trans

species prevails [173]. However, during the condensation the intermolecular interac-

tions might render the trans conformation more favorable. Note that the expression

of the ribbons points to a limited mass transport in the assembly. It implies on the

one hand a chiral resolution of the two different trans species. Hereby the coexis-

tence of mirror-symmetric ribbons from both trans species in large terraces excludes

a self-replication process in their formation, which contrasts findings with related

systems [194]. On the other hand, the minor proportion of cis species that could be

identified can be understood as a hint that during the self-assembly a dynamic chiral

switching process is possible, that is, the rotation of a cyanophenyl moiety about the

molecular axis occurs driving a cis-trans transformation. This is in agreement with

previous observations of complex adsorbed organic molecules where chiral switching

could be correlated with spontaneous conformational changes [181]. Furthermore

on close-packed noble metal surfaces the interaction between phenyl rings and the

substrate is relatively weak, such that reorientations of rotatable phenyl moieties

are possible [195]. Note that a lift from the surface in cluster formation was already

demonstrated in ab initio calculations for adsorbed benzonitrile [187].
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Figure 3.6: Molecular network with increased coverage (0.6 ML) on Ag(111). (a)
Overview on several terraces covered with ordered and disordered areas of molecular is-
lands. The white cross marks the substrate orientation (UT = -1 V, IT = 0.14nA, 6
K). (b) High resolution STM image of the ordered molecular pattern reveals 1 dimen-
sional racemic molecular rows. The green superimposed areas are assembled by D-trans
enantiomers (UT = -1 V, IT = 0.094 nA, 6 K).

In figure 3.5 a the coverage is about 0.1 ML. By increasing the coverage at first

small islands can be found, which seem to evolve from two adjoining ribbons. In

figure 3.5 d the transition from a one-dimensional to a two-dimensional structure

is depicted. The islands can extend over large areas to stacked molecular chains

by increasing the molecular coverage. Figure 3.6 a shows an overview on several

terraces with a molecular coverage of about 0.6 ML with additional Co adatoms

evaporated on top. Clearly we can distinguish between highly ordered areas and

disordered areas. Metal-organic bond motives dominate the disordered area and

hydrogen bond mediated structures the ordered structure. The different areas arise

since the network can not be fully reticulated due to a Co minority. The not metal

coordinated molecules are accompanied in a 2D fluid at room temperature form

a surface gas and form the chains while cooling. The chain formation indicates a

limited mass transport during self-assembly and chiral resolution. We focus here on

the ordered areas. According to the substrate orientation marked by the white cross

the ordered islands are oriented with their chains along the crystal high symmetry

direction. High resolution STM images reveal that the 1D chains are assembled

by stacked molecular ribbons like in figure 3.5 a. The molecular rows exhibit the

same binding motive consisting of molecules with the same chirality. Consequently

two different molecular orientations in the ribbons can be found. The D-trans enan-

tiomer is colored with green to highlight the according areas. The distances between

corresponding rows is about 1 nm which could be caused by the preferential adsorp-
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tion site on the substrate. It is well known that adsorbates change the surface

state. The chain structures presented here could be interesting, since they reduce

the surface state between the chains to 1 dimension like demonstrated by Schiffrin

et. al. [11]. Similar observations have been published recently by Kühne et. al. for

cyano functionalized oligophenyl molecules assembled in metal-organic and organic

networks. The direction of the molecular main axis in the 1D ribbons and 1D islands

is not exactly the same as in the linear structure, presumably due to the interaction

with the neighboring ribbons. Hence the island is different from the linear structure.

Further molecules exhibiting a cis conformation occur especially on the step edges

and on unusual/border positions, such as the outer right and left molecule in figures

3.5 b,d.

Figure 3.7: Supramolecular structures, exhibiting chiral nodal motifs. a) At intersections
of the ribbons, chiral structures with a counter clockwise rotation can be found (marked
with the white arrows). In (b) a similar bond motif is displayed with a clockwise rota-
tion. The motifs resembles those identified in the Kagomé like superstructure with linear
building blocks (see refs. [7, 8]), which could be assembled as depicted in the inset with
the molecules used herein. Scale bar: 4 nm.

Both enantiomers of the trans specimen were found to assemble in the typical

linear 1D chiral structures. At intersections of 1D ribbons with the same chirality,

2D chiral nodal motifs arise. In figure 3.7 a the D-trans conformation resembles

a counter-clockwise rotating ”windmill” structure at the intersections marked with

white arrows. The nodes in these 2D structures consist of two different binding

motifs, as illustrated in the inset. The positioning of two of the CN groups suggests

a dipole interaction with an antiparallel orientation (marked with a grey circle). The

second bonding motif is more hydrogen-bridge like, similar to the ribbon and island

formation. A dominant orientation resulting in the dipolar bond was not observed.

Figure 3.7 b features the windmill motif as well. However, being composed of L-trans
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molecules, the sense of rotation is inverted. By merging several equally oriented

windmill motives more complex structures can be created (inset of figure 3.7 b).

Three windmill motifs are connected forming a sector of a circular structure. This

motif is alike a structure formed by five and six phenyl dicarbonitrile molecules on

Ag(111) where they form regular Kagomé-like structures over wide areas [47, 52].

Furthermore in the island structure as well as in the 1D ribbon formation, the D-

trans molecule is rotated clockwise and the L-trans counter clockwise, respectively.

In combination with the initial state of island formation (figure 3.5 d) the depicted

atomistic model for the island formation is corroborated. Hence over wide areas a

racemic distribution of molecular arrangement by means of the island pattern could

be evidenced.

3.1.3 Conclusion

We presented a study addressing the supramolecular organization and layer forma-

tion of the non-linear, prochiral molecule [1, 1′; 4′, 1′′]-terphenyl-3, 3′′-dicarbonitrile

adsorbed on the Ag(111) surface. Our combined STM and NEXAFS investigations

provide novel insights in the 2D self-assembly of this prochiral species that upon sur-

face confinement deconvolutes in three stereoisomers, that is, two mirror-symmetric

trans- and one cis-species. STM measurements reveal large and regular islands

following room temperature deposition, whereby NEXAFS confirms a flat adsorp-

tion geometry with the electronic π-system and functional CN end groups parallel

to the surface plane. The ordering within the densely packed supramolecular ar-

rays reflects a substrate templating effect, steric constraints, and the operation of

weak lateral interactions between the functional end groups. The expressed bonding

motifs suggest both mutual interactions between CN and phenyl moieties. Chiral

resolution processes in the self-assembly lead to enantiormophic characteristics of the

molecular packing schemes in different domains of the arrays. Notably a set of six

brick-like arrangements could be identified comprising rotational domains of three

trans species with two mirror-symmetric configurations each. At submonolayer cov-

erage supramolecular islands coexist with a disordered fluid phase of highly mobile

molecules. Following thermal quenching, we find extended supramolecular ribbons

stabilized again by attractive and directional non-covalent interactions driven by

CN endgroups. The ribbon formation reflects an exclusive chiral resolution of trans

species.
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3.2 Random 2D String Networks based on Diver-

gent Coordination Assembly

The bulk properties of glasses and amorphous materials have been studied widely,

but the determination of their structural details at the molecular level is hindered

by the lack of long-range order. Recently, two-dimensional, supramolecular random

networks were assembled on surfaces, and the identification of elementary structural

motifs and defects has provided insights into the intriguing nature of disordered

materials. So far, however, such networks have been obtained with homomolecular

hydrogen-bonded systems of limited stability. Here we explore robust, disordered

coordination networks that incorporate transition-metal centres. Cobalt atoms were

co-deposited on metal surfaces with a ditopic linker that is nonlinear, prochiral

(deconvoluted in three stereoisomers on two-dimensional confinement) and bears

terminal carbonitrile (CN) groups. In situ scanning tunneling microscopy revealed

the formation of a set of coordination nodes of similar energy that drives a divergent

assembly scenario. The expressed string formation and bifurcation motifs result in

a random reticulation of the entire surface.

3.2.1 Introduction

Understanding the nature of condensed disordered systems represents one of the

challenging tasks for twenty-first century science [196–199]. Traditional experimen-

tal tools that rely on ensemble averaging have provided many important insights

into the fascinating properties of glasses and amorphous solids, but to identify local

order characteristics requires imaging techniques that address the individual con-

stituents and topological defects. The direct, molecular-level investigation of ran-

dom networks became possible with two-dimensional (2D) supramolecular systems

assembled on well-defined surfaces amenable to in situ observation using scanning

tunneling microscopy (STM).

For instance, a series of elementary structural motifs that reflect hydrogen-bonding

multiplicity was identified in kinetically trapped random networks obtained with

nonsymmetrical cytosine molecules on a Au(111) surface under vacuum conditions

at low temperatures [200]. At the solid-liquid interfaces, rod-like molecular building

blocks with four peripheric, isophthalic functional endgroups were shown to form

porous networks that displayed orientational symmetry, but simultaneously lacked
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large-scale translational order [201, 202]. Such molecular random tilings, in which

the density of spatially fluctuating defects is rather low, can be regarded as entrop-

ically stabilized phases that represent 2D glasses [201,203].

Here we report an STM investigation of robust, disordered coordination networks

that comprise interconnected polymeric strings and multiple ramification motifs. We

used the nonlinear prochiral ditopic linker deconvoluted in three stereoisomers on

surface confinement introduced in scheme 3.1. Coordination assembly was induced

by co-deposited cobalt atoms, which engaged in lateral metal-ligand interactions

with the linker dicarbonitrile endgroups. The resulting complex networks are based

on a set of distinct three- and fourfold cobalt-CN nodal coordination motifs of similar

energy that result in bifurcation or string formation. Thus, symmetry deconvolution

of the linker and coordination multiplicity entails divergent assembly with concomi-

tant random reticulation of the entire surface. An important feature of coordination

interactions is their appreciable bonding strength, typically significantly higher than

that of hydrogen bonds. In the present study this is exploited to meet the important

criterion of room-temperature stability regarding open, random networks namely ir-

regular, 2D, reticulated surface architectures that comprise voids.

The highly symmetric ditopic or tritopic linkers used thus far on low-index metal

surfaces favor the encountered convergent protocols, in which a unique or a small

number of bonding motifs within the formed structures are at the origin of ex-

tended, regular supramolecular arrangements. Thus, translational symmetry, size

and shape control can be achieved for polymeric or network structures. By contrast,

with the nonlinear prochiral linker used at present the symmetry-breaking effect of

the surface, in conjunction with the predominant, coexisting three- and fourfold co-

ordination nodes that are close in energy, generates a multiplicity of distinct network

elements that do not organize in a regular pattern.

Experimental Methods & Materials

The experiments were performed like described in the previous part using a variable-

temperature and a low-temperature STM, respectively. The used Cu(111) and

Ag(111) substrates were prepared by standard procedures. The molecules were de-

posited from a quartz crucible in an organic molecular-beam epitaxy source at 480

K, with the substrate kept at 300 K. Subsequently, submonolayer molecular films

were exposed to a beam of cobalt atoms for the coordination assembly, whereby the

linker-metal ratio was adjusted to < 3. To equilibrate the resulting surface networks,

the samples were annealed to 300-350 K; the higher temperatures led to thermal des-

56



mNC-pPh3-mCN + Co on Ag(111) and Cu(111) 57

orption of linkers not engaged in lateral coordination bonds. After preparation, the

sample was transferred in situ and STM data were acquired at T = 300 K and 6 K.

The images presented in figures 3.8, 3.9 and 3.10 were measured with the Aarhus-

type STM. The images of figure 3.11 were recorded with the LT-STM.

Figure 3.8: STM images of random coordination string networks. The co-deposition of
cobalt atoms and nonlinear dicarbonitrile linkers on close-packed Ag(111) (a) and Cu(111)
(b) surfaces leads to the formation of random networks. Sample bias voltage (VB) = 1.2
V, tunneling current (IT ) = 0.1 nA; recorded at 300 K. Scale bars: 10 nm.

3.2.2 Results & Discussion

Random network formation

Specifically, we used a ditopic linker, introduced previously in section 3.1.1. The

rod-like p-terphenyl-m-dicarbonitrile (mNC-Ph3-mCN) (Scheme 3.1), with a dis-

tance of 12.56 Å between the terminal nitrogen atoms of the CN moieties. Because

the ditopic linker’s functional endgroups are at its periphery, many different inter-

connection modes between network elements are expressed, which represent either

coordination strings or bifurcation nodes. On the level of stereoconformers the nat-

ural composition of the pertaining 2D fluid at low coverages can be assumed to be

50% cis and 25% for each of the mirror-symmetric trans conformations.

STM overview images of typical coordination networks after Co-directed assem-

bly of the linkers on Cu(111) and Ag(111) are reproduced in figure 3.8. The data

reveal irregular networks on both surfaces, which consist of meandering strings in-

terconnected by a variety of nodes. The networks do not display mesoscale order,

in marked contrast to the highly regular nanomeshes obtained with ditopic linear
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linker analogues [52,89]. However, they are built up by a limited number of distinct

coordination motifs and present coordination nodes that clearly show short-range

order. Accordingly, they can be designated as 2D, glassy coordination networks.

The formation of very similar random networks on substrates with ∼10% difference

in surface lattice constants (4.08 versus 3.55 Å) indicates construction principles

whereby the epitaxial fit does not have a decisive role in the structural evolution.

Therefore, the assembly of pure linker layers on both substrates gives densely packed

extended islands, the order of which reflects non-covalent lateral interactions between

CN endgroups and aromatic moieties [46]. The island formation and their step edge

fluctuation at 300 K (see figure 3.3) give further evidence that high molecular mo-

bility prevails during the coordination assembly conducted in the 300-350 K range.

The morphology of the random networks presented here is thus dominated by the

availability of different conformers and adaptive coordination motifs. The compact

protrusions in figure 3.8 are small cobalt clusters that show cobalt excess during

network formation; that is, metal center deficiency can be ruled out as a factor that

determines network characteristics.

Coordination motifs and network morphology

A high-resolution STM image that reveals molecular positioning within the coordi-

nation strings and their intersections is reproduced in figure 3.9. First, here we can

identify and assess the distribution of surface conformers. A statistical analysis of

random coordination networks performed for a series of such images revealed that

the natural ratio of a 2D surface gas is roughly conserved (∼60% cis and ∼20% for

each trans species). The slight deviation detected from the ideal composition might

be caused, in part, by diastereomeric discrimination during gas-phase deposition

related to the mutual orientation of functional groups and the small cis-trans con-

version barrier (6 kJ mol−1) related to a carbon-carbon biphenyl rotation [204]. This

indicates that during network assembly the linkers rarely change their conformation

and are stabilized preferentially by surface and lateral interactions. Second, the data

clearly reveal the coexistence of nodal motifs with three- or fourfold coordination

of cobalt centers by CN ligands. The encountered coordination nodes can be sepa-

rated into bifurcation motifs and chain motifs, which occur for three- and fourfold

cobalt coordination. The predominant bifurcation motifs are of the fourfold cis-cis-

Co-trans-trans (labeled cc•tt) and the threefold Co-trans-trans-trans (•ttt) node

families (figure 3.9 b,c). Their corresponding models are given in aside, respectively,

and were found in our data sets in both possible mirror-symmetric configurations

(see appendix part C figure 4.6).
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Furthermore, formation of the random string network requires the existence of chain

motifs. They are identified readily in figure 3.10, but are even more pronounced in

preparations at slightly reduced coverages, such as that depicted in figure 3.10 a.

The predominant chain-forming coordination nodes are of the families cis-cis-Co-

cis-cis (cc•cc), modeled in figure 3.10 e and cis-cis-Co-trans (cc•t), modeled in

figure 3.10 f.

The proportion of threefold-coordinated nodes in a given network is typically sig-

nificantly higher than that of fourfold-coordinated nodes, which is supported by

density functional theory results that indicate an energetic preference for threefold

coordination of cobalt centers by CN functional groups on noble metal surfaces. The

calculations revealed that in the presence of a silver substrate (modeled by a silver

cluster) this preference is the result of a small energy difference between three- and

fourfold cobalt coordination of only 90 meV per coordination node (in contrast to

the situation for isolated planar nodes, in which the preference is inverted in favor

of fourfold coordination) [52]. The pertaining binding energies per ligand amount

to ∼0.7 and ∼0.5 eV for threefold versus fourfold coordination, respectively; taking

into account the bonding to the subjacent silver cluster, a small total energy differ-

ence results.

Figure 3.9: Molecular-resolution STM images of a disordered coordination network on
Ag(111). a), Coordination motifs that underlie the random network with coexisting three-
and fourfold coordination nodes. VB = 1.2 V, IT = 0.1 nA; recorded at 6 K. Scale bar: 5
nm. b, c), Magnified views showing the dominant bifurcation motifs (circled) with their
corresponding models, cis-cis-Co-trans-trans bifurcation (cc•tt) (b) and Co-trans-trans-
trans bifurcation (•ttt) (c). Scale bar: 1 nm. Light blue spheres: C; dark blue spheres:
N; white spheres: H; orange spheres: Co.

Importantly, the calculations apply equally well to linear and bent linkers because
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the change in symmetry does not affect the arrangement of the functional groups in

direct proximity to the coordination node. For steric reasons, molecular strings that

incorporate a sequence of three- or fourfold coordination nodes cannot be realized

with the linear linkers. In the case of linear dicarbonitrile molecules, the energy dif-

ference thus promotes highly regular honeycomb structures that exclusively feature

threefold coordination after the convergent coordination assembly at room tempera-

ture [52,89]. Only under conditions associated with kinetic limitations (∼250 K, see

appendix B figure 4.2) was the expression of a defective honeycomb structure with

a minority of fourfold coordination nodes observed (that is, self-correction with the

elimination of defective arrangements is fully operational at 300 K). By contrast,

the formation of random networks with bent linkers under conditions in which yet

higher energy barriers can be overcome (temperatures up to 350 K), in conjunc-

tion with their high surface mobility and the similarity of the coordination motifs,

signals that kinetic limitations do not dominate the ordering scenario. Thus, the

small energy difference, in combination with the stereochemical deconvolution of the

different molecule configurations (an opportunity not present for the linear equiva-

lents), favors the expression of random string networks.

The predominance of a set of specific coordination motifs and the expression of a

random, reticulated structure that spreads out over large areas reflects a dynamic,

divergent assembly scenario, in which the reversibility of the metal-ligand interac-

tions interferes decisively. This directly contrasts the principles that underlie the

on-surface synthesis of branched polymeric nanostructures, which are trapped ki-

netically and have geometric properties dictated by the irreversible formation of

covalent bonds [162,205, 206]. Accordingly, there are to date no reports of covalent

bond formation on surfaces used to fabricate well-ordered molecular nanoarchitec-

tures.

Statistics and 2D chirality considerations

A coordination-node statistical analysis derived from data series representative of

the situation depicted in figure 3.9 is shown in table 3.1. For simplicity, the cis-

and trans-enantiomers (rather than the cis-, D-trans- and L-trans-enantiomers) are

pooled. The dominating chain motifs (cc•c, cc•t and cc•cc) represent 50% of the re-

alized possibilities, and predominant bifurcation motifs (cc•tt, •ttt, cc•ct and •tttt)

account for 43%. Linkers attached to cobalt clusters were excluded, and 5% of the

nodes have coordination numbers that exceed four.
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Figure 3.10: Random coordination string networks on Ag(111). a), High-resolution STM
image that emphasizes the string characteristics on Ag(111). VB = 1.2 V; IT = 0.1
nA; recorded at 6 K. Scale bar: 5 nm. b, c), Magnified chain with a threefold cobalt-
coordination motif (b, circled) and a schematic representation of the corresponding cis-
cis-Co-cis (cc•c) kink (c). Scale bar: 1 nm. d-f), Magnified chain with fourfold cobalt-
coordination motifs (d, circled) and schematic representations of the circled kinks, cis-
cis-Co-cis-cis (cc•cc) chain motif (e) and two mirror-symmetric configurations of cis-cis-
Co-trans (cc•t) bifurcation motifs (f). Scale bar: 1 nm. Light blue spheres: C; dark blue
spheres: N; white spheres: H; orange spheres: Co.

A surprising result of the network-node analysis is that motifs equivalent from

purely statistical considerations do not appear with equal probability. For instance,

the units required to build either cc•t or c•tt configurations are similarly abundant

in a 2D fluid of linkers. The evident preference for the chaining cc•t unit after

coordination with cobalt must be associated with the selection mechanisms that

operate during the network assembly, which presumably implies, for instance, the

interference of mobile metal-molecule subunits [207], and rotational movements of

the (coordinated) linkers or weak lateral interactions between them, for example be-

tween CN groups and aromatic moieties [46]. For a full clarification of this intriguing

behavior further studies of network formation in situ and of complementary kinetic

Monte-Carlo simulations are suggested.
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Table 3.1: Coordination-node statistics that summarize the possible families of three-
and fourfold nodal motifs. 2D chirality of pertaining conformers and nodal motifs are
pooled, the dominating chain motifs are given and the amount of higher coordination
nodes is minor and has been neglected. The background of the chaining motives are grey
and for bifurcation motives white, respectively.

Furthermore, 2D chirality represents an additional central aspect for the network

topology, because the expression of the coordination nodes accounts for organiza-

tional chirality [174, 208], which has topological consequences. For instance, either

left or right-handed windmill motifs can be realized with mononuclear, threefold

cobalt coordination by cis-conformers on surfaces (model given in the appendix C

figure 4.6). Consequently, the families summarized in table 3.1 present a library of 94

different coordination motifs in total, following the concept presented by Lehn [30].

The complete tabulation of all nodes with differentiated chirality signatures provided

in the appendix D shows that the families of three- and fourfold coordination nodes

provide 24 and 70 motifs, respectively. This dynamic library is available, in principle,

for network formation and allows many surface reticulation possibilities. Thus, the

interplay of local order induced by the metal-ligand interactions and the multiple lev-

els of isomerism and chirality creates a topological conundrum to which the system′s

response is random reticulation. Accordingly, in contrast to the scenario of highly

convergent, metal-directed surface coordination assembly with linear dicarbonitrile

species [52,89], the 2D stereoisomerism of the linker discussed instructs a divergent

assembly route. The use of a 2D chiral linker per se is not necessarily sufficient

for a random network formation; in previous studies we identified cases in which

asymmetric molecular backbones merely led to distortions in surface coordination

networks that showed a unique nodal motif [170, 209]. Furthermore, chiral coordi-

nation nodes, for instance identified in networks with mononuclear iron-phenolate

coordination motifs, can account for various cavity types in porous networks [210].

The node composition found in the amorphous network has to satisfy the natural
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ratio of available conformers and co-determines the order of the network through the

ratio between bifurcation motifs and chain-forming motifs. Whereas highly ordered

structures that contain the natural ratio between the three surface conformers can

be proposed (see the phase shown, as an example, in appendix A figure 4.1), the

inherent disorder of networks reported here is evidence for a 2D glassy state that

is, its constituents congeal during network formation and do not achieve a regu-

lar phase. Consequently, free-energy minimization during network formation does

not bestow a homogeneous super lattice, in striking contrast to the high regularity

achieved with linear building blocks and identical local coordination interactions.

Taking into account the potentiating effect on the number of nodal motifs that arise

from symmetry considerations (see tabulation in appendix D), the weight of the

entropic term must be affected substantially by the chiral nature of the linkers. It

is suggested that this term (beyond the binding-energy consideration of elementary

structural motifs [200] (see the discussion above)) is of general importance in the

expression of 2D supramolecular random networks [201,203].

For the string networks discussed here, a further characteristic of the coordina-

tion motifs is metal-ligand bond length. The linker′s electronic structure is affected

only weakly by the subjacent silver lattice [52, 89, 207], so we can assume that the

encountered conformers are close to the geometry of isolated species. The models

represented in figures 3.9 and 3.10 take this into account, on the basis of which we es-

timate a cobalt-CN bond distance of ∼2 Å, similar to values found for 2D cobalt-CN

nanomeshes with linear linkers [52,89] and related 3D compounds [211]. In isolated

coordination compounds or 3D networks, changes in electronic properties are ex-

pected with different coordination numbers. In agreement, the STM measurements

also point to differences regarding the electronic structure of threefold versus fourfold

coordinated metal centers. Whereas typically the latter are imaged as protrusions

(that is, provide a substantial contribution to the surface local density of states), the

cobalt atom with triple CN coordination is mostly transparent [52,89]. This signals

the existence of a 2D analogue to conventional bulk, mixed-valence coordination

polymers or networks, although one must keep in mind that the electronic structure

of the cobalt centers is influenced by the underlying metal substrate [95,159,212].

Molecular manipulation with an STM tip

To obtain further insight into the nature of the coordination strings and nodes,

molecular manipulation experiments were carried out. To this end, in constant-

current mode the STM tip was moved laterally across a molecule that terminated a

chain segment. Thereby, the tip-sample distance controlled by the tunneling resis-
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tance R was reduced, starting from normal imaging conditions in which the network

is generally unaffected by the scanning procedure (R = 1.8 GΩ) and continuing

until a displacement of the molecule was observed (R = 2.5 MΩ). In figure 3.11 we

compare selected states prior to and after such manipulation steps. Figure 3.11 a,b

indicate that the terminal molecule can flip during the manipulation procedure while

being attached to the linking node continuously, as the observed change in angle is

consistent with a rotation of the linker about the CN-cobalt connection. Figure 3.11

c,d demonstrate the displacement of an entire string, which is leveraged about a

threefold coordination mode without breaking. Thus, the lateral metal-ligand in-

teractions override the substrate bonding at specific sites, which confirms the minor

impact of the surface atomic lattice on the random networks. It is suggested that

this important feature gives the flexibility apparently required for network assembly.

To introduce structural flexibility in surface-confined supramolecular arrangements

an alternative possibility is the use of flexible molecular species, with which a certain

level of adaptiveness can also be achieved [195,213,214].

Figure 3.11: Molecular manipulation experiments. a, b), a linker at the end of a coordi-
nation string was manipulated with a STM tip (performed at 8 K) to flip it between the
initial (a) and final states (b) as the tip was moved laterally across the terminal molecule.
c, d) The displacement of the entire chain segment is shown. Imaging parameters, VB =
20.2 mV, IT = 0.11 nA; for manipulation, VB = 250 mV, IT = 20 nA. Scale bars: 2 nm.

It is interesting to compare our findings with the recently reported hydrogen-
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bonded random networks from cytosine molecules self-assembled on the Au(111)

surface [200]. With this system, multiple elementary coupling motifs, notably dif-

ferent hydrogen bonded filament and ring arrangements of the flat-lying molecules,

could be identified also. The mutual orientation of the network constituents is deter-

mined by the availability of many hydrogen-bond donor and acceptor groups within

the same molecule. By contrast, the coordination nodal motifs presented here are

based on the interaction of just one functional molecular endgroup and single metal

adatoms. Thus, they give different local, short-range order characteristics (that is,

the regular arrangement of CN groups around cobalt centers), and both the disposi-

tion for ramification and string formation can be explained by the linker asymmetry

and organizational chirality. Furthermore, the embedded metal centers represent

coordinatively unsaturated sites [95, 159] that can provide distinct functional prop-

erties [212]. In addition, the higher stability of cobalt-nitrogen coordinative bonds

compared to the weak hydrogen bonds used previously [200] means that room-

temperature stability of the open, disordered topology formed is achieved. This is

an important aspect in view of the potential applications of 2D glassy coordination

networks.

3.2.3 Conclusion

We report here a full spatial and structural elucidation of disordered coordination

architectures using STM to probe directly the arrangements at the molecular level.

Our results reveal the divergent assembly of random string networks on planar sur-

faces using a prochiral, ditopic linker that forms metal-ligand bonds with cobalt

centers. The use of coordination interactions renders robust disordered network

structures that incorporate distinct bifurcation and string motifs based on a sce-

nario mediated by reversible metal-ligand interactions. The connection between

molecular symmetry, on-surface metal-ligand interactions and energetic similarity

of the predominant three- and fourfold coordination nodes provides design criteria

for the engineering of disordered 2D solids. It is suggested that string networks with

randomization and multiple coordination motifs present a new route towards a dis-

tinct class of robust, adaptive compounds and network topologies situated between

so-called metal-organic frameworks and covalent polymers.
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3.3 Reorientation of Molecular Layers of Asym-

metric Dicarbonitrile Oligophenyls

In recent years a variety of studies on molecular self-assembly on different surfaces

has been published. The major part aims to understand the principles behind

self-assembling phenomena. The evolving structures are significantly influenced by

the molecular coverage and the ratio between the different employed species. Here

we present a study on changes of a molecular pattern assembled by oligophenyl

molecules functionalized with CN endgroups on Cu(111) at room temperature. We

were able to follow the changes by means of scanning tunneling microscope, near-

edge X-ray absorption fine structure spectroscopy and X-ray photoelectron spec-

troscopy. The molecular orientation changes from a coplanar adsorbed brick-like

structure to an upright standing linear pattern with increasing coverage.

3.3.1 Introduction

Thin molecular films have attracted high interest over the last decade due to their

possible application as organic light emitting devices (LEDs) [215–218], organic semi-

conductors [219–221], in photovoltaics [222] and in non-linear optics [223]. Decisive

factors for the performance of organic-LEDs (OLEDs) are the electron injection

from the substrate into the molecular conduction band and the transport within the

molecular layer. Molecular π-stacking of aromatic systems is an appropriate way

to increase the in-plane charge mobility [224], proven in experiments [225] and by

theory [226].

We report here on coverage-induced orientational changes resulting in a reorga-

nization of the self-assembled molecular pattern studied by scanning tunneling mi-

croscopy (STM), near-edge X-ray absorption fine structure (NEXAFS) spectroscopy

and X-ray photoelectron spectroscopy (XPS). The measurements have been con-

ducted employing the Cu(111) single crystal surface with molecular coverages vary-

ing from sub-monolayer to multilayer. In the regime of 0.3 - 0.7 monolayer (ML) at

room temperature (RT) stable organic self-assembled networks prevail. We define

a monolayer as a completely covered sample surface with flat adsorbed molecules

oriented parallel with their π-system to the surface. The single molecule in the

self-assembled network is adsorbed with its molecular backbone coplanar on the

surface. The molecular structure transforms with increasing coverage to a metal
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adatom mediated and by π-π interaction supported molecular pattern where the

molecular π-system is lifted off the surface. The interaction between the substrate

and the organic species in the evolving phase even suggests a rehybridisation of the

functional carbonitrile group. We succeeded in triggering the orientational change

of the single molecules resulting in the formation of a new self-assembled molecular

network and observed this by means of NEXAFS, XPS and STM.

Figure 3.12: Molecular model and STM images of a organic supramolecular network at
room temperature (RT). (a) Atomistic model of the [1, 1′; 4′, 1′′]-terphenyl-3, 3′′ - dicar-
bonitrile (mNC-pPh3-mCN) molecule in cis and trans conformation. Carbon is marked
with green, nitrogen with blue and hydrogen with white spheres. (b) STM image of a
brick-like network on Cu(111). The darker area shows a 2D surface fluid on a lower step-
edge. (c) High-resolution STM image of the brick-like molecular pattern superimposed
with the atomistic model, whereby the interacting N and H atoms are marked with red
circles. The unit cell has a size of 15.3×9.3 (± 0.5) Å2 and the distance between the
molecular rows s is 6.9 (± 0.5) Å.

Experimental Methods & Materials

All STM measurements were conducted in the Aarhus type STM. The Cu(111) sam-

ple was cleaned like explained in section 2.1.4. Subsequently the mNC-pPh3-mCN

molecule was evaporated by means of organic molecular beam epitaxy from a quartz

crucible at 440 K while the sample was held at RT. The measurements were per-

formed at RT.

The NEXAFS and XPS measurements were performed at the HE-SGM beamline at

the BESSY-II synchrotron in Berlin. The employed apparatus works at a base pres-

sure of 1×10−10 mbar and in order to obtain comparable results as during the STM

measurements the sample preparation have been performed in the same manner. To

reduce beam damage especially at high molecular coverage, the sample was held at

≈ 160 K while measuring. Multilayer samples were studied with monochromator

slit widths of 100 µm resulting in an energy resolution of 0.2 eV for the C1s and 0.3

eV for the N1s edge. Sub-monolayer and monolayer preparations were performed
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with a slit width of 200 µm corresponding to an energy resolution of 0.4 eV for the

C1s and 0.6 eV for the N1s edge. The data treatment was performed following the

procedures described in ref. [157].

3.3.2 Results & Discussion

For our experiments a prochiral ditopic polyphenyl molecule has been investigated

with complementary surface science techniques. We will present comprehensive STM

investigations supported by NEXAFS and XPS. An atomistic model of the nonlin-

ear ditopic [1, 1′; 4′, 1′′]-terphenyl-3, 3′′-dicarbonitrile molecule (mNC-pPh3-mCN) is

depicted in figure 3.12 a. It consists of three phenyl rings forming the linear molec-

ular backbone and a carbonitrile (CN) group placed in meta position on each of the

outer phenyl rings. The σ-bonds between the phenyl rings allow for a rotation of

the phenyl rings around the molecular backbone-axis. Due to the rotational degree

of freedom a cis and a trans species exists. In the gas phase an equal distribution

between cis and trans isomers can be estimated [173,182,227].

STM measurements

On the employed Cu(111) metal substrates the molecule initially assembles in a

highly regular supramolecular pattern as depicted in figure 3.12 b. The image shows

two terraces. The lower terrace (dark area) supports a molecular surface gas, since

at RT the single molecule on the bare metal surface is highly mobile. The brighter

upper terrace is covered with a self-assembled molecular layer. A single molecule

appears as a rod like protrusion (bright) originating from the extended π-backbone.

The molecules are aligned one after another and each line is stacked on top of the

last one resembling a brick wall, therefore we call it a brick-like structure. The pat-

tern formation is surrounded by a 2D molecular surface fluid, whereas the borders

of the islands are in dynamic equilibrium with the surface fluid. Recent experiments

showed, that while cooling down the gas phase condenses into 1D ribbons oriented

along the high symmetry direction of the crystal. The 1D ribbons are constructed

of trans molecules. Due to the surface symmetry breaking effect upon adsorption,

the trans isomer separates in a left- (L) and right- (D) handed species (see figure

3.12 a). Figure 3.12 c shows a high-resolution STM image of the brick-like network

in detail superimposed with an atomistic model of the molecular pattern. We know

from earlier measurements that the assembly consists of homochiral trans isomers

whereby the interaction (marked with the red circle) is mediated by the CN group
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towards the H of an adjacent molecule (see section 3. Due to the threefold symmetry

of the substrate and the existence of D− and L-trans isomers six pattern orienta-

tions can be found. The pattern formation on Cu(111) is strongly dependent to the

coverage. After dosing a small amount of molecules (<0.1 ML) on the substrate the

step edges are decorated first, as one can still see on the lower side of the step-edge

proceeding through figure 3.12 b. With increasing coverage islands start to form at

RT at about 0.3 to 0.7 ML and large extended highly regular homochiral molecu-

lar networks evolve. This brick-like structure is similar to the one on Ag(111) (see

section 3). Annealing experiments on Cu(111) of a submonolayer coverage revealed

the formation of a metal-organic network similar to the one found after Co coevap-

oration.
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Figure 3.13: Molecular resolution STM images of the coverage dependent assemblies of
mNC-pPh3-mCN on Cu(111) at RT partially superimposed by atomistic models. (a) The
molecular pattern formed at 0.8 ML coverage incorporates a linear and a zig-zag structure
and is oriented along one of the high-symmetry directions of the substrate, marked with the
white cross. (b) High-resolution STM image of the combined linear and zig-zag structure
superimposed with an atomistic model. The linear structure exhibits a separation of e
= 5.7 (± 0.5) Å between each line and the zig-zag structure a periodicity of p = 14.9
(± 0.5) Å. (c) STM image of a preparation at a coverage of 1 ML with exclusive linear
structure oriented along the high symmetry direction of the substrate. The linear motive
features an average length of l = 51.2 (± 0.5) Å. (d) High-resolution STM image of the
linear motive exhibiting an inter-lines distance of h 5.2 (± 0.5) Å superimposed with the
corresponding atomistic model.

By increasing the molecular coverage on Cu(111) changes in the brick-like struc-

ture can be observed. Figure 3.13 a shows a STM image of a sample with a coverage

of ≈ 0.8 ML. It consist of a regular sequence of linear ribbons and zig-zag elements

parallel to each other. The ribbons alternate with zig-zag assemblies depicted as in

the topograph. An analysis of a large amount of chains showed that linear struc-

tures beside each other can been found, but a zig-zag motive is always confined by

two ribbons. Each linear ribbon is oriented along a substrate high-symmetry direc-

tion (indicated with the white cross) and contains two single strings separated by

a distance d of 5.7 (± 0.5) Å(see figure 3.13 b). The zig-zag arrangement features

a periodicity of p = 14.9 (± 0.5) Å. Our assignment of the molecular geometry is

superimposed onto the high-resolution STM image of figure 3.13 b with an atomistic
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model. The linear structure consists of cis isomers pointing with their CN groups

towards the sample surface while the phenyl rings stand upright pointing away from

the substrate. We suggest the CN groups to point towards the surface due to their

high affinity towards Cu [52, 95, 228, 229]. The orientation of the phenyl rings al-

most ”perpendicular” to the surface is motivated by the short inter-line distance e

of 5.7 (± 0.5) Å. Kwon et. al. showed for an oxadiazole derivate a similar behavior

resulting in an interline distance of 4.8 Å [230]. The zig-zag structure is supposed

to be planar on the surface like the brick structure.

By increasing the coverage to about 1 ML the molecular assembly changes as de-

picted in figure 3.13 c. Now a wavy striped pattern with a novel linear structure

arises having an average length l = 51.2 (± 0.5) Å, which corresponds to the length

of three molecules. All linear motives are oriented along the high-symmetry direc-

tions of the surface. The lines are interrupted by narrow trenches which appear in

the image as dark regions and lead to a zebra-like texture emerging on a larger scale.

However, in the high resolution image (see figure 3.13 c) no molecular contrast can

be seen within the molecular lines making it difficult to explore the molecular as-

sembly. The inter-line spacing h is determined to 5.2 (± 0.5) Å and is smaller than

the spacing of the former ribbons. Our tentative model is superimposed on top of

the experimental pattern formation (see figure 3.13 c). The model is motivated by

the agreement of the average value of l and the molecular dimensions. The distance

h is too small to assume a coplanar adsorption of the molecular backbone leading to

a line separation s of 6.9 (± 0.5) Å (see figure 3.12 c). The clear separation of the

string motifs and the affinity of the CN groups towards the metal substrate supports

our model where the CN groups point to and the phenyl backbone lift off the surface.

The molecular density in the linear structure compared to the brick-like structure

is increased. Thus we ascribe the dark junctions interjecting the linear structure to

stress relief boundaries evolving from a limitation in the mobility of the molecular

pattern. In order to show the dynamic behavior of the molecule reorientation we

present in Appendix B figure 4.4 and 4.5. Temperature treatment of the brick-like

as well as the zig-zag and linear structure up to ≈ 400 K on Cu(111) results in

similar metal-organic pattern formations explained in section 3.1.3.

NEXAFS measurements

For a further evaluation of the coverage dependent molecular orientation in the

organic adlayer NEXAFS measurements have been performed. Earlier NEXAFS

investigations with the mNC-pPh3-mCN molecule on Ag(111) indicated a flat ad-

sorbtion geometry with the π-system almost parallel to the surface. This result has
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been found for sub-monolayer (see figure 3.2), monolayer (see appendix F figure

4.13) and multilayer (see appendix F figure 4.14) coverage. Since the low-coverage

structure on Cu(111) appears while STM measurements with the same pattern as

the corresponding layer on Ag(111), NEXAFS measurements in a sub-monolayer

regime have been performed to compare the pattern formations on the two sub-

strates. Subsequently the coverage was increased stepwise to follow possible changes

in the molecular pattern.

In order to explain the main features arrising from the NEXAFS spectra we present

in figure 3.14 a the intensity of the C1s signal for photon energies between 280 and

340 eV plotted for three different incident angles of the X-ray beam (20◦ in black,

53◦ in red and 90◦ in blue) at multilayer coverage. A layer thickness of 7 ML was

evaluated from the absolute adsorption edge signal height. The incident angle (θ) of

the X-ray beam and hence of the E -vector with respect to the sample surface-normal

(~n) is marked by the inset in figure 3.14 a. In the π∗ area the spectrum shows three

peaks at 284.9 eV, 286.2 eV and 286.7 eV named π1, π2 and π3. The sharp resonance

π1 and the features at 288.7 and 290 eV can be found at similar energies in benzene

and oligophenyl [191, 231–233]. The features π2 and π3 are not present for benzene

and oligophenyl, thus we assign them to the CN group. Recent work published

by Klappenberger et. al. showed similar resonances for pNC-pPhx-pCN molecules

with varying backbone length [234]. E. Arras calculated by means of first principle

DFT the ground-state orbitals and the according energies displayed in figure 3.14 c.

The calculation identifies three orbital states π1, π2 and π3. π1 and π2 are oriented

out of the molecular backbone plane and exhibit a B2 symmetry. π3 features a B1

symmetry oriented in the molecular backbone plane perpendicular to π1 and π2.
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Figure 3.14: Overview on the angle dependent experimental NEXAFS C1s spectra on
mNC-pPh3-mCN and illustration of the probed molecular orbitals. (a) NEXAFS C1s
spectra with alternating X-ray incident angle (θ) of a multilayer of mNC-pPh3-mCN on
Cu(111) at 160 K. The evaluated peaks are marked in the π∗-region of the spectra (π1,
π2, π3). The inset shows the experimental arrangement, where ~E is the polarization
vector of the incident X-ray beam, θ the incident angle and y the rotation axis for the
experiment. (b) Detail of the area of interest in the π∗ region with varying incident angle
(20◦, 53◦, 90◦). A fit procedure based on a Gauss-function provides a resulting resonance
distribution (red) and an angle dependent intensity for the peaks π1 (blue), π2 (green)
and π3 (orange). (c) Calculated ground-state orbitals corresponding to the peaks in the
π∗ area of the NEXAFS spectra. (d) Model of the molecular orientation on the surface.

For the analysis of the molecular orientation with respect to the surface we con-

centrate on the π∗ region. In order to provide a better insight towards the molecular

orientation and the molecular orbitals figure 3.14 d presents a set of angles charac-

terizing the orientation of the molecule to the surface. The angles resolved from the

NEXAFS analysis are directly linked to this model. The planes π1 and π2 represent

the projected planes of the π1 and π2 orbitals. The angles α and β represent the

tilt angle of the plane to the surface. The steric repulsion of the phenyl rings in

the molecular backbone influencing the resolved angles will be taken into account.

The plane π3 which represents the π3 orbital is oriented perpendicular to π2-plane

and along the orientation of the CN group. The angle γ describes the angle to the

metal surface [191]. If the molecule is adsorbed flat with its molecular backbone on

the surface the angles α and β would be near 0◦ and γ would be close to 90◦. In
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contrast, if the molecule is adsorbed perpendicular with its molecular backbone to

the surface the angle α and β would be near 90◦, but the angle γ would be around

60◦. The angle γ results from the tilt of the CN group out of the molecular backbone

plane in meta position. For the interpretation of the molecular orbitals regarding

the phenyl ring and the CN group we refer to calculations by Rangan et. al. and

Piantek et. al. employing a benzonitrile [235] and dimetacyano azobenzene [236].

The sharp peaks, the apparent dichroism and the intensity difference between the

different incident angles in figure 3.14 a and b, confirm a highly ordered organic

layer. The peak intensity of the resonances π1 and π2 decrease with increasing in-

cident angle of the X-ray beam while the intensity of π3 is increasing. In order to

evaluate the acquired spectra we fitted the resonance shape according to ref [157].

A Gaussian function was used to fit the peak position and to resolve the intensity

of each peak. Subsequent we kept the relative energy shift and peak width constant

to achieve a comparable shape per spectral part. An example of the analysis of the

π∗ region is depicted in figure 3.14 b. This detailed spectra comprises three different

incident angles (20◦, 53◦ and 90◦). The constitutive peaks of π1 are fitted in blue,

for π2 in green and for π3 in orange. The relative width of the peak π1 is assigned

to the excitation of different C1s initial states defined for the different carbon atoms

of the phenyl rings [234,237]. The variation of the incident angle causes changes in

the peak intensity which can be evaluated from the fit resulting in the three angles

(α, β, γ) presented in figure 3.14 d.

In the NEXAFS spectra of figure 3.14 b a strong decrease of the peak π1 with increas-

ing incident angle can be observed, likewise the intensity of peak π2 is decreasing.

The decrease of both peaks (π1 and π2) is not surprising, since the orbitals are as-

sumed to be coplanar (see figure 3.14 c,d). For the same variation of the incident

angle of the X-ray beam the intensity of peak π3 increases. Hence the molecular

orbital subject to the CN group is not oriented coplanar to the single crystal surface.

In conclusion for the multilayer coverage the peaks π1 and π2 result in an angle α

= β = 35◦ ± 5◦ and π3 in an angle γ of 55◦ ± 5◦. Thus the NEXAFS analysis of

the π∗ orbitals at multilayer molecular coverage indicates a regular structure with

highly ordered molecules adsorbed almost parallel with its π1 and π2 planes on the

metal surface. The reason for the fairly large angles α and β could be the steric

repulsion between the phenyl rings inducing a ring twist, especially in molecular

layers far from the metal substrate. STM measurements by Braun et. al. showed a

twist of the adjacent phenyl rings in the molecular backbone due to steric repulsion

and influences of the adsorption site [238].

In figure 3.15 a the NEXAFS C1s spectra for a molecular coverage of 0.5 ML is
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depicted. The peak π1 is the characteristic feature of the spectrum and comparable

to the multilayer preparation presented in figure 3.14 a. The resonances of π2 and

π3 appear clearly again. A strong dichroism again suggests a high degree of ordering

in the molecular layer. The angles resolved from the analysis of the intensity distri-

bution are α = 20◦ ± 5◦, β = 25◦ ± 5◦ and γ = 55◦ ± 5. Including the experimental

error and the steric repulsion the resolved angles of the NEXAFS analysis clearly

confirm the near-to coplanar adsorption in the brick-like structure found within the

STM measurements on Cu(111). These results agree with earlier measurements

on Ag(111) (see figure 3.2) and accord to measurements on pNC-pPhx-pCN and

oligophenyls without functional moieties [231]. They are in good agreement with

multilayer preparation presented in figure 3.14 a and with earlier multilayer experi-

ments on Ag(111) (see appendix F figure 4.13). The molecules in the sub-monolayer

are oriented more coplanar to the surface than in the multilayer.

Figure 3.15: Angle dependent high resolution NEXAFS spectra of mNC-pPh3-mCN with
increasing coverage on Cu(111). (a) NEXAFS spectra of the π∗ area with 0.5 ML molec-
ular coverage. (b) NEXAFS spectra of the π∗ area with ≈ 1.3 ML molecular coverage.

The NEXAFS C1s spectra presented in figure 3.15 b were recorded for a molecu-

lar coverage of about 1.3 ML grown at RT. Still the shape of the spectra is dominated

by the π1 resonance emerging from the molecular phenyl backbone. However in con-

trast to the previous 0.5 ML coverage distinct changes can be found. The dichroism
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is clearly smaller. The resonance of π2 and the intensity of π3 are reduced. The

changes in the NEXAFS spectra become most prominent after the analysis of the

normalized peak intensities. The previously (in the sub-monolayer) small angles for

α and β raised to α=45◦ ± 5◦ and β = 40◦ ± 5◦. Meanwhile the angle indicating

π3 is reduced to γ = 50◦ ± 5◦. These changes indicate that the molecular backbone

lifts off from the surface while increasing the molecular coverage and support the

structural changes seen in the STM. In detail, with the increase of α and β the π1

and π2 planes tilt away from the metal surface. These angles can not arise just from

the measurement error and steric repulsion in the phenyl backbone.

The orientation of the molecules in the multilayer is not entirely coplanar with their

phenyl backbone to the surface. The angles for π1,2 (see figure 3.14) deduced from

NEXAFS experiments at multilayer coverage are comparatively high and could be

explained as follows. We know from earlier multilayer measurements on Ag(111) that

the molecules arrange flat with small twist between adjacent phenyl rings caused by

steric hindrance (see appendix F figure 4.14). We assume a similar packing scheme

for the multilayer on Cu(111) as well, indicating a gradual change in the adsorption

of the different molecular layers.

Additional to the NEXAFS C1s data, spectra at the N1s edge have been recorded

presented in figure 3.16 a-c. All outlined data were acquired from the same prepa-

rations as the C1s spectra. In figure 3.16 a a molecular multilayer with ≈ 7 ML

coverage is presented. Two π∗ resonances at 399.3 eV and 400.1 eV are the promi-

nent features of the NEXAFS N1s spectra. They belong to the two π∗ orbitals of

the CN (π2, π3) mentioned before (see figure 3.14 c, d). Both orbitals are oriented

perpendicular to each other as shown in figure 3.14 c, d. In the range of 401 eV

to 403 eV another resonance is visible in the multilayer (see figure 3.16 a) which

corresponds to a π∗ resonance oriented parallel to the π3 plane [235]. The resonances

π2 and π3 agree with DFT calculations of Carniato et. al. in the gas phase [192] and

results by Rangan et. al. on Si(001) [235]. The analysis of the molecular adsorption

site is focused on the first two resonances, which exhibit a strong dichroism. The

data analysis of the resonance intensity for the multilayer preparation reveals an

angle β = 40◦± 5◦ and γ = 70◦± 5◦ for the π2 and π3 plane to the metallic surface.

This is in good agreement with the data of the C1s region presented in figure 3.14

a.
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Figure 3.16: Angle dependent NEXAFS N1s spectra at 20◦, 53◦ and 90◦ on Cu(111) with
different molecular coverage of mNC-pPh3-mCN at 160 K. π2 and π3 are the prominent
features resulting from the carbonitrile group. (a) Overview NEXAFS N1s spectra with
about 7 ML molecular coverage. (b) Angle dependent NEXAFS spectra with 0.5 ML
molecular coverage. (c) N1s spectra with a molecular coverage of about 1.3 ML at different
photon incident angles (Θ).
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0.7 ML 1.3 ML 7 ML

C1s
α± 5◦ 20 40 40
β ± 5◦ 25 45 35
γ ± 5◦ 70 50 55

N1s
β ± 5◦ 30 45 35
γ ± 5◦ 70 60 65

Table 3.2: Overview on the angles resolved by NEXAFS analysis on the C1s and N1s
edge, determining the orientation of the molecule on the surface.

Figure 3.16 b presents NEXAFS N1s spectra of the sub-monolayer regime (0.5

ML). The shape of the resonance distribution is comparable to the multilayer, but

the differences of the intensities are enhanced. For example if θ is 90◦ the π2 reso-

nance almost vanishes and the π3 resonance is reduced at θ = 20◦ appearing just as

a shoulder. This suggests an orientation of the π2 plane comparatively coplanar to

the metal surface. The analysis of the resonances revealed an angle β of 30◦ ± 5◦

and γ of 70◦ ± 5◦ and supports a coplanar adsorption of the molecules.

The increase of the coverage to ≈ 1.3 ML depicted in figure 3.16 c changes the

resonance intensities. The analysis of the changes reveals an angle β = 45◦± 5◦ and

γ = 60◦ ± 5◦ accounting like the analysis of the intensity distribution of the C1s

edge in figure 3.15 b for a tilt of the π2 plane away from the sample surface.

The NEXAFS N1s spectra for all three molecular coverages were found to be com-

parable with their C1s analogons confirming the tilt of the entire molecule and hence

the phenyl backbone lifts off from the surface according to the molecular coverage.

Table 3.2 presents an overview on all resolved angles in the NEXAFS analysis.

XPS measurements

Along with the NEXAFS spectra XPS data have been acquired for the N1s and

C1s edge. Figure 3.17 a presents an overview on subsequent XP spectra on the

N1s edge performed at RT with increasing coverage ranging from 0.5 ML to ≈ 7

ML. For the first preparation with 0.5 ML (upper graph, lower curve) one peak is

prominent at 399.5 eV (Na) which we assign to a single species of N adsorbed on the

Cu(111) substrate. Recent XPS measurements by Piantek of azobenzene derivates

on Cu(001) exhibited a peak at 399.6 eV interpreted as a physisorbed species [236]

and Rangan et. al. found on Si(001) for benzonitrile a peak at 399.5 eV [235]. The

presented STM data (figure 3.12 b,c) agree with the homogeneity of the surface layer

just like the NEXAFS spectra. At 0.5 ML a tiny side peak Nb is visible at 398 eV,

which could arise from the adsorption of the molecules on step edges resulting in a
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stronger interaction with the Cu atoms.

Figure 3.17: XP spectra of mNC-pPh3-mCN on Cu(111) with increasing molecular cov-
erage at 160 K. (a) N1s XP spectra from 0.5 to 7 ML. On the bottom a XP spectra with
a molecular coverage of 0.5 ML annealed to 400 K is depicted. The atomistic models
at the bottom display possible interaction sites of the N resulting in the different peaks
(Na, Nb, Nc). (b) C1s XP spectra from 0.5 to 7 ML. On the bottom a XP spectra for a
0.5 ML preparation annealed to 400 K is depicted. The atomistic model groups the C
atoms of the mNC-pPh3-mCN molecule resulting in the different peaks of the XP spectra
(Ca, Cb, Cc).

By increasing the molecular coverage the area of peak Nb increases compared to

peak Na. At 1.7 ML a third peak Nc at 400.2 eV arises. In the multilayer just one

peak at 400.2 eV is prominent which we assign to the N in the CN not in contact with
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the surface. In order to understand the origin of peak Nb an annealing experiment

up to 400 K was conducted based on a preparation with 0.5 ML coverage. The

resulting spectrum is presented in the lower panel of figure 3.17 a.

By annealing the sample, the number of Cu surface adatoms is increased [239,

240]. STM measurements suggest, that the dicarbonitrile molecules remain on the

surface while coordinating to Cu adatoms forming three− and fourfold coordination

motives incorporated in an porous 2D metal organic network [89, 173]. Due to the

coordination of the CN groups to the Cu adatom the screening of the N core electrons

is increased the resulting peak is shifted compared to the brick-like structure to lower

energies. Thus, we assign the peak Nb with an energy of 398.4 eV in the annealed

preparation to a Cu coordination of the N species. Atomistic models on the bottom

of figure 3.17 a illustrate our understanding of the surrounding of the N resulting in

the different peaks.

During the measurements with increasing coverage the number of mobile Cu surface

adatoms obviously is not as high as during annealing. However, metal coordination

of N containing endgroups was proved at RT as well [241]. The growth of peak Nb in

our measurements takes place in two ways. As shown for figure 3.13 b with increasing

coverage the highly regular brick-like structure transforms into a combination of a

linear and a zig-zag structure. Herein we propose a mixture of bond motives. In the

zig-zag structure the molecules are connected by the interaction of adjacent N and

H atoms. The molecules arranged in the linear structure point with their functional

moieties towards the surface, i.e., the N of the functional group moves closer to the

surface resulting in a stronger screening of the core electrons. Thus we assign the

peak Nb to the signal of the Cu-N metal-ligand bonding.
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Na Nb Nc Ca Cb Cc

0.5 ML
energy [eV ] 399.6 398.4 284.8 285.7 286.8

area [%] 94.3 5.2 72.8 18.9 6.7

0.7 ML
energy [eV ] 399.4 398 284.9 285.8 286.6

area [%] 79.4 21.0 73.4 18.5 8.2

1 ML
energy [eV ] 399.4 398.1 284.8 285.6 286.8

area [%] 51.2 48.6 76.3 18.3 4.8

1.3 ML
energy [eV ] 399.6 398.1 285.0 286.16 287.0

area [%] 44.9 54.3 92.2 4.5 3.1

1.7 ML
energy [eV ] 399.6 398.2 400.2 285.0 285.8 287.1

area [%] 22.3 50.1 27.1 84.4 12.2 3.7

7 ML
energy [eV ] 399.6 398.2 400.25 285.8 286.8 287.6

area [%] 8.9 5.7 87.4 86.1 7.4 4.5

Table 3.3: Peak position for the evaluated peaks of the N1s and C1s XP spectra in
combination with the related area enclosed in the fit curve.

As we demonstrated for the STM measurements increasing molecular coverage

changes the surface pattern into a linear structure (see figure 3.13 c,d) and the zig-

zag structure vanishes. In the XPS data we assign these changes to the growth of

the peak Nb in the range of 0.7 to 1 ML molecular coverage, which is subject to

the movement of the N closer to the surface while the molecular backbone planes

π1 and π2 tilt away from the surface. A rehybridization of the carbonitrile group

as shown for benzonitrile on Si(001) by Rangan et. al. could not be evidenced

clearly [235]. But the broadening of peak Nb towards lower binding energy suggests

a strong coupling of the CN species.

The XP spectra also have been analyzed on the C1s edge in an energy range of 280

to 290 eV. The best fit for the resolved spectra was achieved with three peaks for

the coverage of 0.5 to 1.7 ML and with 4 peaks for the multilayer coverage. For the

spectra with a molecular coverage of 0.5 ML the main peak is at 284.8 eV (see figure

3.17 b upper panel). Besides this two additional peaks can be evaluated at 285.7

eV and 286.8 eV. The peaks result from the different environments of the carbon in

the molecule. The major part of the carbon atoms (12) are part of the phenyl ring

exhibiting two covalent bond sites towards neighboring carbon atoms and one bond

to a hydrogen atom(Ca). A second species (Cb) is covalently bond to three adjacent

carbon atoms, 6 carbon atoms altogether. We assign a third species (Cc) to the C

atom the CN group. The different species are depicted at the bottom of figure 3.17

b.

At low coverage like at 0.5 ML the main peak is positioned at 284.8 eV. Due to the

highest intensity and in comparison with benzene and oligophenyl measurements
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[242–245] we attribute this peak to Ca. The low energy of Ca could be a hint for a

plane π1 and π2 adsorbed coplanar to the surface since this would result in a strong

screening of the phenyl backbone by the surface. The C atoms we assign for the Cc

species are subject to a strong interaction with the N atom, due to the high electron

affinity of the N the core electrons in comparison to the Cb species are bond stronger

to the core resulting in a XPS signal shifted to higher energies. Therefore we assign

the peak with the highest energy to Cc.

With increasing coverage the three peaks Ca,b,c shift towards higher kinetic energy. In

the multilayer (7 ML) preparation the energy of peak Ca is shifted to 285.8 eV which

we assign to the absence of the screening resulting from the metal surface [242,243].

The shift of peak Ca takes place in two steps: initially it is small while increasing

the coverage from 0.5 to 1.7 ML and becomes more pronounced for the multilayer

regime. The first shift indicates a reduced screening of the molecular backbone by

the surface which could result from the lift of the molecules off the surface. A second

hint for this rotation is the reduction of peak Cc in comparison to the main peak Ca.

We assign this to a shorter distance of the N to the surface (0.7 - 1.7 ML regime). A

similar behavior can be seen in the spectra (figure 3.17 b) of the preparation with 0.5

ML molecular coverage annealed at 400 K. Here the peak Cc is reduced compared

to Ca due to the metal coordination of the molecules. However the peaks are not

shifted towards higher energies, which is a further hint on a flat adsorption on this

sample and a lifted structure for coverage of about 1 - 1.7 ML. At high molecular

coverage (7 ML) a fourth peak Cd emerges. We assign this peak to the contribution

of molecular layers close to the surface.

Finally we propose an atomistic model concerning the positioning of the molecules in

the linear structure at increased molecular coverage. Figure 3.18 presents our model

with the phenyl backbone almost perpendicular oriented to the sample surface. A

view perpendicular on the upright standing molecule is presented in figure 3.18 a and

a side view along the molecular backbone direction in figure 3.18 b. For every linear

segment we propose three molecules adsorbed with their CN groups on the hollow

site of the metal surface. The length of a linear segment of 51.2 (± 0.5) Å allows just

three molecules, since a single species measures about 13 (± 0.5) Å. The repulsive

forces between the CN groups would prevent the adsorption of the two CN groups of

adjacent molecules in neighboring hollow sites. Thus we placed the CN group to the

next hollow site establishing an inter-lines distance of 5.2 (± 0.5) Å. The length of

the model fits well with the STM measurements. Between the molecules in a chain

segment no molecular contrast or disruption is visible (see figure 3.13 c,d). The

distance between the molecules suggests a host in the junction connecting the two
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molecules, which could be provided by a Cu adatom. On the Cu(111) single crystal

surface a large number of mobile surface atoms is available [239]. Furthermore,

investigations with tetracyanoethylene (TCNE) on Cu(100) by Crommie et. al.

revealed strong interactions between the adsorbate and surface resulting in a strong

structural modification of the Cu(100), so called buckling [246].

We are not certain about the metal incorporation in the molecular structure, since

the number of Cu atoms embedded in the structure is fairly high. The Cu adatoms

could adsorb between the two CN groups. Here they could serve as an anchor for

the molecules increasing the stability of the chain segment. As well the adatoms

would explain the non-existent contrast in the chains which could be at a result of

the molecular movement at RT as well. Another hint for metal incorporation into

the linear motive is given by experiments on Ag(111) with increased coverage and

additional Co adatoms resulting in a similar structure (see Appendix B figure 4.5).

Without the additional metal adatoms the structure can not be found.

The interceptions between the chains (see figure 3.13 c) we assign to stress relief

boundaries, which could be subject to the changes in the density of the molecular

structure. Another possible explanation could be the surface buckling which would

provide a natural explanation for the stress-domain pattern formation. In figure 3.18

b a view along the molecular backbone direction of the line structure is depicted.

The neighboring rows could stabilize the structure by π − π interaction between

the aromatic backbone (marked with the red arrow), which has been reported in

the literature up to distances of 4.8 Å [230]. π stacking in this system is not the

main driving force, but increases the overall stability. The reorientation of the

molecule in the linear pattern is a result of increased molecular coverage effecting

packing constrains in combination with an altered balance of molecule-molecule

and molecule-adsorbate interaction. At the same coverage on a Ag(111)sample the

reorientation could not be evidenced. However subsequent Co coevaporation results

in the described dynamical structure reorientation.
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Figure 3.18: Atomistic model of the adsorption of mNC-pPh3-mCN on Cu(111) at in-
creased molecular coverage. (a) Frontal side view of the molecular assembly with the
phenyl backbone oriented almost perpendicular to the substrate and Cu adatoms (or-
ange) between the molecules. (b) Side view into the in-line perspective of the molecular
assembly with a distance between the chains of 5.2 (± 0.5) Å. The metal adatoms (orange)
adsorb in hollow position.

3.3.3 Conclusion

In summary the results of the experiments reveal the change of the molecular orien-

tation subject to the molecular coverage and the position of the functional moiety.

Hence, by fine tuning of the employed sample, the molecular coverage, the functional

groups and their position on the molecule, the orientation of the molecular backbone

on the surface can be altered. The orientational changes observed by means of STM,

XPS and NEXAFS give insight into the high affinity of CN substituents to Cu(111).
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3.4 Competing Interactions in Surface Reticula-

tion with a Prochiral Dicarbonitrile Linker

In recent experiments linear oligophenyls have been employed to create self-assem-

bled molecular patterns on metal surfaces. In order to influence and steer the struc-

ture formation the molecules were functionalized with carbonitrile (CN) groups in

specific sites. Two different species were studied until now: linear species with

two CN groups in para position (pNC-pPhx-pCN) [10, 46, 47, 52, 88–90] and a non-

linear species with its functional groups in meta position of the outer phenyl rings

(mNC-pPh3-mCN) [173, 227]. Especially in metal-organic networks the resolved

patterns exhibit striking differences. The pNC-pPhx-pCN molecules form highly

regular honey-comb meshes on Ag(111) extended over wide areas with a predomi-

nant threefold coordination of the metal center [52,90]. In contrast the mNC-pPh3-

mCN molecules self-assemble in an open porous 2D random metal-organic network

at the very same surface [173] with metal coordination centers in three- and four-

fold coordination distributed in an equal ratio. A third species is introduced here

to obtain better insight regarding the different behavior of the molecular subunits

while metal coordination. We reduced the intermolecular degrees of freedom by

substituting one CN group in para and one group in meta position, respectively.

This results in two different organic supramolecular networks, whereby one exhibits

a chiroselectivity. After coevaporating small amounts of Co a hybrid network com-

prising both hydrogen and coordination bond motifs was studied. Intriguingly, the

CN group substituted in para position is favored for the metal coordination, whereas

the meta substituted CN group remains in hydrogen bonding. An increase of the

metal adatom ratio eventually promotes the self-assembly of a RT stable 2D random

metal-organic network.

3.4.1 Introduction

We report here on [1, 1′; 4′, 1′′]−terphenyl−3, 4′′−dicarbonitrile (pNC-pPh3-mCN)

molecules (see figure 3.19) adsorbed on Ag(111) at low temperature (6 K) and

room temperature (RT) studied by scanning tunneling microscopy (STM). Upon

adsorption on a surface the prochiral molecule deconvolutes into two enantiomers

and assembles in two organic structures named phase A and phase B. Each of the

two structures is commensurate with the surface and is built of a homochiral dimer
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motif constructing the pattern, respectively. Phase A is a RT-stable dense packed

chevron like pattern containing both enantiomers in equal ratio. Phase B exhibits

a hexagonal porous structure consisting of only one enantiomer and is not stable at

RT. By coevaporating Co atoms a robust RT-stable 2D random network is formed.

Surprisingly selective metal-ligand interactions lead to the preferred coordination

of the functional group in para position to the Co forming a threefold star-like

motive. These trimers interact weakly via the meta CN units and the phenyl ring

hydrogen of adjacent molecules. When saturating the structure with Co adatoms

also the meta positioned CN groups coordinate to the metal and a RT-stable fully

reticulated metal-organic network evolves. In this disordered network three- and

fourfold coordination of Co coexists featuring a diverse reactivity of possible Co

reaction centers based on their degree of coordination.

Figure 3.19: Atomistic model of [1, 1′; 4′, 1′′]−terphenyl−3, 4′′−dicarbonitrile (pNC-
pPh3−mCN) with an approximate length of 15.1 (± 0.5) Å. ω is the rotation angle of
the phenyl ring about the σ bond to the molecular backbone. Adsorbed on the surface
the molecule deconvolutes into two enantiomers a L- and D-type marked with the red and
blue arrow.

Experimental Methods & Materials

The synthesis of the rod-like [1, 1′; 4′, 1′′]− terphenyl−3, 4′′−dicarbonitrile molecule

was developed according to the published procedure by coupling bis-iodobenzene

and two equivalents of 3-phenylboronic acid under typical Suzuki conditions with 10

mol% Pd(0). The geometry of the free molecule was calculated in the semi-empirical

AM1 framework. STM images have been manipulated with WsxM [185]. The exper-

iments were performed using a variable-temperature and a low-temperature STM

(see section 2.1.4) using the same setting like explained in part one of this chap-

ter. The employed Ag(111) substrate was prepared by standard procedures (cycles

of Ar+ sputtering and annealing) to obtain extended, flat terraces separated by

monoatomic steps. The molecules were deposited from a quartz crucible in an or-

ganic molecular-beam epitaxial source at 450 K, with the substrate kept at 300 K.

Subsequently, the submonolayers of the molecular films were exposed to a beam
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of cobalt (Co) atoms, whereby the molecule-metal ratio was adjusted. After the

preparation, the sample was transferred in situ to the STM where the topography

was recorded at T = 300 K and 6 K. The images presented in figure 3.23 a,b were

measured with the Aarhus-type STM. Figures 3.20 a,b,c and 3.21 a,b comprise mi-

crographs recorded with the LT-STM.

First principale calculations were performed to further investigate the particular

binding properties of [1, 1′; 4′, 1′′]− terphenyl−3, 4′′−dicarbonitrile molecules. In or-

der to simplify both the calculations and the interpretations, the substrate was not

considered, and only the intermolecular binding was studied. It was done using

the Projector Augmented-Wave (PAW) approach as implemented in the ABINIT

code [247, 248], within the Local Density Approximation (LDA) for the exchange-

correlation energy. The cutoff energy used is 30 Ry. Periodic boundary conditions

were applied, and a minimal void spacing of 8 Å is present between image molecules,

ensuring an error lower than 10 meV/molecule as drawn from convergence checks.

All atoms are in the same plane, and full relaxation is allowed inside this plane.

3.4.2 Results & Discussion

Organic supramolecular network

Figure 3.20 a shows a STM topography overview at 6 K of the structures formed

by the non-linear ditopic linker after deposition of 0.5 ML on a Ag(111) surface at

300 K. The molecule consists of three phenyl rings forming the molecular backbone

connected by a rotatable σ-bond. Two reactive CN groups at the outer phenyl rings

on meta and para position, respectively, enable the molecule to form 2D supramolec-

ular networks [46,52,89]. Upon adsorption the prochiral molecule isomerizes into a

leavus (L) and a dexter (D) enantiomer. To distinguish between these two isomers

we marked the L- with red and the D-species with blue arrows. The arrowhead

points into the direction of the para oriented CN group, whereas the direction of

the meta CN group is labeled by the short tail pointing either left or right. Af-

ter deposition a natural ratio of 50% D and 50% L can be assumed to be present

on the surface [182]. On the surface the molecule is imaged as rod like protrusion

with a length of ≈ 13 Å and an apparent height of 1 Å. Polyphenyl molecules are

well known to adsorb preferentially with their π-system parallel to the substrate

on noble metal surfaces such as Ag(111). At low coverage the molecules decorate

preferentially the bottom side of the step edges. This suggests a high mobility of

the molecules at RT. With increasing coverage the molecules assemble in islands.

The overview image (see figure 3.20 a) shows three terraces with two different molec-
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ular patterns. A dense packed layer (phase A) in yellow and a honeycomb pattern

(phase B) marked grey and blue are identified. Phase A has a coverage of 0.98

Mol/nm2 which is significantly higher than of phase B (0.64 Mol/nm2). In either

phase the regular pattern is disturbed close to the step edges. Nevertheless, the

lower step edge (marked with an arrow) seems to be the starting point for nucle-

ation, since the first immobilized molecules are found here. The islands are extended

over wide areas (µm2 range) in a highly regular manner, just limited by the terrace

size. We exclusively found one specific structure at a given terrace. RT-experiments

show, that phase A is RT stable but phase B not. A 2D surface fluid of highly

mobile molecules is present between the dense packed islands at RT. Phase B seems

to grow from the gas phase while cooling the sample to 6 K.

Figure 3.20: Molecular self-assembly of nonlinear dicarbonitrile linkers on Ag(111) at 6
K visualized by STM. (a) Two phases are visible on different terraces (Ut = -0.6 V, It
= 0.21 nA, scale bar 11 nm). The high symmetry directions of the surface are marked
by the white star. (b) The dense-packed structure can be found in six orientations and
exhibits a unit cell of 13.7×29.5 (± 0.5) Å2 (Ut = -0.06 V, It = 0.41 nA, scale bar 1 nm).
(c) A hexagonal chiral phase comprised of only one enantiomer (D) of the molecule (Ut =
-0.05 V, It = 0.1 nA, scale bar 1 nm). (d) Atomistic model of the dense packed structure
represented in (a) and (b). (e) Atomistic model of the porous phase represented in (a)
and (c).

For detailed structure analysis high resolution low temperature STM images

have been generated revealing a chevron like formation in phase A (Fig.3.20 b)

and a porous hexagonal structure in phase B (Fig. 3.20 c). Phase A exhibits a

basic bond motive (blue marked arrows in Fig. 3.19 b) comprising two molecules

with the same chirality aligned parallel and interacting by N ...H bond formation

between the meta positioned CN group and two hydrogen atoms of the neighboring
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molecule phenyl ring. An atomistic model is depicted in figure 3.20 d and reflects

our understanding of the position of the single molecule on the surface. The model

is based on careful measurements of intermolecular distances and angles between

the molecules combined with the knowledge that the preferred CN adsorption site

is the hollow position. The organic bond motif forms the central dimer, visible

in the atomistic model and marked with red circles. The bond distance within the

dimer (2.2 Å) tends to be smaller compared to the distance between adjacent dimers

(2.5 Å). The distances are consistent with ab initio calculations on CN terminated

adsorbed porphyrins [187] and comparable to recent experiments on similar dicar-

bonitrile polyphenyl species [47, 52, 227]. Phase A contains both enantiomers in

an equal distribution, in contrast to experiments presented in section 3, where the

prochiral mNC-pPhx-mCN led to a close packed organic formation featuring chiral

resolution.

A unit cell with a size of 13.7 × 29.5 (± 0.5) Å2 is identified (Fig. 3.20 b) contains

two mirror-symmetric dimers. Vector ~x is pointing into the direction of identi-

cal dimer rows. Three orientations plus their mirror symmetric counterparts exist

reflecting the substrate threefold symmetry. ~x is tilted about 10◦ away from the

substrate high symmetry direction. Even with the 10◦ tilt of the high symmetry

direction the structures are commensurate. The fact, that phase B is exclusively

built from only one enantiomer indicates that the molecules can change their chi-

rality during network formation. This can only be achieved by a rotation of the

phenyl ring with the CN-group in meta position parallel to the σ-bond connection

of two adjacent phenyl rings. The feasibility of this rotary motion is supported by

recent findings where complex adsorbed molecules undergo similar conformational

changes [181]. The weak interaction of the phenyl ring with the substrate supports

a rotary motion as well [195,249]. The necessary surface lift off has been simulated

for benzonitrile [187]. The absence of a moiré pattern and the extended defect free

islands of phase A indicate a structure commensurate to the surface lattice. The

white cross in the figure marks the single crystal orientation.

In phase B the dimer motive can be identified as well. Figure 3.20 c shows a

high resolution image of the grey area in the overview (figure 3.20 a) superimposed

with a structural model indicating the orientation and the chirality of the presented

molecules. The formation consists of D molecules exclusively implying a chiral res-

olution during the self-assembly process. The dimer is oriented along the substrate

high symmetry direction, marked with the white cross. The three dimer orienta-

tions merge in one point and form the central motive of phase B which builds a

highly regular organic honeycomb structure. The blue area of figure 3.20 a is the
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same structure composed of dimer motifs assembled by L molecules. The molecular

backbone of the single molecule in the blue colored phase B is not oriented along the

substrates high symmetry direction but tilted away 20◦ counter-clockwise. However,

both orientations are commensurate with the substrate presented in figure 3.20 e.

The pore size of the hexagons is ≈ 10 nm2. To a small amount the pores host guest

molecules but the homogeneity remains unaffected by the additional molecules. De-

fects have generally been found due to dislocations in the substrate or near step

edges.

Figure 3.21: Hybrid Co coordinated and CN-phenyl random porous network visualized
with STM at 6 K. (a) Two STM overview images on the structure after coevaporation
of only a small amount of Co adatoms (Ut = -0.6 V, It = 0.11 nA). (b) High resolution
topographic image of the structure combined with a superimposed color scheme marking
the bond-nature. Green marks the CN-phenyl motive and yellow the Co-coordination (Ut
= -1.0 V, It = 0.2 nA). (c) The atomistic model of the bond motifs are highlighted with
the same color code to clarify the bond / chirality relation found in the network.

Selective metal-ligand interactions in a molecular network

The homogeneity and long range order of the organic formation vanishes after dos-

ing a small amount of Co on top of 0.4 ML molecules and an open porous network

depicted in figure 3.21 a occurs. From the image a ratio of 1:3 (Co : molecules)

was evaluated. The network comprises a combination of Co coordinated and CN
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to hydrogen oriented motifs showing pores with a size from 5 nm2 to 50 nm2. Sur-

prisingly the Co is almost exclusively coordinated to the para positioned CN group

building threefold star-like structures with metal coordination. For clarification the

network had been inked (Fig. 3.21 b) to distinguish the different bond types. The

star-like trimers are marked in yellow and they are non-covalently connected to ad-

jacent trimers with the residual uncoordinated CN group in meta position (marked

with green). A preferred bond site of the nitrogen towards the phenyl hydrogen

could hardly be estimated, but the nitrogen favors to bind between two hydrogens

of adjacent phenyl rings. The structure as a whole is not RT stable, however, at

RT stable star-like metal-organic formations could be found diffusing on the surface

(see Appendix B figure 4.3). The combined movement of the metal-organic motifs

indicates a strong interaction of the Co, whereas an influence of the surface atomic

lattice on the random network formation could not be observed.

Figure 3.21 c depicts an atomistic model of the two dominant bond motifs (CN-Ph

interaction in green and a Co-coordination marked yellow). The CN group points

towards the hydrogen atoms of a neighboring molecule. The yellow marked Co-

coordination occurs here in a threefold manner exclusively. The motive is already

known from hexagonal networks employing molecules with two para positioned CN

groups and variable chain length (3 to 6 phenyl rings) [47, 90]. The star-like for-

mation of the Co-coordinated structure exists with all combinations of enantiomers,

however the interaction between the trimers is strongly dependent on the chirality

of the molecules. Hence an ordered structure is hardly to be expected.

For the specific ratio of Co and molecules presented here the majority of the para

CN groups are coordinated to metal centers. The lose meta CN groups are at RT

potentially able to rotate about the σ-bond and can adapt to neighboring molecules

establishing a N ...H formation while cooling down.

In order to evaluated the origin of the different affinity of para and meta group

towards the metal center first principle density functional theory calculations have

been performed for molecular dimers by E. Arras at TUM-E20. For the analysis we

tried to evaluate the respective bond strength per molecule in a hydrogen mediated

formation. In figure 3.22 we present the most prominent bond formations for CN

groups in meta and para position. The according energies per binding are specified

in table 3.4. It is clearly visible, that the m-m motif features the highest binding

energy. This binding motif offers as well a geometrical stabilization resulting in two

non-covalent bonds influencing each other similar to a chelate reaction [250]. Hence

we assume the different affinity of the CN groups to the metal adatoms is reflecting

a free energy minimization of the entire molecule formation.
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p-m m-m p-p p-p-p
EB [meV] 340 600 436 310

Table 3.4: Evaluation of the energy per binding (EB), calculated by first principle DFT
calculation for the molecular motifs shown in figure 3.22. For the p-m binding motif the
position of the CN group towards the adjacent molecule is essential and therefore varies
between 220 and 340 meV.

Figure 3.22: Atomistic model of the four most prominent CN-phenyl bond motifs dis-
playing the positions evaluated by means of first principle DFT calculations.

Fully reticulated metal-organic network

By increasing the amount of Co in the molecular pattern a completely reticulated

metal-organic network evolves. The preparation depicted in figure 3.23 a is char-

acterized by an oversupply of Co resulting in a saturated metal-organic network

formation. The Co-coordination is now the exclusive binding motive stabilizing the

network. Herewith the stability increases and the network becomes RT stable. We

can identify only few typical coordination motifs on a short scale. However no long

range order exists. Bright spots on the surface are Co clusters and indicate excess

of Co. A typical arrangement is illustrated in figure 3.23 b showing three- and four-

fold coordinated chain motifs. Besides the chain motifs bifurcation motifs of the
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pattern have been found exhibiting three- and fourfold coordination as well. A low

molecular coverage leads to an enhanced number of chain motifs and by increasing

the molecular coverage the bifurcation becomes more favorable. In contrast to the

hybride network, described above, the fraction of the threefold coordination motifs

dramatically dropped from almost 100% to 56%.

An overview on the node distribution evaluated from the preparation depicted in

figure 3.23 a is shown in table 3.5. DFT calculations for a linear phenyl ring tai-

lored with two CN groups on opposite sides indicates a energy preference for the

threefold coordination of about 90 meV per coordination node [52]. In the present

experiment the molecules exhibit an almost equal ratio between three- and fourfold

coordination. The increased ratio of the fourfold coordination motive most probably

arises from the preferential formation of metal-organic dimers (MOD). These MOD

represent the main motive in the pattern and consists of two homochiral molecules

aligned anti-parallel with their backbones and connected by a Co adatom between

the CN groups. The atomistic model in figure 3.23 c displays two characteristic

node formations predominant in the network including the MOD formation. The

former predominant star-like formation is not a decisive structural motive anymore.

For m-NC-pPh3-mNC a similar dimer formation was found [227] where the meta

groups point towards each other and are coordinated by a Co adatom. Here the

meta positioned CN groups coordinate with the Co metal adatom as well as the

para CN group of the neighboring molecule resulting in a stable interaction of ad-

jacent molecules. A single dimer only comprises one enantiomer, nevertheless the

natural ratio between the two surface induced enantiomers is preserved in the over-

all structure. In contrast to the organic network, the influence of the chirality is

confined to the interaction of two molecules constructing a MOD. The coordination

of either functional group disables the backbone rotation and the adaptation of the

chiral isomers. Therewith the entire character of adsorbate-substrate and adsorbate-

adsorbate interaction is changed from commensurate organic structure with weak

intermolecular interactions towards predominant metal coordination.

coordination number three-fold four-fold five-fold six-fold
fraction [%] 55.9 31.5 8.4 4

Table 3.5: Evaluation of the node distribution in the Co saturated molecular network
shown in figure 3.23 a.
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Figure 3.23: Molecular resolution STM image of a Co mediated reticulated metal-organic
network formation. (a) Overview image on the open porous Co-coordinated network built
up by repeated metal coordination motifs. The inset shows the metal-coordination network
on a large scale (Ut = -0.66 V, It = 0.1 nA, scale bar 5 nm and 140 nm for the inset, 6
K). (b) High resolution image of the main bond motifs (Ut = -1.0 V, It = 0.2 nA, scale
bar 1 nm, 6 K). (c) Atomistic model of typical three- and fourfold coordination motifs.
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3.4.3 Conclusion

We studied the supramolecular and metal-directed assembly of the ditopic pNC-

pPh3-mCN linker molecule on Ag(111) with STM at 6 K and room temperature. Our

results reveal two isomers of the molecule on the surface forming two different layer

structures, whereby phase B is enantioselective and phase A features the molecular

isomers in equal ratio. The arrangement of the molecules in homochiral phases and

the adaptation to adjacent molecules accounts for the rotation of the phenyl ring

about the molecular backbone on the surface.

The coevaporation of metal adatoms reveals a structure with partial metal-organic

binding which is not RT stable. Here the functional moieties of the molecule at

para and meta position favor metal-ligand or CN-Ph interactions, respectively, in

order to minimize the structure free energy. Additional Co evaporation created a

fully reticulated robust metal-organic network constructed by distinct three- and

fourfold nodal motifs. The structure features no long-range order similar to recent

observations with a related asymmetric linker [173]. A central metal-organic dimer

motif is the predominant subunit.
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3.5 Additional Experiments on Porphyrin

Molecules

3.5.1 Dimerisation boosts 1D Mobility of Conformationally

Adapted Porphyrins on a Hexagonal Surface Atomic

Lattice

Additional to the presented experiments concerning oligophenyl molecules we em-

ployed porphyrin molecules in order to determine the diffusion on metal surfaces

and to get an insight on the adsorption site and the binding scheme between the

molecules at room temperature as well as after temperature treatment. At first

we employed temperature-controlled fast-scanning tunneling microscopy to monitor

the diffusion of tetra-pyridyl-porphyrin (H2-TPyP) molecules on the Cu(111) sur-

face. The data reveal unidirectional thermal migration of conformationally adapted

monomers in the 300-360 K temperature range. Surprisingly equally oriented mole-

cules spontaneously form dimers that feature a drastically increased one-dimensional

diffusivity. The analysis of the bonding and mobility characteristics indicates that

this boost is driven by a collective transport mechanism of a metallosupramolecular

complex. Annealing of H2-TPyP molecules on the Cu(111) surface at 390 K leads

to a molecular chain formation. The chain length herein is strongly related to the

annealing time. Subsequent heating to 450 K results in the deprotonation of the

porphyrin macrocycle accompanied by changes in the molecular appearance as well

as slight changes in the molecular network.

Introduction

Here we present a scanning tunneling microscopy (STM) study on the mobility of

the exemplary tetra-pyridyl-porphyrin (H2-TPyP) on Cu(111). H2-TPyP presents

flexibility and internal degrees of freedom, as demonstrated in Figure 3.24. Our

data reveal a direct correlation of conformational surface alignment and diffusion

anisotropy. Moreover we observed how equally oriented H2-TPyP upon rapproche-

ment spontaneously form dimeric units that feature a drastically increased 1D diffu-

sivity. This striking mobility boost directly contrasts expectations from a description

of molecular surface migration in an independent particle model. The dimer forma-

tion is associated with the functional pyridyl moieties affinity to copper adatoms,
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whence a coordinative coupling motif is suggested that mediates a collective trans-

port mechanism of a metallo-supramolecular complex.

Figure 3.24: The top view model (upper panel) highlights the central porphyrin macro-
cycle and the four pyridyl groups. The side view (lower panel) displays the dihedral angle,
θ, and the inclination angle, ρ, that determine the orientation of the terminal groups. The
bending of the macrocycle is described by the angles φ.

Experimental Methods & Materials

The pre-preparation of the Cu(111) crystal was succeeded likewise described earlier.

A submonolayer of H2-TPyP was deposited by organic molecule beam epitaxy from

a thoroughly degassed quartz crucible at 618 K. The images were acquired employ-

ing a variable-temperature Aarhus type 150 STM [116, 251] which was heated and

equilibrated at a specific temperature in the 300 - 360 K range. The topography

data was obtained with a tungsten tip in the constant current mode, typically at

Ut = 1 V and currents below 1 nA (It = 0.1 nA) with an acquisition time of 12-14

s/image for the diffusion studies. In the employed high tunneling resistance regime

(RT = 10 Ω ) the molecules’ thermal surface motions were uninfluenced by the STM

measurement process [113,116,251].

Results and Discussion

Upon adsorption on the Cu(111) substrate the H2-TPyP molecules undergo a confor-

mational adaptation resulting in a twofold symmetric configuration [252]. Following

this we define the molecular main axis parallel to the long side of the rectangu-

lar envelope in the STM topography. Analyzing more than 8500 diffusion events
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at different temperatures reveals exclusively unidirectional motion of the H2-TPyP

molecules. Figure 3.25 b shows the first image of a movie sequence comprising 250

frames recorded at 338 K. To demonstrate the unidirectionality of the adsorbate

motion the image to image displacements and the averaged trajectories have been

analyzed and are displayed in Figure 3.25 c. The motion is clearly unidirectional

along the molecular main axis and thus follows exactly the high-symmetry directions

of the hexagonal substrate. This is to our knowledge the first direct observation of a

conformation-induced diffusion anisotropy of an adsorbed flexible molecular species.

The adsorbed molecules have a certain chance to collide with each other during their

1D random walk. In the case of such an event their mutual orientation plays a crucial

role for the mobility of the resulting aggregate. When the H2-TPyP species molec-

ular axes’ points in different directions a reduced mobility is observed. However,

if two colliding molecules are aligned in parallel with a displacement perpendicu-

lar to their motion direction such that just two pyridyl endgroups come together,

metastable dimers evolve. These dimers are intriguingly much more mobile than

the single molecules, while the unidirectional motion characteristics are retained.

To visualize this mobility boost, five consecutive STM images are displayed in Fig-

ure 3.26, separated by a time lapse of 14 s. This selection from a series of more than

1000 images recorded at 338 K shows four monomers and one dimer simultaneously.

Each entities displacement between consecutive frames is marked by an arrow. Be-

tween all subsequent frames, the dimer realizes a net displacement of several lattice

sites, whereas only one of the four monomers performs a one-lattice-site hop (frame

four to five).
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Figure 3.25: (a) Adsorption site and bonding configuration of H2-TPyP on Cu(111):
The overview STM image shows several H2-TPyP monomers at 300 K with the molecu-
lar anisotropy axis indicated. Inset: Atomic resolution image of the substrate. (b), (c)
Anisotropic thermal motion of H2-TPyP at T = 338 K. (b) Initial frame of 250 consec-
utive images used for the trajectory analysis depicted in (c). The averaged trajectories
extracted from image-to-image displacements of the three molecules enumerated in (b)
reveal anisotropic motion along high-symmetry substrate directions. Scale bars 1 nm each.

Figure 3.26: a.) Stills from an STM movie revealing the formation of a H2-TPyP dimer
with increased mobility at T = 338 K. Arrows indicate image-to-image displacements, for
the dimer [+14; +4; -2; -5] in units of lattice spacing a = 2.55 Å] and for the monomer
[+1], respectively. (b) Average over 100 images; the broad stripe represents all the dimer’s
positions. The plot in (c) represents extracted displacements of monomers and dimers
from 99 image-to-image comparisons. The averaged trajectories visualize agitation along
the [101̄] axis. (d) Corresponding net displacement histogram for monomers and dimers
after 14 s each.
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To emphasize the drastic differences in mobility, Figure 3.26 b shows a super-

position of 100 individual images. The broad stripe whose envelope is indicated,

beginning at the right end and reaching well into the middle of the image, is the

area covered by the moving dimer (an STM movie visualizing the system dynam-

ics can be found at www.e20.physik.tu-muenchen.de/Galerie). Also the trajectories

analysis shown in Figure 3.26 c clearly demonstrates that the dimers’ unidirectional

motion is conserved while the respective mean square displacement is drastically

increased compared to diffusion of isolated molecules. This behavior could be fur-

ther substantiated in the jump-distance analysis considering 100 sequential images

with moving monomers and dimers, respectively. The corresponding displacement

histogram is reproduced in Figure 3.26 d. While imaging with a rate of 1 frame

per 14 s the dimers show a net displacement of up to 14 lattice sites whereas the

monomers show hardly any movement at all.

In order to systematically assess the dynamics of the unidirectional motion pro-

cesses, single-molecule diffusion studies at different temperatures in the range 300

- 360 K have been performed. The mean square displacement 〈(∆r)2〉 occurring

within a time interval t was evaluated for each molecule to determine the hopping

rate [253]:

h = frac
〈
(∆r)2

〉
〈λ〉2 · t

The jump length of H2-TPyP monomers corresponds to one lattice spacing (2.55

Å) and thus can be measured in integer multiples of it, leading to:

h = frac
〈
(∆r′)2

〉
t

The obtained hopping rates were found to obey an Arrhenius law, in agree-

ment with the thus far generally encountered behavior for surface diffusion of large

molecules [32,113,116], i.e.,

h(t) = A · e−
E
kT .

For the monomer diffusion we determined a migration barrier of Em = 0.96 ± 0.09

eV and a prefactor of Am = 1.4 × 1012±1.4 Hz (extracted from the plot in Figure

3.27 .

The Arrhenius analysis for the dimers (assuming discrete single lattice unit dis-

placements for their migration, as directly confirmed for moving dimers at 294 K)

results within error bars in the same migration energy barrier as observed for the

monomers. By contrast, the prefactor correlated to the dimer diffusion is increased

by two orders of magnitude, i.e., Ed = 0.94 ± 0.03 eV and Ad = 1.9 × 1014±0.5 Hz.
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Figure 3.27: Arrhenius diagram for monomer and dimer motion in the 300 - 360 K
temperature range. For monomer diffusion there is a migration barrier of Em = 0.96 ±
0.09 eV and a prefactor Am = 1.4 × 1012±1.4 Hz , for the dimers Ed = 0.94 ± 0.03 eV and
Ad = 1.9 × 1014±0.5 Hz.

The first step for an understanding of the different diffusion characteristics is to

clarify the nature of the dimer formation. The nitrogen atoms of pyridyl groups

are partially negatively charged. Accordingly for H2-TPyP adsorption on nonreac-

tive noble metal surfaces such as Ag(111) these terminal groups tend to avoid each

other [254]. By contrast, the presently encountered stable dimers are obviously in-

terconnected through their pyridil groups and can be examined up to the maximum

investigated temperature of approximately 360 K, indicating appreciable attractive

interactions.

It is well known that on the low-index Cu surfaces thermally generated adatoms

exist that can be engaged in the metal-directed assembly of 2D coordination com-

pounds [252, 255]. Indeed, the affinity of the functional pyridyl groups to metal

centers is a widely employed motif for metallo-supramolecular architecture [210].

This strongly suggests that the H2-TPyP dimers are in fact stabilized by metal-

ligand interactions with a Cu surface atom located between the pyridyl moieties.

This interpretation is supported by high-resolution STM data and the correspond-

ing atomistic model for the dimer reproduced in Figure 3.28 a,b respectively. The

effect of Cu adatoms interfering in the molecular organization can be similarly rec-

ognized when annealing the sample to temperatures exceeding 400 K, whereupon

well-aligned H2-TPyP strings evolve (see Figure 3.29 b-d and 3.28 d. Within the

chain segments H2-TPyPs of exclusively the same conformational alignment (i.e.,

with parallel molecular axes) are linked by the coordinative coupling of now both
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pyridyl endgroups. For the formation of these arrangements rotational molecular

motions or diffusion events along directions off the easy diffusion axis must occur,

that are made possible by the increased thermal energy [252,255].

Figure 3.28: (a) High-resolution STM image of a H2-TPyP dimer and (b) corresponding
structure model showing a Cu adatom coordinated by the pyridyl ligands. (c) ’Overview
image showing the coexistence of several dimers and individual molecules. (d) Upon
annealing to T = 414 K for ∼ 30 min supramolecular strings evolve in a conformation-
dependent metal-directed assembly where two pyridyl endgroups are linked (imaged at
300 K). Scale bars 1 nm each.

The microscopic understanding of the dimer mobility boost is considered as fol-

lows. Substrate-mediated or other attractive interactions of independently moving

adsorbed molecules are expected to decrease their mobility [256] which directly con-

trasts our observations. A weakened interaction of the terminal pyridyl groups to

the substrate due to additional lateral adatom coordination as well as a displace-

ment of the dimer forming H2-TPyPs from their preferred adsorption sites might be

involved in this intriguing dynamic process. Furthermore the diffusivity enhance-

ment for dimer motions indicates a qualitative change of the physics underlying

the thermal migration. It is presumably related to collective motion mechanisms

which have been previously encountered for adsorbed metallic clusters [257], CO
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dimers on Cu(110) [258] or Au atomic strings in electrochemical environments [259].

Further theoretical work is called to develop a complete picture of the delicate inter-

play between molecular conformational surface adaptation, chemisorptive and lateral

metal-ligand interactions that eventually determines the complex energy landscape

experienced by the present porphyrin monomers and dimers.

1D metal-organic ribbon formation after annealing

In addition to the diffusion experiments implementing H2-TPyP we conducted inves-

tigations addressing the formation of self-assembled structures. By dosing H2-TPyP

molecules on a Cu(111) surface kept at 300 K the molecules stay separated and

barely interact with adjacent molecules. In figure 3.29 a single molecules are visible

exhibiting the well known sandwich like shape with its main axis along the high

symmetry direction of the crystal like explained above [241,260].

At RT just randomly diffusion events of single molecules take place. With increas-

ing temperature the hopping rate raises exponentially increasing the possibility of

molecular interactions. Figure 3.29 b depicts an STM image after temperature treat-

ment at 390 K for 10 min. The molecules now arrange preferentially in 1D molecular

ribbons with an average length of 2.24 molecules. The molecular ribbons are ori-

ented along the high symmetry direction of the substrate alike the single molecules

accounting for a stationary adsorption site. The chains extended by increasing the

annealing time to 20 and 80 min depicted in figure 3.29 c and d. After 20 min the

average chain length is 2.56 molecules and after 80 min 3.24 molecules. Further

annealing did not increase the chain length notably regarding this coverage. The

coverage in the preparation of figure 3.29 b-d is about 0.3 ML, whereas we refer a

full monolayer to a dense packed pattern of coplanar adsorbed molecules.

The statistical evaluation of the temperature treatment is depicted in figure 3.30.

We analyzed the molecular ribbon length distribution for different annealing times.

Subsequently we outlined the data in separate graphs. Three steps of annealing

have been preceded with 10 min (red), 20 min (green) and 80 min (blue). Accord-

ing to extended annealing the single molecule portion decreased significantly from

more than 27 % down to 5 %. The chain fraction incorporating two molecules is

comparable after 10 and 20 min of annealing, but decreased for the benefit of chains

containing 3 molecules after 80 min. After 80 min 13 % of the molecules found on

the surface are subject to fivefold chains leading to the question of the movement

and assembling of smaller chain segments. From earlier measurements in a temper-

ature range of 300 K to 360 K we know that single molecules diffuse along their

main axis and rotate at elevated temperatures from one substrate high symmetry
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direction to the next. Hence while proceeding a random walk along the mandatory

directions the single molecule could adopt to adjacent molecules and chains. The

chain growth starts on the bare surface as well as on the step edges were single

immobilized molecules could be found. With increased temperature we assume a

diffusion of chain segments as well incorporating two or three molecules. Further-

more we assume, ones the molecules are bond via the metal coordination between

both pyridyl groups the chains remain stable while annealing. For better compari-

son each chain distribution has been fitted with a Poisson distribution presented in

each chart. All three Poisson fit curves have been added to the chart evaluated after

80 min annealing. The comparison of the fit lines shows the increased chain length

from 2.24, 2.56 to 3.24 molecules in average.

Figure 3.29: In consecutive experiments H2-TPyP molecules on Cu(111) have been an-
nealed up to 80 min at 390 K exhibiting increasing chain length. (a) H2-TPyP molecules
deposited at RT feature a single molecule appearance. (b-d) STM images of H2-TPyP
after different annealing times (10min, 20 min, 80 min).
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Even at higher coverages longer chains could not be observed. Figure 3.31 a

presents the H2-TPyP molecule on Cu(111) with a coverage of about 0.4 ML af-

ter annealing for 30 min at 390K. In the image preferentially short segments are

visible. An extended honey-comb formation could not be evidenced. Due to the

high coverage an unusual binding motive can be seen, marked in green. The chain

motive is not the exclusive bond motive anymore, bifurcations can be seen with

three molecules coordinated via the pyridyl group and tilted each 60◦ to another.

The inset of figure 3.31 a shows a high resolution image of a H2-TPyP molecule

with its typical two bright lobes in the center reflecting the molecular main axis.

The bright lobes result from the so called saddle shape formation of the molecule

subject to the conformational adaption to the surface [260]. The bright features

are surrounded by four lobs identified as the pyridyl legs. The pyridyl groups are

well known to coordinate with metal adatoms [28, 261]. On the Cu(111) surface

especially while annealing an enhanced number of Cu atoms diffuses on the surface

deriving from heat evaporation of the step edges [239]. The Cu coordinates with

the pyridyl groups enabling the molecule to adopt to an adjacent molecule via a Cu

bridge. In figure 3.31 a and e these chain motives are apparent. To form linear

motives the molecules have to be parallel with their main axis and positioned on the

same atomistic row. The rotation of a single molecule from one substrate high sym-

metry direction towards another was already described earlier. Molecules oriented

in different directions form metal-organic structures as well. They coordinate about

one edge visible in the green marked areas of figure 3.31 a. Based on this motive

honey comb formations were found on a small scale.
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Figure 3.30: Statistical evaluation of the 1D molecular ribbon growth after 10 min (red),
20 min (green) and 80 min (blue) of annealing at 390 K. Every chart is superimposed with
a Poisson distribution (black). For better comparison all three Poisson fits are plotted in
the chart depicting the distribution after 80 min annealing. The colored triangles mark
the average chain length subject to the annealing time.

The detailed description of the adsorption site of the molecule on the underly-

ing atomic lattice is challenging since in normal conditions molecules and substrate

atoms can’t be resolved in the same time. The exact position of the H2-TPyPs

was determined based on LT-STM measurements utilizing CO molecules as mark-

ers [260]. Subsequently an atomistic model could be evaluated depicted in figure

3.31 c. The center of the molecule is found in bridge position, whereas the center
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hydrogen atoms are oriented along the high symmetry direction of the substrate.

Between two molecules a distance of 15.5 Å was measured accounting for a bond

distance of 2.5 Å between the N in the functional pyridyl group and the Cu atom.

The connecting Cu molecule sits in hollow position [260].

Taking a closer look bright lobes are visible in the chaining motives between some

molecules (figure 3.31 a red area). While measuring the distance between the cen-

ters of two adjacent molecules a variation in the distance becomes apparent. The

molecules aligned via the bright lobes exhibit a periodicity of 18.5 Å, whereas the

centers of the molecules connected without the bright lobes are separated by 15.5 Å.

Regarding to Ref. [262] and [260] the difference can be explained by an additional

Cu atom. Thus we assume for the metal coordination of two H2-TPyPs exhibiting

bright lobes between the molecules two Cu atoms connecting the pophyrins. Each

Cu atom here is adsorbed in hollow position. The bond distance of N towards Cu

is about 1.9 Å, which is in very good agreement with theoretical predictions [20]. A

corresponding atomistic model is depicted in figure 3.31 d. The appearance of the

double Cu bridge can be explained by the combined diffusion of the porphyrin and

the Cu adatoms coordinated to the N in the functional groups.
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Figure 3.31: Metal-organic network formation of H2-TPyP molecules on Cu(111) at RT.
(a) STM image of H2-TPyP molecules exhibiting two binding schemes (linear and bifur-
cation). The inset presents a high resolution STM image of H2-TPyP. (b) Temperature
induced deprotonation of the porphyrin macrocycle after annealing to 450 K. The inset
presents a high resolution image of the deprotonated porphyrin. (c)-(d) Atomistic model
of the Cu coordinated H2-TPyP enclosing one and two metal atoms respectively. (e)-(f)
Tip induced deprotonation of a H2-TPyP molecule induced by a 4.9 V pulse changing the
molecular appearance and orientation on the metal surface.

Temperature and tip induced deprotonation of H2-TPyP

Annealing up to 450 K strongly alters the appearance of the molecules. In figure

3.31 b a change in the molecular structure can be seen. The bright center lobes
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of the sandwich like structure disappeared and just four square like lobes remain

accounting for a constitutional change in the molecule. A detailed view on the

deprotonated molecule is depicted in the inset of figure 3.31 b. Since the effect

was probed after several tip formings it is not related to changes of the tip apex.

Klappenberger and co-workers revealed by incorporating NEXAFS and XP spectra

techniques that the change is based on the deprotonation of the center hydrogen

atoms [260]. Apart from that, the conformation of the molecule remains the same.

Thus, the structural change appearing in the STM image is manly an electronic

effect. The deprotonation seems to have no influence on the chain formation but

changes in the bifurcation bond motive are visible (marked with green in figure 3.31

b). The edge to edge bond of the pyridyl legs mediated by a Cu adatom is vanished.

Now the bright lob assigning for the pyridyl group is oriented to the center of the

adjacent molecule. The lobes point towards an adjacent molecule appear higher in

the STM image than the one pointing to the bare surface. The deprotonation of the

center hydrogen atoms is not just possible by annealing. Tip induced bias pulses over

the center of the molecule resulted in the same effect locally and controllable for a

single molecule. Figure 3.31 e and f are consecutive images. By placing a 4.9 V bias

pulse on the center of the molecule marked with the white x the molecule changes its

appearance and position. The molecule now exhibits the typical cloverleaf structure

found for molecules annealed to a temperature > 450 K. As well the position of

the molecule seems to be rotated pointing with the lobe towards the center of the

adjacent molecule.

Conclusion

In conclusion, we demonstrated that the conformational surface adaptation of large

organic molecules strongly interferes with the diffusion characteristics. The saddle-

shape of the studied tetra-pyridyl-porphyrin leads on the high-symmetry Cu(111)

substrate to unidirectional diffusion up to∼ 360 K. The H2-TPyPs functional pyridyl

endgroups are essential for the adsorbate-substrate interaction and can capture ther-

mal Cu adatom and form a dimeric coordination complex with another adsorbed

porphyrin. When consisting of equally oriented H2-TPyPs, these dimers show a

drastically increased diffusivity which is again unidirectional. This phenomenon is

ascribed to a collective motion mechanism of the entire supermolecule on the under-

lying copper atomic lattice. It is suggested that these observations are important

to steer self-assembly processes for supramolecular architectures on surfaces [3, 92]

and develop a comprehensive understanding of the physics underlying the transport

processes of complex adsorbed species and aggregates theory.
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Upon annealing in a temperature range of 300 - 470 K three different phases of the

H2-TPyP could be resolved. At RT the molecules are predominantly separated on

the surface. By annealing the sample to 390 K 1D metal-organic ribbon formation

could be created, whereas the chain length is determined by the annealing time.

The metal-organic bond motive could be assigned to a metal coordination between

thermal Cu surface atoms and and functional pyridyl groups. A third phase arises

after annealing to > 450 K. Characteristic changes of the molecule appearance are

subject to the deprotonation of the molecular macrocycle resulting in changes of the

electronic structure of the molecule.

3.5.2 From 1D Metal-Organic Ribbons into a 2D Surface-

Fluid, following the Movement of Molecular Chains

on the Cu(111) Surface.

In the past decade enormous effort was put to reveal self-assembly and self-recogni-

tion processes leading to a basic understanding of hydrogen bond networks [44,

166, 180, 194], dipole-dipole and Van der Waals interaction [20, 69, 263], metal-

coordination [52, 89, 227] mediated networks and covalent bond pattern formation

[205]. Information about the stability of the molecule and their formations as well as

information about diffusion properties and restrictions can be found by employing

variable temperature STM measurements [32, 113, 116, 253]. Employing statistical

data analysis the hopping rate and the diffusion barrier could be evaluated. Here

we present the movement and melting behavior of a porphyrin derivate (BCA-235)

forming 1D metal-organic ribbons on Cu(111).

Introduction

The interaction of molecular entities is strongly dependent on the substituents (ct.

chapter 1). By changing the functional groups the properties of the arising network

can be predetermined to some amount. The porphyrin molecules implemented in

the previous experiments with H2-TPyP have four pyridine end-groups substituted

on the macrocycle, providing four possible binding sites. In the following experi-

ment the porphyrin macrocycle incorporates a zinc (Zn) atom and the substituents

are altered into two tert-butyl and two pyridyl substituents. The pyridyl group is

selected to steer the metal-organic interaction. Hence the possible binding sites are

reduced to allow for chain formation.

In recent experiments Heim et. al. found a metal-organic coordination pattern

constructed by the BCA-235 on Cu(111) and Ag(111) with additional Cu adatoms
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at 6 K [264, 265]. Here we investigated the stability of the metal-organic coordina-

tion binding of pyridine functionalized porphyrin molecules by increasing the sample

temperature stepwise. We could follow the gradual ′′melting′′ of the 1D molecular

structure. The starting point of our experiments has been the measurement at 180

K where the molecular structure is immobilized. At 210 K the first motion of single

molecules in terminating chain positions could be visualized and was followed by

the movement of entire chain segments at 240 K. Here the assembly and reassembly

of molecular chains could be studied as well. Further increase of the temperature

(300 K) leads to the formation of a molecular surface gas. With raising temperature

(320 K) the gas-fraction becomes dominant and immobile molecules are just visible

on step edges and defects.
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Figure 3.32: Atomistic model and high resolution STM image of a porphyrin derivate
(BCA-235). (a) Atomistic model of the BCA-235 molecule with two pyridyl groups and
two 3,5-de-tert-butyl (t-Bu2Ph) on opposite sides. (b) High resolution STM image of the
porphyrin molecule in the chiral conformation α and conformation β on Cu(111) at 6 K.
The green dotted line displays the mirror symmetric plane.

The porphyrin derivate (BCA-235) presented in figure 3.32 a is based on a

tetrapyrrolic core with a Zn center. Two different functional groups are substi-

tuted in meso-position, two phen-1,4-diylethynylpyridyl groups in 5,15 position and

two 3,5-di-tert-butyl (t-Bu2Ph) substituents in 10,20 position. The meso-groups are

free to rotate about the macrocycle-phenyl axis within the limits of steric repulsion.

The substrate influences the rotation of the meso-groups based on π-orbital metal

interaction, atomic corrugation and the geometric structure of the surface. Typically

the macrocycle is found to be distorted due to intermolecular hindrance [266] into a

saddle shape [43,252,267]. High resolution STM studies at low temperature resolve

two conformational isomers α and β emerging from the rotation of the butyl groups
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off the molecular plane and by the folding of teh pyridyl legs [264, 265, 268] shown

in figure 3.32 b. The asymmetric shape of the two isomers can easily be seen. The

left molecule we further refer to as isomer α and the right isomer we further refer to

as β. The bright lobes in the horizontal axis result from the butyl groups [20, 269]

and the pyridyl legs appear as elongated lobes oriented along the vertical axis. The

lower side of the butyl group is rotated to the surface.

Figure 3.33: Metal organic chain formation on Cu(111) at 6K. (a) Overview on the 1D
string formation of BCA-235 by metal coordination. (b) High resolution STM image
of the metal-organic binding motive. (c) Atomistic model of the metal-organic binding
motive exhibiting a length of 32.7 Å.

After dosing the molecule on the Cu(111) substrate kept at 350 K elongated 1D

chain like structures emerge. Figure 3.33 a shows an STM overview image on the

structure resolved at 6 K with a coverage of about 0.2 ML. Elongated curved struc-

tures with variable length and a width of 19.5 Å can be seen. By combining linear

and curved segments the structure appears highly flexible. Careful data treatment

by D. Heim et. al. revealed clearly periodic features wherein the chains are aligned

in a corridor of ±15◦ with respect to the substrate high symmetry direction and

exhibit a molecular center to center distance of 32.7 Å [265]. Preferentially even

at higher coverage the chains tend to avoid interaction with each other indicating

repulsive forces among the chains. Further analysis revealed a metal coordination of

the adjacent molecule in the chain by Cu surface atoms [239]. This model could be

supported by the Cu to N distance of 1.8 ±0.2 Å which is in very good agreement

with measurements by Lin et. al. and [159] theoretical DFT calculations revealing

a distance of 1.9 Å [241].
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Results & Discussion

At low temperature tip manipulation experiments revealed a strong intermolecular

coupling of the metal-organic chains. By dragging the tip over the surface in a

controlled manner single molecules on the end of a chain and whole chain segments

could be manipulated [265]. Chain movement can be promoted as well by increasing

the temperature. Figure 3.34 a shows consecutive STM images at 180 K featuring

a metal-organic ribbon formation. The structure is stable and the single molecules

incorporated in a chain can easily be discriminated. The comparison of the consec-

utive images reveals at some points small changes of the chain position. The area

highlighted red includes a molecule with a free coordination site. From one image

to the next we can see the movement of the molecule about the metal coordination

towards the adjacent molecule. In the yellow inked area molecular chain movements

while scanning are shown. This could be due to the tip influence, since the compari-

son of a series of consecutive images revealed no significant chain movements at 180

K. The movement of more than single molecules could be observed at a temperature

of 210 K presented in figure 3.34 b. The red areas again highlight the location of

molecular movement. We can now follow the motion for every single coordinated

molecule from on image to the next.

By increasing the temperature to 240 K the motion of large molecular chains can

be verified. The red marked areas show lose chain segments migrating over the

surface. The blue surrounded area highlights a pore varying the enclosed area by

embedding new molecules into the chain. We can follow the reorganization of the

chain segments itself. The green area in the lower part of figure 3.35 a presents

in the first and second image the breaking of the metal-coordination bond. In the

third image of figure 3.35 a the lose chain ends coordinate forming a new chain

segment. Highlighted in red the movement of a lose chain end is visible migrating

in the consecutive images. Further dis- and reassembly migrations can be found in

the two other green marked areas. By increasing the temperature to 270 K (figure

3.35 b) the chain segments change completely from one image to the next. The

migration and reorganization can be tracked by starting from step edges or impu-

rities. In some small areas the structure can not be resolved any more due to the

fast movement of the chain segments and single molecules. We highlight this areas

red and associate them with a 2D surface fluid. Further increasing of the substrate

temperature increases the areas filled with the surface fluid. At 300 K (figure 3.35

c) it covers about one third of the image as can seen by the red areas. Up to now

the placement of the chain segments on the surface was random. Starting from 300

K the chains preferentially start at step edges and impurities and migrate about
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their anchor point. These findings become even more pronounced by increasing the

temperature up to 320 K. Here the surface fluid is the dominant phase and molec-

ular chains, fixed by their anchoring point can be hardly seen (figure 3.35 d). The

area covered by a surface fluid is notably larger clarifying the reallocation of the

dominant 1D-phase to highly mobile surface gas. Further temperature elevation to

360 K reduces the chain fraction to almost zero. Molecules only can be found on

step edges and dislocations and form comparatively short chains of two or three

molecules. By increasing the temperature from 180 to 360 K we could thus follow

the melting of a metal-organic superstructure.

Figure 3.34: STM overview images on the movement of the molecular assembly of BCA-
235 at increasing temperature in the range of 180 K to 210 K on Cu(111). (a) Consecutive
STM images of molecular chain segments at 180 K exhibiting slight movements (yellow,
red). (b) Movement of the molecular chains at 210 K (red).
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Figure 3.35: Overview STM images of the self-assembled molecular structure of BCA-235
and its melting with increasing temperature from of 240 K to 320 K on Cu(111). (a) STM
image series of molecular chain movements (red, blue) and molecular bond breaking and
rearrangement (green) at 240 K with a time lap of ≈ 50 sec. (b) Consecutive STM images
with a time lap of ≈ 60 sec. exhibiting mobility of almost every chain segment at 270
K including bond breaking and reassembly. The red highlighted area depicts molecular
movement under the tip. (c) STM overview images of migrating metal-organic chain
segments in dynamic equilibrium with a molecular surface fluid (red) at 300 K. The time
lap between the images in ≈ 80 sec. (d) Image series of 1D molecular structure and a
surface fluid (red) at 320 K with a time lap of ≈ 50 sec.
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The movement of a single molecule on the surface has been explored experimen-

tally [93–95] and theoretically [75, 103, 104, 109]. These investigations suggested a

reduced mobility of agglomerates in comparison to single molecules. Already at 210

K molecules coordinated just on one side perform movements about this bearing

point. Whereas entire chain segments start migrating only with increasing tempera-

ture. This implies, that a temperature of 210 K exceeds already the diffusion barrier

for a single molecule. For the present system we can distinguish three situations.

At 6 K the entire 2D metal-organic network is immobilized. In a distinct tempera-

ture range between 210 and 310 K metal-organic chains migrate about the surface.

In the third state the thermal energy is high enough to break the metal-organic

coordination motive, thus maintaining a surface fluid.

Figure 3.36: Transition of a metal-organic network to the gas phase with increasing
temperature on Cu(111). The fluid fraction is limited by the fraction of the molecules
measured in the condensed phase.
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The fraction of metal organic chains have been evaluated for the according tem-

peratures in order to give an estimation of the energy of the metal-organic bond

motive. Single molecules bond to the step edge were not considered due to their

altered binding energy. Figure 3.36 presents the ratio between condensed phase and

gas phase in a temperature range from 180 - 360 K. The resolved data show a melt-

ing zone from 250 to 350 K. Subsequently the entire structure is melted and just

single molecules bond to step edges or dislocations remain visible on the surface.

The gradient of the slope is an expression for the conversion at the decisive point.

In order to analyze the bond energy between the metal-organic chain segments we

fitted the distribution with a Boltzman distribution

Nj = N0gje
−
Ej
kBT (3.1)

where Nj is the number of particles in the gas fraction, N0 is the number of

available particles, gj is the level of degeneracy, Ej the binding energy, kB the

Boltzman factor and T the temperature. The function follows the data well in

the melting zone, but is not able to describe the area when the slope is flattening

due to the confined reservoir of molecular chains. We evaluated a bond energy of

roughly 0.2 eV. We are aware, that the accuracy of this value is not reliable, but

well suited for an approximation. However, the value evaluated for the binding

energy are in the order of magnitude of metal-ligand interactions [4]. Based on their

flexibility [265] and rigidity up to 240 K this metal-organic network could serve for

connecting nanoscale objects [270]. The implementation of Co adatoms instead of

Cu could increase the bond strength in order to develop room temperature stability.

Conclusion

By increasing the temperature from 180 - 320 K we investigated the movement and

melting behavior of metal-organic ribbons formed by BCA-235 coordinated with

Cu surface atoms on Cu(111). We depicted the movement of entire metal-organic

chain segments in a temperature range of 210 - 300 K, as well as the formation and

dissociation of the 1D ribbons. With increasing temperature (>300 K) the structure

dissociates in a gas phase. During the melting process a bond energy between the

Cu adatoms and the pyridine group could be roughly approximated.
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Summary

In this thesis the engineering of novel robust surfaces functionalized with carbonitrile

substituted oligophenyl molecules and porphyrin derivates employing supramolecu-

lar strategies is presented. Self-assembly on a molecular level on the close-packed

noble metal surfaces Ag(111) and Cu(111) was investigated in order to understand

the underlying adsorbate-adsorbate and adsorbate-substrate interaction. Support-

ing X-ray photoelectron spectroscopy and near-edge absorption fine structure spec-

troscopy have been performed to provide a deeper insight on the chemical nature of

the molecular patterns. The prochiral species [1, 1′; 4′, 1′′]−terphenyl−3, 3′′− dicar-

bonitrile (mNC-pPh3-mCN) self-assembles into supramolecular ribbons and islands,

where the high symmetry directions of the substrate steers the directionality of the

homochiral assembly. This ribbon and island formations indicate, that the outer

phenyl rings can freely rotate and adopt the functional CN groups to an adjacent

molecular pattern. Dynamical changes in self-assembled molecular structures are

barely understood. Here we were able to follow the orientational changes of the

molecular pattern by STM, XPS and NEXAFS technique, where the high affinity

of the carbonitrile substituent [209] to the metal Cu(111)substrate is a crucial fac-

tor. Variation in the molecular coverage (> 0.7 ML) forces a reorientation of the

supramolecular island pattern on Cu(111).

By employing molecular units and metal adatoms we succeeded in creating versa-

tile metal-ligand molecular structures serving as a model system for disordered 2D

solids. Cobalt coevaporation drives the emergence of a fully reticulated room tem-

perature stable 2D random metal-organic network. The coexistence of three- and

fourfold coordination motifs goes beyond results for linear dicarbo-oligophenyls [52],

where threefold coordination prevails. Our investigations provided hints for different

oxidation states of the metal center which could serve as a selective anchoring point

for catalytical reactions.
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Recent experiments [46, 47, 52, 89] employed oligophenyls with different backbone

length and substituted carbonitrile group in para position. In order to close the

gap between mNC-pPh3-mCN employed in this thesis and pNC-pPhx-pCN, a novel

molecule with its carbonitrile groups in para and meta position has been investi-

gated. Two supramolecular organic layer arise where one exhibits a chevron-like

motif similar to earlier measurements with linear oligophenyls [46]. Also a porous

hexagonal phase could be found which is enantiopure. Enantioselective processes

have been observed in recent studies in specific systems at the molecular level [70].

They are promising starting points for chiroselective heterogenous catalytic applica-

tions. Cobalt coevaporation leads to the formation of an open porous 2D disordered

metal-organic network comparable to the assembly found for mNC-pPh3-mCN. In

both systems a ditopic metal-organic dimer represents a highly stable smallest sub-

unit. The rotational and directional degree of freedom provided by the molecular

species mNC-pPh3-mCN and pNC-pPh3-mCN results in a metal-organic network

highly adaptable to a local environment due to a large number of possible nodal

motifs and its small stable subunits.

Additional to the oligophenyl molecules we investigated the diffusion behavior of

H2-TPyP on Cu(111) in a temperature range of 300 to 360 K. Here we found a

directional guidance of the molecules by the underlying substrate which allows only

for a 1D lateral movement along the 〈110〉 directions. This behavior is a direct

consequence of molecular conformational adaptation to the surface. The H2-TPyP

can form dimers by coordinating via Cu surface adatom. Intriguingly this dimerisa-

tion increases the diffusion rate drastically. Annealing to 420 K results in a metal-

organic molecular chain formation, where Cu surface atoms connect the neighboring

molecules. Further annealing revealed electronical changes in the molecule caused

by the deprotonation of the porphyrin macrocyle hydrogen atoms. The deproto-

nation could be triggered with tip bias pulses as well. Finally we investigated the

behavior of the metal-organic chains formed by the porphyrin derivate BCA-235 on

Cu(111) with increasing temperature. Between 180 K and 360 K we were able to

track the movement of the metal-organic chains followed by a dissociation of the

chains into a surface liquid.
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Appendix

A. Hypothetical regular network with threefold coordination nodes

and 2D isomer balanced stochiometry

Figure 4.1: Hypothetical regular network of the mNC-pPh3-mCN molecule with threefold
coordination nodes and 2D isomer balanced stochiometry.
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B. Additional STM images

Figure 4.2: (a) Highly regular honeycomb lattice of the shown linear dicarbonitrile-
terphenyl linker analog following convergent metal-directed assembly - equilibrated at 300
K with the exclusive formation of nodes with threefold coordination. (b) Coordination
assembly under conditions where kinetic limitations interfere: at 250 K the expression of
characteristic defects in the honeycomb lattice occurs, notably in the form of the marked
fourfold coordinated cobalt centers (30 x 30 nm2, VB = -1 V, IT = 0.08 nA; image courtesy
of Uta Schlickum).

Figure 4.3: Co coordinated pNC-pPh3-mCN molecules at room temperature forming a
meta-stable star-like structure.

124



Additional STM images 125

Figure 4.4: Consecutive overview STM images of the mNC-pPh3-mCN molecule co-
evaporated with Co on Cu(111) at RT exhibiting dynamic changes of the molecular ori-
entation from the brick-like (highlighted in red) structure to a linear structure.
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Figure 4.5: Consecutive overview STM images of the mNC-pPh3-mCN molecule co-
evaporated with Co on Ag(111) at RT exhibiting dynamic changes of the molecular ori-
entation. The evolving linear structure with the molecules oriented coplanar with their
molecular backbone to the surface are highlighted in red.
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Organizational chiral windmill motifs 127

C. Organizational chiral windmill motif with trans- or cis- con-

figuration linkers and threefold Co coordination

Figure 4.6: Four atomistic models build the mirror symmetric counter parts of Co three-
fold coordinated cis and trans windmill structures. Due to the side selectivity a cis
molecule exhibits a directionality and hence chirelity is inserted to the molecular struc-
ture (cisL and cisD).
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D. Survey of all possible 2D mNC-pPh3-mCN + Co coordination

motifs

I. Threefold coordination motifs:

Redundant motifs are excluded.

{ccc}: 4

cLcLcL cLcLcD

cLcDcD cDcDcD

{ttt}: 4

tLtLtL tLtLtD

tLtDtD tDtDtD

{cct}: 8

cLcLtL cDcLtL

cDcDtL cLcDtL

cDcDtD cLcDtD

cDcLtD cLcLtD

{ctt}: 8

cLtLtL cDtLtL

cDtDtL cLtDtL

cDtDtD cLtDtD

cDtLtD cLtLtD∑
3−fold = 24

II. Fourfold coordination motifs

Redundant motifs are excluded.

{cccc}: 6

cLcLcLcL cLcLcLcD

cLcLcDcD cLcDcLcD

cLcDcDcD cDcDcDcD

{ccct}: 16

cLcLcLtL cDcLcLtL cLcDcLtL cLcLcDtL

cDcDcLtL cDcLcDtL cLcDcDtL cDcDcDtL

cLcLcLtD cDcLcLtD cLcDcLtD cLcLcDtD

cDcDcLtD cDcLcDtD cLcDcDtD cDcDcDtD
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{cctt}: 16

cLcLtLtL cDcLtLtL cLcDtLtL cLcLtDtL

cDcDtLtL cDcLtDtL cLcDtDtL cDcDtDtL

cLcLtLtD cDcLtLtD cLcDtLtD cLcLtDtD

cDcDtLtD cDcLtDtD cLcDtDtD cDcDtDtD

{cttt}: 16

cLcLtLtL cDcLtLtL cLcDtLtL cLcLtDtL

cDcDtLtL cDcLtDtL cLcDtDtL cDcDtDtL

cLcLtLtD cDcLtLtD cLcDtLtD cLcLtDtD

cDcDtLtD cDcLtDtD cLcDtDtD cDcDtDtD

{ctct}: 10

cLtLcLtL cDtLcLtL cLcDcLtL cDtDcLtD

cDtDcLtL cDtLcDtL cLcDcDtL cDtDcDtL

cLcDcLtD cDtDcDtD

{tttt}: 6

tLtLtLtL tLtLtLtD

tLtLtDtD tLtDtLtD

tLtDtDtD tDtDtDtD∑
4−fold = 70

=⇒
∑

3+4−fold = 94
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III. Geometrical representation of three- and fourfold coordination

nodes classified as above

threefold coordination nodes

Figure 4.7: Atomistic model of threefold metal-organic nodal motifs. The metal center is
marked yellow, the carbon atoms in the molecule cyan, nitrogen blue and hydrogen white.
The red dot aside of every nodal motif highlights the starting point for the nomenclature.
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fourfold coordination nodes

Figure 4.8: Atomistic model of fourfold metal-organic nodal motifs. The metal center is
marked yellow, the carbon atoms in the molecule cyan, nitrogen blue and hydrogen white.
The red dot aside of every nodal motif highlights the starting point for the nomenclature.
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Figure 4.9: Atomistic model of fourfold metal-organic nodal motifs. The color code of
the highlighted motifs marks redundant nodal motifs. The metal center is marked yellow,
the carbon atoms in the molecule cyan, nitrogen blue and hydrogen white. The red dot
aside of every nodal motif highlights the starting point for the nomenclature.
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E. Survey of all possible 2D Co-pNC-pPh3-mCN coordination mo-

tifs

The molecule pNC-pPh3-mCN comprises a directionality concerning the func-

tional CN moities substituted in para (p) and meta (m) position. Hence in order to

provide a full overview on the nodal motifs we have to distinguish between para CN

group and meta CN group coordinated to the Co center.

I. Threefold coordination motifs:

Redundant motifs are excluded.

{ppp}: 4

pDpDpD pDpDpL

pDpLpL pLpLpL

{mmm}: 4

pDmDpD pDmDpL

pDmLpL pLmLpL

{ppm}: 8

pDpDmD pDpDmL

pDpLmL pLpLmL

pLpLmD pLpDmD

pDpLmD pLpDmL

{pmm}: 8

pDmDmD pDmDmL

pDmLmL pLmLmL

pLmLmD pLmDmD

pDmLmD pLmDmL∑
3−fold = 24

II. Fourfold coordination motifs:

Redundant motifs are excluded.

{pppp}: 6

pDpDpDpD pDpDpDpL pDpDpLpL

pDpLpLpL pLpLpLpL pLpDpLpD

{mmmm}: 6
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mDmDmDmD mDmDmDmL mDmDmLmL

mDmLmLmL mLmLmLmL mLmDmLmD

{pppm}: 16

pDpDpDmD pLpDpDmD pDpLpDmD pDpDpLmD

pLpDpLmD pDpLpLmD pLpLpDmD pLpLpLmD

pDpDpDmL pLpDpDmL pDpLpDmL pDpDpLmL

pLpDpLmL pDpLpLmL pLpLpDmL pLpLpLmL

{ppmm}: 16

pDpDmDmD pLpDmDmD pDpLmDmD pDpDmLmD

pLpDmLmD pDpLmLmD pLpLmDmD pLpLmLmD

pDpDmDmL pLpDmDmL pDpLmDmL pDpDmLmL

pLpDmLmL pDpLmLmL pLpLmDmL pLpLmLmL

{pmpm}: 12

pDmDpDmD pLmDpDmD pDmLpDmD pDmDpLmD

pLmDpLmD pDmLpLmD pLmLpDmD pLmLpLmD

pDmLpDmL pDmLpLmL pLmLpDmL pLmLpLmL

{pmmm}: 16

pDmDmDmD pLmDmDmD pDmLmDmD pDmDmLmD

pLmDmLmD pDmLmLmD pLmLmDmD pLmLmLmD

pDmDmDmL pLmDmDmL pDmLmDmL pDmDmLmL

pLmDmLmL pDmLmLmL pLmLmDmL pLmLmLmL∑
4−fold = 70

=⇒
∑

3+4−fold = 94
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III. Geometrical representation of three- and fourfold coordination

nodes classified as above

threefold coordination nodes

Figure 4.10: Atomistic model of threefold metal-organic nodal motifs. The metal center is
marked yellow, the carbon atoms in the molecule cyan, nitrogen blue and hydrogen white.
The red dot aside of every nodal motif highlights the starting point for the nomenclature.
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fourfold coordination nodes

Figure 4.11: Atomistic model of fourfold metal-organic nodal motifs. The metal center is
marked yellow, the carbon atoms in the molecule cyan, nitrogen blue and hydrogen white.
The red dot aside of every nodal motif highlights the starting point for the nomenclature.
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Figure 4.12: Atomistic model of fourfold metal-organic nodal motifs. The color code of
the highlighted motifs marks redundant nodal motifs. The metal center is marked yellow,
the carbon atoms in the molecule cyan, nitrogen blue and hydrogen white. The red dot
aside of every nodal motif highlights the starting point for the nomenclature.
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F. Additional NEXAFS measurements

I. mNC-pPh3-mCN monolayer on Ag(111)

Figure 4.13: Angle dependent NEXAFS C1s spectra of mNC-pPh3-mCN monolayer com-
plementing the measurements presented in chapter 3 and 3.2.3 on Ag(111).The peaks π1,
π2 and π3 refer to figure 3.14.
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II. mNC-pPh3-mCN multilayer on Ag(111)

Figure 4.14: Angle dependent NEXAFS C1s spectra of mNC-pPh3-mCN multilayer com-
plementing the measurements presented in chapter 3 and 3.2.3 on Ag(111).The peaks π1,
π2 and π3 refer to figure 3.14.
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[59] D. Écija, W. Auwärter, S. Vijayaraghavan, K. Seufert, F. Bischoff, K. Tashiro,

and J. V. Barth. Assembly and manipulation of rotatable cerium porphyrinato

sandwich complexes on a surface. Angewandte Chemie International Edition,

50(17):3872–3877, 2011.

[60] L. Addadi, Z. Berkovitch-Yellin, I. Weissbuch, J. van Mil, L. J. W. Shimon,

M. Lahav, and L. Leiserowitz. Growth and dissolution of organic crystals with

tailor-made inhibitors implications in stereochemistry and materials science.

Angewandte Chemie International Edition, 24(6):466–485, 1985.

[61] C. J. Eckhardt, N. M. Peachey, D. R. Swanson, J. M. Takacs, M. A. Khan,

X. Gong, J. H. Kim, J. Wang, and R. A. Uphaus. Separation of chiral phases in

monolayer crystals of racemic amphiphiles. Nature, 362(6421):614–616, 1993.
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Letters, 9(10):3509–3514, 2009.

147



148 BIBLIOGRAPHY

[89] D. Kühne, F. Klappenberger, R. Decker, U. Schlickum, H. Brune, S. Kly-

atskaya, M. Ruben, and J. V. Barth. High-quality 2d metal-organic coordi-

nation network providing giant cavities within mesoscale domains. Journal of

the American Chemical Society, 131:3881–3883, 2009.

[90] U. Schlickum, F. Klappenberger, R. Decker, G. Zoppellaro, S. Klyatskaya,

M. Ruben, K. Kern, H. Brune, and J. V. Barth. Surface-confined metal organic

nanostructures from co-directed assembly of linear terphenyl-dicarbonitrile

linkers on ag(111). The Journal of Physical Chemistry C, 114(37):15602–

15606, 2010.
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[156] J. Stöhr. NEXAFS Spectroscopy. Springer-Verlag, Berlin, 1992.
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[226] J. L. Brèdas, J. P. Calbert, D. A. da Silva Filho, and J. Cornil. Organic

semiconductors: A theoretical characterization of the basic parameters gov-

erning charge transport. Proceedings of the National Academy of Sciences of

the United States of America, 99(9):5804–5809, 2002.

[227] M. Marschall, J. Reichert, K. Seufert, W. Auwärter, F. Klappenberger,

A. Weber-Bargioni, S. Klyatskaya, G. Zoppellaro, A. Nefedov, T. Strunskus,

C. Woll, M. Ruben, and J. V. Barth. Supramolecular organization and chi-

ral resolution of p-terphenyl-m-dicarbonitrile on the ag(111) metal surface.

Chemphyschem, 11(7):1446–51, 2010.

[228] N. Stepanow, S. Lin and J.V. Barth. Modular assembly of low-dimensional

coordination architectures on metal surfaces. Journal of Physics: Condensed

Matter, 20(18):184002, 2008.

160



BIBLIOGRAPHY 161

[229] G. Pawin, K. Wong, D. Kim, D. Sun, L. Bartels, S. Hong, T. Rahman, R. Carp,

and M. Marsella. A surface coordination network based on substrate-derived

metal adatoms with local charge excess. Angewandte Chemie International

Edition, 47:8442–8445, 2008.

[230] K. Young Kwon, X. Lin, G. Pawin, K. Wong, and L. Bartels. Oxadiazole-metal

interface: from isolated molecules to π-stacking. Langmuir, 22(3):857–859,

2005.

[231] S. Müllegger, K. Hänel, T. Strunskus, Ch. Wöll, and A. Winkler. Organic
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